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Abstract We analyse geodetically estimated deformation

across the Nepal Himalaya in order to determine the geo-
detic rate of shortening between Southern Tibet and India,
previously proposed to range from 12 to 21mmyr~'. The
dataset includes spirit-levelling data along a road going from
the Indian to the Tibetan border across Central Nepal, data
from the DORIS station on Everest, which has been analy-
sed since 1993, GPS campaign measurements from surveys
carried on between 1995 and 2001, as well as data from con-
tinuous GPS stations along a transect at the logitude of Kath-
mandu operated continuously since 1997. The GPS data were
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processed in International Terrestrial Reference Frame 2000
(ITRF2000), together with the data from 20 International
GNSS Service (IGS) stations and then combined using quasi-
observation combination analysis (QOCA). Finally, spatially
complementary velocities at stations in Southern Tibet, ini-
tially determined in ITRF97, were expressed in ITRF2000.
After analysing previous studies by different authors, we
determined the pole of rotation of the Indian tectonic plate to
be located in ITRF2000 at 51.409£1.560° Nand —10.915+
5.556°E, with an angular velocity of 0.483 £0.015°. Myr~!.
Internal deformation of India is found to be small, corre-
sponding to less than about 2mmyr~! of baseline change
between Southern India and the Himalayan piedmont. Based
on an elastic dislocation model of interseismic strain and
taking into account the uncertainty on India plate motion,
the mean convergence rate across Central and Eastern Nepal
is estimated to 19 £ 2.5 mmyr_l, (at the 67% confidence
level). The main himalayan thrust (MHT) fault was found to
be locked from the surface to a depth of about 20km over a
width of about 115km. In these regions, the model parame-
ters are well constrained, thanks to the long and continuous
time-series from the permanent GPS as well as DORIS data.
Further west, a convergence rate of 13.4 = Smm yr_l, as
well as a fault zone, locked over 150km, are proposed. The
slight discrepancy between the geologically estimated defor-
mation rate of 21 & 1.5mmyr~—! and the 19 + 2.5 mmyr~!
geodetic rate in Central and Eastern Nepal, as well as the
lower geodetic rate in Western Nepal compared to Eastern
Nepal, places bounds on possible temporal variations of the
pattern and rate of strain in the period between large earth-
quakes in this region.

Keywords GPS - DORIS - Interseismic deformation -
Tectonic plate convergence - Himalayas of Nepal

1 Introduction

Crustal shortening in the Himalaya is known to absorb a large
fraction of the plate convergence between India and Eurasia
(Larson et al. 1999). This process has been responsible for
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Fig. 1 Seismotectonic setting of the study area. Rupture area (yellow area) of major historical earthquakes along the Himalaya since 1897.
Focal mechanisms from the Harvard Centroid-Moment Tensor (CMT) catalogue. Blue arrows show motion of India relative to Eurasia from the
NUVEL-1A global plate motion model (Argus and Gordon 1991, De Mets et al. 1994). Red arrows show motion of India relative to Eurasia from
the rotation pole determined in this study (26.45 & 3.4°N, 13.99 + 7.8°E, with an angular velocity of 0.354 + 0.015° Myr~!). AA’ shows the
location of cross-section in Fig. 2. The box shows the study area in Nepal

building the highest mountain range on Earth today and for
recurrent large destructive earthquakes (Avouac 2003; Bil-
ham et al. 1998) (Fig. 1). The geological shortening rate
due to active thrust-faulting on the Main Himalayan Thrust
(MHT) fault is estimated to be 2141.5mmyr~! on average
over the Holocene period (Lavé and Avouac 2000). Geodetic
measurements of crustal deformation bring information on
the geometry of the locked portion of the MHT and would
allow assessment of whether strain is stationary over the seis-
mic cycle (Fig. 1).

In spite of efforts by a number of different groups
(Table 1), the shortening rate across the Himalaya remains
poorly constrained from geodetic measurements. There are
huge discrepancies among the most recent estimates for the
Nepal Himalaya. The various estimates, all determined from
more or less the same GPS campaign data, were found to
vary between 12mmyr~! (Chen et al. 2004) and 19 mm yr—!
(Jouanne et al. 2004), with the differences being much larger
than the 1-2mm yr_1 (1o) uncertainties ascribed to the var-
ious values reported in the literature (Table 1).

These estimates most probably underestimated the uncer-
tainties due to ignorance of some source of errors. One main
reason for the variability of these estimates is due to the poor

control on the plate motion of India. Better geodetic con-
straints on Indian plate motion and on strain rates across the
Himalaya would be a key to better understanding the dynam-
ics of mountain-building and how deformation varies over
the seismic cycle in the Himalaya.

For this purpose, we analysed all available GPS cam-
paign data together with data from 4 continuous GPS stations
(cGPS) (Flouzat et al. 2002) in the region, 1 DORIS station
in the Nepal Himalaya at Everest (EVEB), 1 DORIS station
on the Indian plate (COLA) and 19 International GNSS Ser-
vice (IGS) stations, including IISC at Bengalore, which is the
only one on the Indian plate. We chose to analyse the GPS
and DORIS data independently and to express both results
in ITRF2000 (Altamimi et al. 2002) so as to ensure compat-
ibility.

Another approach would have been to combine the GPS
solutions and the DORIS solutions obtained in a free-network
(or loosely constrained) solution, as well as GPS—DORIS
geodetic local ties with proper weighting, directly using the
formal errors also provided by the Stations Installation and
Maintenance Service (SIMB). Instead, we chose the indepen-
dent approach so as to get rid of any systematic error in the
geodetic local ties and also to prove that it is now possible to
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Table 1 Summary of velocities across the Himalaya determined from previous studies and from this study

Article Data Region Geometry of the creeping zone Velocity
Depth (km) Dip (°) Strike Amplitude (mmyrfl) Azimuth
Jackson and Bilham (1994) L Np 3-6 1348
Bilham et al. (1997) GPS Np 20+ 4 44+ 4 Small circle 20.54+2 Normal to
N131@86E the small
circle
Jouanne et al. (1999) GPS NpW 17 9 N120 20.5 N180
Larson et al. (1999) GPS+L NpE 17.6 4.7 N105 20+1
GPS+L Np 25 4.5 N120 (West) 21.3+1.6
14.9 34 N101 (East) 19.6+1.1
Cattin and Avouac (2000) GPS+L NpC - N108 20 N198
Banerjee and Burgmann (2002) GPS InW 15 6 N133 14+£1 N223
Boucher et al. (2004) GPS+L Np 17 5 Variable 19 Variable
Chen et al. (2004) GPS NpE 124+04
GPS NpW 17+ 1
GPS HiE 19+1
Jouanne et al. (2004) GPS Np 17-21 9-10 N117 19
This study (2D solution) GPS+L+cGPS NpE+NpC 20 10 NI113 16.3+0.7 NO023
GPS NpW 12 4.5 N120 13.4+5 NO030
This study (3D solution) GPS+L+cGPS NpE+NpC 20 10 Variable (cf.text) 19 +£2.5 Variable
(cf.text)
GPS NpW 12 4.5 13.4

The second column indicates the data used in each study: GPS campaign GPS measurements; L vertical velocities determined from repeated
levelling measurements along the road from Birganj to Kodari across Central Nepal; ¢GPS continuous GPS measurements. The third column
indicates the area of interest in each study; Np whole of Nepal; NpW Western Nepal; NpC Central Nepal; NpE Eastern Nepal; InW Western India;

HiE Eastern Himalaya

use direct geodetic products from a specific technique (sta-
tion coordinates and velocities) with similar products from
another technique (DORIS vs. GPS) for geophysical investi-
gations. This compatibility is presently an important require-
ment in view of the current construction phase of the Global
Geodetic Observing Service (GGOS, Beutler et al. 2005).

Hereafter, we first introduce the tectonic setting of the
Nepal Himalaya. We then present the dataset, the process-
ing strategy and geodetic results. Finally, we determine the
Euler pole describing the motion of India in ITRF2000, and
determine the shortening rate across the Himalayas from in-
terseismic strain modelling.

2 Tectonic setting

The present-day structure of the Himalaya is characterised
by a major thrust fault, the Main Himalayan Thrust (MHT)
(e.g., Hauck et al. 1998) (Fig. 2). The MHT reaches the sur-
face along the foothills, where it coincides with the Main
Frontal Thrust (MFT) fault. To the north, it roots along a
mid-crustal ramp into a shallow dipping zone of ductile shear
that coincides with the mid-crustal reflector detected beneath
the High Himalaya and Southern Tibet (Nelson et al. 1996).
Deformation of Holocene terraces along the Bakeya and Bag-
mati rivers, south of Kathmandu, indicates 21 & 1.5 mm yr’1
of shortening rate across the MFT (Fig. 2) (Lavé and Avouac
2000).

The deformation rates determined from geodetic mea-
surements are all slower than the geologically estimated rates
(Table 1). This discrepancy is puzzling and important to re-
solve since it might indicate that crustal strain is not stationary
during the seismic cycle. This would be possible if the stress
variations during the seismic cycle are comparable in magni-
tude to viscous stresses along the ductile portion of the MHT
(Avouac 2003; Perfettini and Avouac 2004).

The plate convergence across the Himalaya has indeed
produced recurrent large earthquakes with magnitude Mw > 8
that were documented either from historical accounts or pale-
oseismic studies (Bilham et al. 1998; Kumar et al. 2001; Lavé
et al. 2005; Molnar and Pandey 1989). Four major earth-
quakes have, in particular, occurred over the first half of the
last century (Fig. 1). These events have ruptured 250-300-
km long segments of the arc with co-seismic slip estimated
to around 5 m on average (Avouac et al. 2001).

Assuming a full seismic coupling of the upper MHT, such
an event should have a recurrence period as short as 250 years
(Avouac et al. 2001). The area between the 1934 and 1905
events (cf. Fig. 1) appears as a long-standing seismic gap,
long enough for two M > 8 fault segments, or maybe an even
larger magnitude event. The area west of Kathmandu thus
stands as a potential location for the next large Himalayan
earthquake. If interseismic strain is not stationary, there might
be a significant difference between crustal strain across the
Himalaya of Western and Eastern Nepal, possibly reflecting a
more advanced stage in Western Nepal than in Eastern Nepal.
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Fig. 2 a Structural cross-section across Central Nepal showing the major structures (MFT Main Frontal Thrust; MBT Main Boundary Thrust;
MCT Main Central Thrust; STD Southern Tibet Detachment). Also shown are the 7/B-1 and TIB-3 seismic sections of the INDEPTH profile
(Hauck et al. 1998; Nelson et al. 1996; Zhao et al. 1993) (see their location in Fig. 1). All the thrust faults are inferred to root at depth in a
sub-horizontal ductile shear zone that would correspond to the prominent mid-crustal reflector. The red continuous line shows the geometry of the
creeping dislocation determined from the joint inversion of all geodetic data for Central and Eastern Nepal. The reported seismic events all have
relatively well-constrained hypocentral depths thanks to the temporary deployment in 1995 of three 3-components seismic stations in addition
to the permanent seismic network (Cattin and Avouac 2000). b Long-term geologically estimated velocities across Central Nepal, where the
geological slip rate on the MFT is 21.54+1.5mmyr~! (Lavé and Avouac 2000)

3 GPS analysis and results
3.1 GPS network and observation history

Various GPS geodetic surveys were carried out in Nepal
since 1991 as part of collaboration between the Department
of Mines and Geology (DMG) of Nepal, CIRES (Colorado
University, USA) and French laboratories under the Centre
National de la Recherche Scientifique (CNRS) IDYL-HIM
project (Commissariat a I’Energie Atomique/Laboratoire de
Détection et Géophysique (CEA/LDG), Laboratoire de Géo-
dynamique des Chaines Alpines (LGCA)). The sites cover
most of the Nepalese territory as shown in Fig. 3. Geodetic
measurements were taken in 1995, 1997, 1998, 2000 and
2001 (Table 2).

In this study, we analyse all geodetic data collected be-
tween 1995 and 2001. We also include data from the three
¢GPS stations at Simra (SIMR), Daman (DAMA) and Gumba
(GUMB), which have been operated since November 1997
by the CEA/LDG and the National Seismological Center in

Kathmandu (DMG) (Figs. 3 and 4). We also included data
from the station NAGA, near Nagarkot, deployed by CIRES
in collaboration with the Survey of Nepal, which has been
in operation sporadically between 1997 and 2001 (Figs. 3
and 4).

In order to directly determine station velocities in ITRF
2000 and then estimate velocities relative to the stable Indian
plate, we also considered data from 19 additional regional
IGS stations. These stations, including mainly IGS stations
from South Asia, are listed in Table 3 and displayed in Fig. 5.

The locations of all sites used in this study are listed in
Table 2, along with the date of observations, the number of
sessions per point and the time span of the observation ses-
sions. In 1995, both 12h and 24 h sessions were conducted.
In 1997, 1998, 1999, 2000 and 2001, 24h sessions were
mostly conducted. All measurements in 1995, 1997, 1998,
1999, 2000 and 2001 were made with dual-frequency geo-
detic receivers. GPS observations were recorded at a 30s
sampling rate using a cut-off elevation angle of 15° to reduce
multipath effects and unmodelled tropospheric errors.
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Fig. 3 Location of the cGPS (red dots), DORIS (yellow dots) and GPS campaign sites (black dots for this study; white dots from Chen et al.
(2004)) analysed in this study. Blue labels indicate the stations used to determine the Indian plate motion The two boxes delimit the data sets
used, respectively in the far Western and the Central-Eastern 2D modelling. Also shown is the location of the levelling line across Central Nepal

(green triangles) (Jackson and Bilham 1994)

3.2 GPS data analysis — cGPS and campaigns

All available episodic and cGPS measurements were pro-
cessed using the Bernese V4.2 software (Beutler et al. 2001).
Results were obtained directly in the ITRF2000 reference
frame, using IGS final precise orbits (Beutler et al. 1999),
as recommended by Boucher et al. (2004), as well as IGS
Earth rotation parameters and data from nearby IGS stations
(Table 3).

We used the antenna phase center offsets and we com-
puted phase center corrections using models provided by
the IGS (National Geodetic Survey web site http://www.ngs.
noaa.gov/). The heights of the defined reference point above
the station mark on the ground were properly inserted in each
file at the time of conversion of GPS data files from raw for-
mat to Receiver INdependent EXchange (RINEX) format.

Available nearby IGS permanent stations were included
in the campaign data analysis. We computed a free network
solution, assigning the following degrees of freedom to
the IGS sites: X = 0.02m; ¥ = 0.02m; Z = 1.0m,
V,=0.002myr~!; V,=0.002myr~!; Vz=0.050 m yr~".
This enables us to express the coordinates of all campaign
stations in a well-defined terrestrial reference frame (IGSOb)
(Ray et al. 2004).

For the analysis of the first GPS data collected in 1995,
we used the following strategy: an ionosphere-free analy-
sis (Beutler et al. 2001) without ambiguity resolution in or-
der to assess residuals, then a quasi-ionosphere-free (QIF)
resolution strategy, which is a very powerful tool for resolv-
ing the ambiguities to integer values (Mervart 1995; Beutler
et al. 2001). The continuous 24 h observation period permits
a good determination of real ambiguity values using the QIF
algorithm.

For the analysis of the most recent data (from 1997 to
2004) of better quality (due to improvements of receivers,
antennas, precise code measurements, etc.), we were able to
determine and fix the carrier-phase ambiguities using the fol-
lowing steps: an initial ionosphere-free analysis (same as for
the 1995 data); resolution of the wide-lane ambiguities us-
ing the Melbourne—Wubbena linear combination depending
on the quality of the code measurements (Melbourne 1985;
Wubbena 1985); and finally a computation of the ionosphere-
free solution introducing the resolved Melbourne—Wubbena
linear combination ambiguities, which provides a reliable
estimation of the station coordinates.

The troposphere-induced propagation delays were esti-
mated from the observations every 2 h. Finally, for each day,
we derived station coordinates in Software INdependant
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Table 2 List of GPS sites processed in this study, with dates of observations and number of daily sessions

Station Network Latitude Longitude 1995 1997 1998 2000 2001
AMPO* IDYLHIM 28.0297 82.2474 2 - 4 4 -
BALO* LDG 27.7454 85.7945 2 - 3 - -
BBPO* IDYLHIM 28.1957 82.0937 3 - 4 - -
BMTO* IDYLHIM 27.7857 82.5398 2 - 2 4 -
BRWO* CIRES+IDYLHIM 27.5073 83.4180 2 - 3 6 -
CHPO* IDYLHIM 27.9509 82.5042 5 - 2 - -
DAD2* IDYLHIM 29.3342 80.6019 - - 3 4 -
DAMA* LDG 27.6081 85.1077 operated continuously since 1997 to 2004

DLPO* IDYLHIM 28.9828 82.8176 3 3 4 - -
DMNO* LDG 27.6081 85.1077 5 - 2 2 -
GUMB* LDG 27.9098 85.8775 operated continuously since 1997 to 2004

GUTO* IDYLHIM 28.8237 81.3532 3 - 4 - -
HETO* LDG 27.3159 85.0078 3 - 3 3 -
JIRI CIRES 27.6354 86.2304 9 - - - 3
JMLO* IDYLHIM 29.2772 82.1914 3 - 3 - -
JOMO* CIRES+IDYLHIM 28.7807 83.7179 12 - 2 - -
KKNO* LDG 27.8004 85.2791 5 - 12 17 -
KRN2* IDYLHIM 27.5678 82.7848 - - 2 6 -
KUSO* IDYLHIM 28.0098 82.0952 3 - - 4 -
LMKI* IDYLHIM 28.6131 81.1158 2 - 4 - -
LUKL CIRES 27.6862 86.7262 4 - - 4 -
MAHO* CIRES+IDYLHIM 28.9632 80.1480 3 4 4 12 -
MULO* IDYLHIM 28.2494 82.3465 3 3 3 - -
NAGA CIRES 27.6927 85.5212 42 15 23 13 3
NIJO* LDG 27.1830 85.1866 2 - 3 - -
NPJO* CIRES+IDYLHIM 28.1341 81.5747 6 16 6 5 -
PKIO* LDG 27.5747 85.3982 4 - 13 12 -
PKRO* IDYLHIM 28.1989 83.9776 1 - 2 3 -
POKO* CIRES+IDYLHIM 28.1990 83.9777 4 - 9 2 -
RAMO* LDG 28.0152 85.2221 1 - 2 5 -
SHBO* IDYLHIM 29.5267 80.7214 3 - 4 4 -
SHPO* IDYLHIM 29.0124 80.6364 1 4 3 4 -
SIMR* LDG 27.1646 84.9844 operated continuously since 1997 to 2004

SKAO* IDYLHIM 28.5829 81.6343 - 10 19 10 -
SKTO* CIRES+IDYLHIM 28.5858 81.6352 12 9 14 3 -
SMKO* CIRES+IDYLHIM 29.9670 81.8265 10 5 4 - -
SPS2* IDYLHIM 28.4069 81.6906 - 3 4 3 -
SYAO* LDG 28.1711 85.3293 2 - 2 3 -
TANO* CIRES+IDYLHIM 27.8738 83.5538 2 - 4 4 -
*All stations surveyed by LDG and IDYL-HIM teams, in collaboration with DMG

Table 3 List and location of IGS stations taken into account in the processing

IGS station DOMES number Longitude Latitude 1995 1997 1998 2000 2001
BAHR 24901M002 50.608 26.209 - X X X X
BAKO 23101M002 106.849 —6.491 - - X X X
BJFS 21601M001 115.892 39.609 - - - X X
DGAR 30802M001 72.370 —7.270 - X X X -
JIN@ 22306M002 77.570 13.021 X X X X X
IRKT 12313M001 104.316 52.219 X X X X X
KIT3 12334M001 66.885 39.135 X X X X X
KSTU 12349M002 92.794 55.993 - X X - -
KUNM 21609M001 102.797 25.030 - X X X X
LHAS 21613M001 91.104 29.657 X X X X X
MALD 229015001 73.526 4.189 - - - X X
NTUS 22601M001 103.680 1.346 - X X X X
POL2 12348M001 74.694 42.680 X X X X X
SEY1 39801M001 55.480 —4.674 X - - X X
SHAO 21605M002 121.200 31.100 X - - X X
TAIW 23601M001 121.537 25.021 X - - - -
URUM 21612M001 87.601 43.808 - X X X X
WUHN 21602M001 114.357 30.531 - X X X X
XIAN 21614M001 109.221 34.369 - X X - -

Cross station used; minus station not used. Also reported is the DOMES number of the stations (http://irtf.ensg.ign.fr/domes_desc.php)
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Fig. 4 Position as a function of time determined relative to ITRF2000 at ¢GPS stations (SIMR, DAMA, NAGA, GUMB) and at the DORIS
station EVEB. The ¢GPS and DORIS data contain daily and weekly solutions, respectively. Continuous lines show best fitting models obtained
from Eq. (1). The model parameters are listed in Table 6
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Fig. 5 Velocities relative to the Indian plate, as defined in this study (see the parameters in Table 7), determined at all cGPS and DORIS stations
in Fig. 3. The DORIS station at JIUB is a new station and provides little data (i.e., since March 2004)

EXchange (SINEX) format (Blewitt et al. 1995), including
a complete covariance information matrix. We used these
independently processed daily solutions to estimate all GPS
station velocities.

3.3 DORIS data analysis and results

We have analysed the DORIS data provided by the
International DORIS Service (IDS) (Tavernier et al. 2005)
using the GIPSY/OASIS II software (Webb and Zumberge
1995) at the Jet Propulsion Laboratory (JPL). Data were
processed in a multi-satellite mode on a daily basis using
the GGMO1C GRACE-derived (Gravity Recovery And Cli-
mate Experiment) gravity field (Tapley et al. 2004; Willis and
Heflin 2004).

We used all available DORIS data except that of Jason-1,
whose data were not used at all due to an extreme sensitivity to
radiation affecting the on-board DORIS clock when crossing
the South Atlantic Anomaly (Willis et al. 2004, Lemoine and
Biancale, submitted). We also excluded SPOT-4 data from
1998 for which a pre-processing error is present in the data
file (Willis et al. 2006).

These daily solutions were combined into weekly solu-
tions using a loose constraints technique. They correspond to
the IGNWDO04 free-network solutions available on line at the
Crustal Dynamics Data Information System of the National
Aeronautics and Space Administration (NASA/CDDIS)
at ftp://cddis.gsfc.nasa.gov/pub/doris/products/sinex_series/
ignwd.

In a second step, we combined all weekly DORIS solu-
tions from January 1993 to May 2005 with additional SINEX

matrices of all DORIS-DORIS geodetic local ties (using
proper weighting), as provided by the IGN/SIMB (Fagard,
2005) who are in charge at the Institut Geographique National
(IGN) of the installation and maintenance of the DORIS per-
manent tracking network. For stations at the same DORIS
sites (i.e., successive occupations with different antennas),
tight constraints were also added to the positions and veloc-
ities as SINEX files in the global adjustment.

Discontinuities in station coordinates (Willis and Ries
2005) were handled by introducing different station names.
This allowed us to obtain a cumulative solution (positions
and velocities of all DORIS stations estimated over the full
period) in a free-network (Willis et al. 2005b). We then used a
standard technique (Altamimi et al. 2002) to project the solu-
tion and finally transform it into ITRF2000. This solution is
totally equivalent to the IGN04D02 cumulative solution, but
it contains more DORIS data. We call it here IGNO5SD02P
(preliminary) as it corresponds to the second cumulative solu-
tion computed in 2005, the first solution being the above
free-network solution.

Figure 4 provides a synthesis of the currently available
DORIS data for the Everest station (EVEB) at the NASA/
CDDIS data centre. Even though the equipment has not been
changed since June 1993 (same DORIS acronym), it can
be seen that the station has suffered from several long peri-
ods without DORIS observations. This is not too surprising
knowing the difficult weather conditions at this site and also
the difficulty for the IGN/SIMB team to go there and make
the necessary repairs. Table 4 provides a summary of previ-
ous determination of the Everest velocity in ITRF2000 using
the EVEB DORIS data.
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Table 4 Average velocities expressed in ITRF2000 and 1-o uncertainties determined from the DORIS time-series at EVEB

Solution N (mm yrfl) E (mmyrfl) U (mmyrfl) Start End Data span (years)

ITRF96 3424122 51.34+26.2 10.7 £ 18.8 JAN-93 JUL-97 4.5 8
ITRF97 23.2+6.9 51.4+9.1 10.7£8.3 JAN-93 DEC-98 6.0 (1)
ITRF2000 229+27 324454 32443 JAN-93 MAR-99 6.3

LEGOS 31.4+£0.8 31.9+2.1 —1.5+£1.1 JAN-93 DEC-96 4.0 €8
IGN03D02 244+ 0.6 35.6+0.8 1.9+0.3 JAN-93 DEC-03 11.0

IGN04DO02 23.14+0.9 36.8+ 1.0 1.4+£0.2 JAN-93 SEP-04 11.7

IGNO5D02P 233+1.3 36.2+1.9 1.6 £0.3 JAN-93 MAY-05 12.4 2)

In the last column, (1) indicates that the 14-parameter transformation recommended by Altamimi et al. (2002) was used; (2) indicates that the
discontinuity on January 1, 2001 was corrected. The ITRF96 and ITRF97 velocities are poorly determined because the amount of available
DORIS data for these stations was very limited at that time. These variable velocities thus generate problems for the combination (Altamimi,

personal communication, 2005)

In Table 4, three combined solutions using DORIS, as
well other techniques such as GPS, VLBI and SLR are con-
sidered: ITRF96 (Sillard et al. 1998), ITRF97 (Boucher et al.
1999) and ITRF2000 (Altamimi et al. 2002). The DORIS-
only solutions were also provided by the Laboratoire d’Etudes
en Géophysique et Océanographie Spatiale (LEGOS) group
(Soudarinetal. 1999; Crétaux etal. 1998) and by the IGN/JPL
analysis group: IGNO3D02 (Willis et al. 2005b), IGN04D02
(Willis and Heflin 2004), IGNO5DO2P (this analysis). Pre-
vious solutions provided by the above authors in ITRF96 or
ITRF97 were transformed by us into ITRF2000 using the 14-
parameter transformation recommended by Altamimi et al.
(2002). All solutions are reported in Table 4.

For each solution in Table 4, we indicate the amount of
DORIS data considered here by providing the start and end
time of observation, as well as the duration between the two.
It can be seen that the earlier solutions (ITRFs and LEGOS)
are based on a smaller data span of DORIS observations, and
provide larger formal errors. The first IGN/JPL solutions are
very similar as they are based on the same time-series. Only
the duration of observation is different. Formal errors should
be larger in the case of the IGNO5DO02P solution, as a dis-
continuity was estimated for the EVEB station on January 1,
2001 as suggested by Laurent Soudarin on the IDS Analysis
Forum at http://listes.cls.fr/wws/info/ids.analysis.forum.

It can be seen that this choice does not seem to affect the
estimated velocity, which indicates that the discontinuity esti-
mated at EVEB was probably small. The vector we estimated
in this global adjustment was —9.0mm in X, —0.3mm in Y
and 1.6mm in Z. This is almost within the precision of the
DORIS technique and we will not consider this discontinuity
in the sequel.

The early ITRF solutions also show large vertical
velocities (around 10 mm with extremely large formal error)
(Table 4). The large formal errors could come from a down-
weighting of the DORIS data (with respect to the other space-
geodetic techniques). It can also be seen in Fig. 6 that these
early ITRF solutions could not benefit from the 1997 to 2001
period, which corresponds to a large continuous amount of
DORIS observations. The CIBB, DJIA, JIUB, KITA, COLA
and EVEB solutions are illustrated on Fig. 5. The COLA and
EVEB solutions are used hereafter, respectively to help con-
strain the Euler pole of India relative to ITRF2000 and the
shortening rate through the Nepal Himalayas.

Fig. 6 Availability of DORIS data in recent DORIS terrestrial reference
frames. Vertical bars correspond to the availability of actual DORIS
data. Horizontal bars correspond to periods considered to estimate the
different DORIS solutions by the different authors. Earlier solutions
such as ITRFs and LEGOS were based on less data

3.4 Estimated velocities

We estimated GPS station positions and velocities using the
quasi-observation combination analysis (QOCA) software
(Dong et al. 1998; also see http://gipsy.jpl.nasa.gov/qoca/).
Site velocities were estimated from the time-series of daily
coordinates. The QOCA modelling of the time-series data
was done through sequential Kalman filtering, allowing
adjustment for global translation and rotation of each daily
solution. Random-walk-style perturbations were allowed for
some parameters whose errors were found to be correlated
with time (e.g., Earth rotation parameters and the antenna
heights at a few sites). For more details about the data anal-
ysis procedure and uncertainty estimation, refer to Shen et
al. (2000) and http://gipsy.jpl.nasa.gov/qoca/. For the cam-
paign GPS measurements, we estimate the secular velocity
ateach site from the best fitting linear function of time, adjust-
ing the coordinates determined at each occupation. We use a
weighted least squares criterion. All velocities and associated
uncertainties are listed in Table 5.

The continuous GPS time-series show obvious seasonal
variations (Fig. 4). Following Yoshioka et al. 2004, the aver-
age value (b(t)) and the uncertainty on the secular velocity
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Table 5 Station velocities relative to ITRF2000 and to stable India with 1-o uncertainties

Velocity relative to ITRF2000 (mmyr~) Velocity relative to India (mmyr—!)

Stations Latitude Longitude North oN East ocE North oN East oE
AMPO_GPS* 28.0297 82.2474 34.3 0.9 36.7 0.9 0.9 0.9 —-1.2 0.9
BAHR_GPS 26.2091 50.6081 28.3 1.6 314 1.4 —1.1 1.6 0.8 1.4
BALO_GPS* 27.7454 85.7945 30.3 0.9 36.9 1.0 -3.0 0.9 —2.1 1.0
BBPO_GPS* 28.1957 82.0937 35.6 0.9 41.1 0.9 2.1 0.9 33 0.9
BMTO_GPS* 27.7857 82.5398 35.2 0.9 36.5 1.0 1.8 0.9 —-1.5 1.0
BRWO0_GPS* 27.5073 83.4180 32.1 0.9 35.8 1.0 —1.3 0.9 —-2.6 1.0
CHPO_GPS* 27.9509 82.5042 35.8 0.9 39.8 1.0 2.3 0.9 1.8 1.0
DAD2_GPS* 29.3342 80.6019 30.0 0.8 36.4 0.9 —-3.5 0.8 —0.6 0.9
DAMA_GPS* 27.6081 85.1077 31.9 0.3 37.1 0.3 —1.4 0.3 —-1.7 0.3
DGAR_GPS —17.2697 72.3702 17.6 34 53.1 3.9 —15.7 34 11.0 3.9
DLPO_GPS* 28.9828 82.8176 22.6 1.0 37.1 1.0 —10.8 1.0 -0.7 1.0
DMNO_GPS* 27.6081 85.1077 30.8 0.9 36.3 1.0 —-2.5 0.9 2.6 1.0
GUMB_GPS* 27.9098 85.8775 25.5 0.3 36.4 0.3 -7.8 0.3 2.5 0.3
GUTO_GPS* 28.8237 81.3532 35.2 0.9 37.2 0.9 1.7 0.9 —-0.2 0.9
HETO_GPS* 27.3159 85.0078 34.0 0.9 37.5 1.0 0.7 0.9 —1.4 1.0
IISC_GPS 13.0212 77.5704 32.7 1.4 41.4 1.6 —-0.8 14 0.7 1.6
IRKT_GPS 52.2190 104.3162 -7.5 1.2 24.8 1.7 —37.8 1.2 —12.2 1.7
JIRI_GPS 27.6354 86.2304 25.2 1.0 37.6 1.1 —8.0 1.0 —-1.5 1.1
JMLO_GPS* 29.2772 82.1914 27.7 0.9 36.0 0.9 5.7 0.9 —1.5 0.9
JOMO_GPS* 28.7807 83.7179 23.7 0.9 36.1 0.9 —-9.6 0.9 —-2.0 0.9
KIT3_GPS 39.1348 66.8854 3.6 0.9 28.3 0.9 —29.2 0.9 0.3 0.9
KKNO_GPS* 27.8004 85.2791 32.1 1.1 39.5 1.2 —1.2 1.1 0.7 1.2
KRN2_GPS* 27.5678 82.7848 35.1 0.9 35.3 1.0 1.7 0.9 -2.9 1.0
KUSO_GPS* 28.0098 82.0952 31.6 0.9 34.5 0.9 —1.8 0.9 —34 0.9
LHAS_GPS 29.6573 91.1040 12.8 1.0 45.3 1.0 —19.9 1.0 54 1.0
LMKI1_GPS* 28.6131 81.1158 32.6 1.5 39.8 1.5 -0.9 1.5 2.3 1.5
LUKL_GPS 27.6862 86.7262 21.7 1.2 38.4 1.4 —11.5 1.2 —-0.8 1.4
MAHO_GPS* 28.9632 80.1480 32.5 0.8 37.0 0.9 —1.0 0.8 0.0 0.9
MULO_GPS* 28.2494 82.3465 35.0 0.9 37.6 0.9 1.5 0.9 —-0.3 0.9
NAGA_GPS 27.6927 85.5212 30.1 0.3 35.9 0.6 -3.2 0.3 -3.0 0.6
NIJO_GPS* 27.1830 85.1866 36.3 0.9 38.3 1.0 3.0 0.9 —0.6 1.0
NPJO_GPS* 28.1341 81.5747 352 0.9 38.3 0.9 1.7 0.9 0.6 0.9
PKIO_GPS* 27.5747 85.3982 32.6 0.9 39.7 1.0 -0.7 0.9 0.8 1.0
PKRO_GPS* 28.1989 83.9776 30.9 0.9 40.4 1.0 —-2.5 0.9 2.0 1.0
POKO_GPS* 28.1990 83.9777 344 0.9 38.0 1.0 1.0 0.9 —-0.4 1.0
POL2_GPS 42.6798 74.6943 3.5 0.8 28.3 0.9 —-29.9 0.8 -0.9 0.9
RAMO_GPS* 28.0152 85.2221 26.5 0.9 39.5 1.0 —6.8 0.9 0.8 1.0
SEY1_GPS —4.6737 55.4794 14.5 3.0 344 3.6 —16.2 3.0 —8.5 3.6
SHAO_GPS 31.0996 121.2004 —15.6 1.7 32.1 3.0 —40.4 1.7 —15.5 3.0
SHBO_GPS* 29.5267 80.7214 28.8 0.8 36.0 0.9 —4.6 0.8 —1.0 0.9
SHPO_GPS* 29.0124 80.6364 34.9 0.9 37.3 0.9 14 0.9 0.2 0.9
SIMR_GPS* 27.1646 84.9844 32.7 0.3 379 0.3 —-0.6 0.3 —-1.0 0.3
SKAO_GPS* 28.5829 81.6343 31.9 0.9 349 0.9 —1.6 0.9 -2.7 0.9
SKTO_GPS* 28.5858 81.6352 314 0.9 36.7 0.9 2.1 0.9 -0.9 0.9
SMKO0_GPS* 29.9670 81.8265 24.1 0.8 35.6 0.9 —9.4 0.8 —1.5 0.9
SPS2_GPS* 28.4069 81.6906 34.4 0.9 38.3 0.9 1.0 0.9 0.7 0.9
SYAO_GPS* 28.1711 85.3293 26.4 1.0 38.1 1.0 —6.9 1.0 —-0.6 1.0
TAIW_GPS 25.0213 121.5365 —17.6 3.2 40.0 2.2 —42.3 3.2 -7.6 2.2
TANO_GPS* 27.8738 83.5538 35.3 0.9 37.7 1.0 1.9 0.9 —-0.6 1.0
URUM_GPS 43.8079 87.6007 54 0.9 30.3 0.9 —27.7 0.9 —-3.4 0.9
WUHN_GPS 30.5317 114.3573 —14.7 1.6 324 2.4 —42.1 1.6 —13.6 2.4
XIAN_GPS 34.3687 109.2215 —154 1.3 33.5 1.9 —44.3 1.3 —10.7 1.9
CICB_DORIS —6.4906 106.8488 —-5.5 14 233 2.0 —35.1 1.4 —16.7 2.0
CIBB_DORIS —6.4906 106.8488 -5.5 1.4 23.3 2.0 —35.1 1.4 —16.7 2.0
COLA_DORIS 6.8920 79.8741 35.1 1.2 41.6 2.0 1.5 1.2 -0.3 2.0
COLI1_DORIS 6.8920 79.8741 35.1 1.2 41.6 2.0 1.6 1.2 —0.1 2.0
EVE1_DORIS 27.9581 86.8131 23.5 0.6 36.5 1.2 —-9.7 0.6 —2.7 1.2
EVEB_DORIS 27.9581 86.8131 23.3 1.3 36.2 1.9 -9.9 1.3 -2.9 1.9
DJIA_DORIS 11.5263 42.8466 23.3 1.0 29.0 2.0 —-3.7 1.0 —8.1 2.0
DJIB_DORIS 11.5263 42.8466 23.3 1.0 29.0 2.0 3.7 1.0 —8.1 2.0
JIUB_DORIS 30.5155 114.4911 —44.5 6.0 44.6 9.3 —71.8 6.0 —1.4 9.3
KITA_DORIS 39.1336 66.8848 0.8 1.2 29.0 1.7 -31.9 1.2 0.9 1.7
KITB_DORIS 39.1336 66.8848 0.8 1.2 29.0 1.7 —31.9 1.2 0.9 1.7
AIRP_CHEN 27.7000 85.2800 28.6 1.8 38.6 34 —4.7 1.8 -0.3 34
WT15_CHEN 27.4900 88.9100 22.0 1.9 40.8 2.8 —11.0 1.9 0.9 2.8
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Table 5 (Contd.)

Velocity relative to ITRF2000 (mmyr~—!)

Velocity relative to India (mmyr—!)

Stations Latitude Longitude North oN East oE North oN East cE
BALA_CHEN 29.7400 90.8000 12.9 1.8 45.7 2.2 —19.9 1.8 5.9 2.2
BHAR_CHEN 27.6700 84.4300 31.1 1.5 39.3 3.0 -2.2 1.5 0.7 3.0
BIRA_CHEN 26.4800 87.2600 324 1.9 41.6 32 —-0.7 1.9 1.9 3.2
DAGZ_CHEN 29.6600 91.3600 10.9 1.8 46.3 2.1 —21.8 1.8 6.3 2.1
GNGB_CHEN 29.8800 93.2400 —-0.3 2.5 56.1 32 —32.8 2.5 15.6 3.2
GGAR_CHEN 29.2800 90.9600 10.3 2.2 49.6 3.1 —22.5 2.2 9.6 3.1
GUCO_CHEN 28.7800 86.3400 18.7 1.8 433 32 —14.5 1.8 4.5 3.2
SHOT_CHEN 29.5900 85.7400 17.1 1.7 41.5 32 —16.2 1.7 3.1 3.2
JANK_CHEN 26.7100 85.9200 31.6 2.2 40.3 4.7 —1.6 2.2 1.1 4.7
JIAN_CHEN 28.9100 89.5700 17.3 1.6 42.4 2.1 —15.6 1.6 2.7 2.1
JIRI_CHEN 27.6400 86.2300 25.1 1.9 36.3 3.7 —8.1 1.9 —-2.8 3.7
JOMO_CHEN 28.7800 83.7200 22.1 1.1 37.9 2.5 —11.3 1.1 -0.2 2.5
LHAS_CHEN 29.6600 91.1000 12.4 1.8 46.8 2.0 —-20.4 1.8 6.9 2.0
LAZE_CHEN 29.1200 87.5800 20.0 1.4 42.8 2.3 —13.2 1.4 3.8 2.3
MAHE_CHEN 28.9600 80.1500 322 1.2 34.0 3.0 —-1.3 1.2 -3.0 3.0
NAGA_CHEN 27.6900 85.5200 29.2 1.1 37.9 1.9 —4.0 1.1 —1.0 1.9
NEPA_CHEN 28.1300 81.5700 32.6 0.8 38.3 2.2 -0.9 0.8 0.6 2.2
WTI11_CHEN 28.2900 86.0200 21.8 1.9 38.2 3.6 —11.5 1.9 —-0.7 3.6
WT16_CHEN 28.3000 86.0200 19.2 1.4 40.6 2.4 —14.1 1.4 1.7 2.4
POKH_CHEN 28.2000 83.9800 28.3 1.3 374 2.7 -5.0 1.3 -0.9 2.7
RANJ_CHEN 28.0600 82.5700 29.0 1.5 37.7 3.1 —4.4 1.5 -0.3 3.1
RONG_CHEN 28.1900 86.8300 21.9 1.4 37.9 2.3 —11.3 1.4 —-1.2 2.3
WTI12_CHEN 29.4400 85.2100 20.2 1.2 34.1 2.3 —13.1 1.2 —4.3 2.3
SHIQ_CHEN 32.5100 80.1000 14.4 0.7 30.9 2.8 —19.1 0.7 —4.8 2.8
SIMA_CHEN 27.1600 84.9800 33.1 1.4 39.7 2.8 —-0.3 1.4 0.7 2.8
SIMI_CHEN 29.9700 81.8300 18.9 1.1 344 2.7 —14.5 1.1 —-2.7 2.7
SURK_CHEN 28.5900 81.6400 28.7 1.1 34.8 2.7 —4.8 1.1 2.7 2.7
TANS_CHEN 27.8700 83.5500 27.9 1.5 37.7 3.1 —-5.5 1.5 —-0.6 3.1
TCOQ_CHEN 31.0200 85.1400 16.2 1.7 35.0 33 —17.1 1.7 —-2.8 33
TING_CHEN 28.6300 87.1600 20.3 1.5 35.7 2.4 —12.9 1.5 -34 2.4
XIGA_CHEN 29.2500 88.8600 18.8 1.5 41.4 2.2 —14.2 1.5 2.0 2.2
WTI15_CHEN 27.4900 88.9100 22.0 1.9 40.8 2.8 —11.0 1. 0.9 2.8

The first part lists the GPS station velocities determined in this study from processing the raw data, the second part lists the DORIS station
velocities obtained in this study from the combination in QOCA with all the GPS data, and the third part lists the GPS station velocities from
stations in Southern Tibet obtained by converting the velocities determined by Chen et al. (2004) relative to ITRF97 to ITRF2000

* All stations surveyed by LDG and IDYL-HIM teams, in collaboration with DMG

at each station is computed with account for these seasonal
variations by adjusting the time-series with the analytical
function,

2t

. 2t
Y(t) =a+ b(t) + c.sin (—) +d.cos (—)
p p

. f4nt 4t
~+e.sin (—) + f.cos (—) . (D)
p p

The values of the different parameters in Eq. (1), obtained
from adjusting the various time-series, are reported in Table 6
and the quality of fit is shown in Fig. 4. All velocities relative
to ITRF2000 are reported in Table 5.

The uncertainties estimated from this procedure assume
a white noise source of error. It has long been recognised that
the main source of error in GPS time-series is in fact a flicker
noise (Zhang et al. 1997). Williams et al. (2004, Figs. 4) show
that flicker noise is a factor of 2-3 times higher than the cor-
responding white noise level. Based on that observation, we
have increased our formal error estimated, assuming white
noise, by a factor of 3. It should be noticed that the uncertainty
on the secular velocities determined from the cGPS (5 years)

and DORIS (7-12years) stations is about three times better
than those determined from campaign measurements.

We could not have access to the raw data from the cam-
paign measurements carried out in Southern Tibet (Chen et al.
2004). In order to take some advantage of this dataset, how-
ever, we have used the velocities determined by these authors,
which were given relative to ITRF97 (Boucher et al. 1999).
These velocities were expressed relative to ITRF2000, using
the transformation parameters produced by Altamimi et al.
(2002) (see also http://itrf.ensg.ign.fr/). This transformation
is described by the following equation:

Xo =X, +T+DX|+RX ?)
with
. o 0.00
Temyr Hh=|7,|={-0.06 (3)
. —0.14
K]
D(ppbyr—") = 0.01 )
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Table 6 Coefficients of Eq. (1) used to fit the geodetic time-series with account for seasonal variations

Coefficients

a b c d e f p(year) p(days)
SIMR
N —65470.6 32.74790 1.87666 —1.19045 0.17678 0.38860 0.95003 346.76132
E —75755.7 37.87990 —1.24903 —0.83845 0.27825 —1.25265 0.92498 337.61661
DAMA
N —63817.1 31.89800 1.88961 —2.29533 0.33145 —0.19133 0.97505 355.89216
E —74190.6 37.07960 0.14850 —1.04260 —1.08334 —0.87599 1.00007 365.02555
NAGA
N —60124.1 30.13080 2.23975 1.42121 0.30220 —0.33042 0.92508 337.65530
E —71749.1 35.93410 —1.35690 0.65572 —1.47554 —0.91557 1.02491 374.09215
GUMB
N —51460.8 25.74180 —4.43710 —1.07964 —0.73203 1.32306 0.99975 364.90693
E —72299.4 36.15080 —0.70502 —0.24717 —1.09015 —0.56375 1.00005 365.01825
EVEB
N —47124.2 23.51580 —4.17672 4.60870 0.34308 0.31336 0.97522 355.95530
E —73184.9 36.52200 —4.46430 6.82764 —1.93811 1.00231 0.97494 355.85420

Coefficients p(year) and p(days) correspond to the period expressed, respectively in years and in days
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Fig. 7 Comparison of velocities relative to stable India as determined in this study and obtained by converting the velocities determined by Chen
et al. (2004) relative to ITRF97 to ITRF2000. The differences between the two determinations are shown in the azimuthal plot in the inset

L[]
and in which X; and X; are, respectively the coordinate vector

and its first time derivative.

. . In Fig. 7, we compare the velocities at nine common sites
0 —R; Ry determined in our study with those obtained by Chen et al.
b neoo—1\ _ o o (2004) after the above transformation. The discrepancies are
RO.0017yr™) = R3. (.) — R less than about 2mmyr~! at six of the stations. We do not
| —R, Ry O see any systematic errors in the geographic distribution of the
- differences between the two determinations, suggesting that
0 -0.020 there is no major reference frame issue when the two data

= 0'82 8 8 (5)  sets are combined.
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Fig. 8 Time-series comparison between the cGPS (DAMA, grey dots) and campaign measurements (DMNO, red dots) at the same site DAMAN

(red dots)

The consistency between the campaign- and continuous-
occupation solutions can be evaluated by comparing contin-
uous time-series with campaign measurements at the same
site. Figure 8 shows an example of the worst case, where
the campaign measurements can be offset from the contin-
uous time-series by more than 10mm. The large errors on
the campaign measurements are probably the results of short
(less than 24 h) session lengths. As a result, the uncertainty
on the velocity determined from the campaign measurements
is typically three times larger than those derived from con-
tinuous measurements (Table 5). Although less accurate, the
campaign data provide still some useful information on spa-
tial distribution of strain.

4 Indian plate motion and velocity solutions

Euler poles and angular velocities describing the motion of
most plates relative to ITRF97 and ITRF2000 have been al-
ready determined (Altamimi et al. 2002; Sella et al. 2002).
However, it turns out that the motion of the Indian plate is rel-
atively poorly constrained because previous determinations
only used the sole IGS station on the Indian peninsular (IISC)
and data from a relatively close (< 5° spherical angle) con-
tinuous station (HYDE).

Recently, a better-constrained value, relative to ITRF2000
(50.9 £ 5.11°N, —12.1 £ 0.61°W and angular velocity
0.48640.01° Myr~!) was obtained by Socquet (2003) using
[ISC and HYDE together with our campaign measurements

from stations in Southern Nepal: MAHE, NEPA, BHAR and
SIMR (Fig. 3). We use the data from IISC, the campaign
measurements at MAHO, NPJO (which are all south of the
Himalayan foothills), the 1997-2004 time-series at the cGPS
station SIMR and the 1993-2005 time-series at the DORIS
station COLA in Columbo.

The best-fitting Euler pole is determined from minimis-
ing a reduced x? criterion (Press et al. 1992), measuring
the discrepancy between modelled (Vy,) and observed (V,)
velocities, described by the following equation:

128 rvi—viny?
2 o m
ey (e
i=1
where i refers to each data set.

Only horizontal velocities were taken into account in Eq.
(6). We thus obtain an Euler pole describing the Indian plate
motion relative to ITRF2000 (Table 7), located at 51.409 =+
1.560°N, —10.915 £ 5.556°W, with an angular velocity of
0.483 + 0.015° Myr~!. This determination is consistent with
that of Socquet (2003).

The residual velocities are plotted in Figs. 5 and 9. Also
shown in Fig. 9 are the residuals at four other stations lo-
cated to the south of the Himalayan foothills (LMK1, KRN2,
BRWO, BIRA). These stations were not considered in the
determination of the pole of India to avoid putting too much
weight on the data close to the Himalayan front, where in-
terseismic strain might not be negligible. The residuals are
generally less than about 2mmyr~! and they show no sys-
tematic pattern in terms of their geographic distribution.

6)
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Table 7 Summary of Euler poles describing the Indian plate motion relative to ITRF2000 and to Eurasia and the Eurasia plate motion relative to

ITRF2000 determined from this and previous studies

Euler pole Latitude(®) Longitude(®) Angular velocity(°/Ma)
India/ITRF2000 (this study) 51.409 £+ 1.560 —10.915 £5.556 0.483 £0.015
India/ITRF2000 (Socquet 2003) 509 +£5.11 —12.1+0.61 0.486 £ 0.01
India/Eurasia (DeMets et al. 1994) 245+ 1.8 17.7 £ 8.8 0.51 +£0.06
India/Eurasia (Holt et al. 2000) 29.78 7.51 0.353 £0.024
India/Eurasia (Paul et al. 2001) 25.6+1.0 11.1 £9.0 0.44 £ 0.026
India/Eurasia (Sella et al. 2002) 28.56 £ 1.1 11.62 £ 14.4 0.357 £ 0.033
India/Eurasia (this study) 26.45+34 13.99 £ 7.8 0.354 £ 0.015
Eurasia/ITRF2000 (Altamimi et al. 2002) 57.965 + 1.211 —99.374 £ 2.710 0.260 £ 0.005
Eurasia/ITRF2000 (SOPAC web site) 57.020 £ 0.15 —99.838 £ 0.58 0.258 £ 0.001

NORTH

WEST EAST

SOUTH

Fig. 9 Azimuthal plot of residual velocities at all stations presumed to
be on the stable Indian plate, as determined in this study. Stars show
stations which were used to determine the Euler pole of India in Table 7

The data set we consider is thus reasonably consistent
with the hypothesis that they all belong to the same stable
plate and that the effect of interseismic strain in the Hima-
laya is negligible among all these sites. All data relative to
fixed India are reported in the Table 5. We have, in the same
manner as earlier, calculated the Euler pole of the Indian plate
compared to Eurasia (Table 7). For that, we transformed our
ITRF2000 velocities into velocities relative to Eurasia, thanks
to the Euler pole published by the Scripps Orbit and Perma-
nent Array Center (SOPAC) (57.020 £ 0.15°N, —99.838 +
0.58°E and angular velocity 0.258 & 0.001° Myr~!). This is
similar to that published by Altamimi et al. (2002) (57.965 +
1.211°N, —99.374 4 2.710°E, 0.260 = 0.005° Myr~!), but
presents a much smaller uncertainty.

We obtain an Euler pole describing the Indian plate mo-
tion relative to Eurasia, located at 26.45 + 3.4°N, 13.99 +
7.8°E, with an angular velocity of 0.354 4 0.015°Myr~!.
Our Eurasia—India angular velocity predicts a station veloc-
ity of 34.4mmyr~! at IISC. We agree with earlier findings
(Chen et al. 2000; Shen et al. 2000; Holt et al. 2000; Paul et al.
2001; Kreemer et al. 2000), suggesting that the Indian plate is
moving slower than predicted by the NUVEL-1A global plate
motion model (Argus and Gordon 1991; DeMets et al. 1994).

These studies show a range of velocity estimates (e.g.,
rates at IISC relative to Eurasia of 34.8, 41.9, 36, 43.7, and
34.3mmyr~!, respectively), but all are slower than the corre-
sponding NUVEL-1A estimate of 47.8 mm yr~! at IISC. Our
velocity is comparable, though slightly smaller by 2% than
previous geodetic estimates (Sella et al. 2002). It appears also
to be about 30% slower than that predicted from NUVEL-1A
global plate model.

5 Interseismic deformation in the Himalayas of Central
Nepal

All the velocities were next determined relative to stable In-
dia as defined from the Euler pole obtained in Sect. 4 (Fig. 10).
The estimated velocities, ranging from —3 to 3 mm yr~! along
the Himalayan foothills, increase gradually northwards across
the Himalayan range, reaching 10-17mmyr~! in Southern
Tibet. No detectable discontinuity of the velocity field is
found across the MFT fault.

This shows that, over the 8-year time period covered by
these data, the frontal part of the MHT has remained locked,
as already argued in a number of previous studies in Nepal
(e.g., Bilham et al. 1997; Cattin and Avouac 2000; Jouanne
et al. 1999; Larson et al. 1999) and in the North-Western
Himalaya (Banerjee and Burgmann 2002).

In Fig. 11, we compare the observed velocities with the
prediction of the model of interseismic straining that was
proposed by Boucher et al. 2004. This model assumes that
the MHT is locked from the surface to some depth below
the front of the high range. The location of the down-dip end
of the locked fault zone was determined from the seismicity
pattern based on the rationale of Cattin and Avouac 2000,
who demonstrated that seismicity is triggered by a Coulomb
stress increase at the tip of the creeping portion of the MHT.

In that model, the convergence rate is assumed to be
19 mmyr_l (Boucher et al. 2004, Table 1), similar to the
long-term geologically estimated rate. The model predicts a
reasonable fit to our new results, although the assumed con-
vergence rate seems too high. We therefore search for the best
slip rate solution across Eastern and Central Nepal, keeping
all geometric properties the same in the model. The best-fit-
ting slip rate is determined to be 15.7 =5 mmyr~! (Table 8).
It should be noticed here that the error estimate does not
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Fig. 10 Velocities at all sites relative to stable India. Red, yellow, and black arrows represent, respectively, the velocities determined in this study
at the cGPS stations, the DORIS station, and the campaign stations in Nepal. The white arrows show the velocities in Southern Tibet and Nepal

obtained by converting the velocities determined by Chen et al. (2004) relative to ITRF97 and ITRF2000. AA” and BB’ show location of profiles
across Central-Eastern Nepal and Western Nepal shown in Figs. 12 and 13
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Fig. 11 Observed velocities relative to stable India (same colour code as in Fig. 10), as determined in this study, and velocities predicted from a

3D dislocation model (Boucher et al. 2004) (blue arrows). The yellow area shows the geometry of the locked fault zone of the MHT assumed in
this model
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Table 8 Convergence rates, with 1-o uncertainty, across Eastern Nepal and Western Nepal determined from a model of interseismic strain with

the same fault geometry and slip azimuth as in Bollinger et al. (2004)

Block east (Boucher et al. 2004)

Block west (Boucher et al. 2004)

V (mmyr~1) 1573 £5 12546
%2 on the north component 1.47 4.25
%2 on the east component 1.25 2.75

x? on both components 1.37 35

The convergence rate was adjusted by minimising the reduced x? criterion

Table 9 Parameters of the best fitting 2D dislocation models (Singh and Rani 1993) for Eastern and Western Nepal, obtained by minimising the

reduced x 2 criterion

Eastern Nepal

Western Nepal

Inversion of
horizontal data

Inversion of
horizontal data

Inversion of
horizontal and
vertical data

Inversion of
vertical data

V (mmyr~!) 16.3 +£0.7
Dip(°) 10.3
Downdip end (km) 115
Depth (km) 20.9
%2 on the GPS Data (G) 1.87
X2 on the Leveling Data (L) 2195.39
x2 onboth G and L 1153.2

12.1+£04 16.2£0.8 134+5
11.5 10.3 4.5
104 112 151
21 20.4 12.1
6.67 1.92 5.88
0.88 0.94 -
2.35 1.08 -

Bold values indicate the x?2 criterion that was minimised to derive the model considered. Other values are listed for comparison

account for the uncertainty on the model geometry or on the
plate motion of India.

In order to find a local (i.e., Eastern or Western Nepal)
best-fitting slip rate with as few geometrical assumptions as
possible, such as a free-locked fault zone location or a free-
creeping zone dip and depth, we modelled the data using a
simpler 2D elastic dislocation model. Following most previ-
ous investigations (e.g., Bilham et al. 1997), we model in-
terseismic strain as due to slip along a creeping dislocation
embedded in an elastic half-space. Although this modelling
approach is questionable, it has been shown to be a reason-
able approximation when compared to mechanical models
that account for the variations with depth of rheological prop-
erties, as well as to the effect of erosion and sedimentation
on crustal deformation (Vergne et al. 2001).

We use the analytical solution for a pure dip-slip fault in
an elastic half space (Singh and Rani 1993). To account for
the uncertainty on the plate motion of India, the model is pa-
rameterised in terms of the coordinates of the Euler Pole of
India relative to ITRF2000, the geometry of the locked fault
zone (assumed fixed relative to India) and the slip-rate. We
then minimise the x 2 (Eq. 6) taking into account the veloci-
ties relative to ITRF2000 of all sites on the Indian plate and
across the Nepal Himalaya (listed in Table 5). This inver-
sion procedure allows another solution for the plate motion
of India. The various solutions described hereafter all yield
a solution for the Euler pole of India very close to that pro-
posed at the end of Sect. 4 with generally slightly smaller
uncertainties. Hereafter, we will focus on the results on the
locked fault zone geometry and slip rates.

Because of the arcuate shape of the Himalayan arc and
because of possible differences between Western and Eastern
Nepal, we considered two sections. Only the component of

the velocity parallel to the dip-slip motion is considered in this
analysis (i.e., horizontal data). In Central and Eastern Nepal,
projecting the geodetic data along a N23°E section, an azi-
muth normal to the midcrustal microseismic cluster stretch,
the solution best fitting all horizontal GPS data yields a slip
rate on the MHT of 16.3 £ 0.7 mmyr~', with a relatively
good fit to the data corresponding to a reduced x? of 1.87
(Table 9). It should be noticed that this 2D model assumes
that all displacements are parallel to the N23°E azimuth of
convergence. If the velocity components in the N113°E azi-
muth are taken into account, the reduced y 2 increases to 4.00.

The 2D approximation turns out to be a poor approxima-
tion. This model was also compared with uplift rates deter-
mined from the comparison of spirit levelling data across
Central Nepal (Jackson and Bilham 1994). These data show
uplift rates relative to the first point in the lowland. The fit is
poor, yielding areduced x 2 on the vertical data of about 2,200
(Table 9). The main reason for the poor fit is that the horizon-
tal velocities poorly constrain the position of the down-dip
end of the locked fault zone.

We also determined the best-fitting solution obtained from
only the vertical data. One unknown parameter is the abso-
lute elevation change of the levelling first point, which we
need to solve for, as suggested by Gahalaut and Chander
(1997). A good fit (x2 of 0.9) is obtained for a slip rate of
12.1 & 0.4mmyr~! ; the best fitting uplift rate at the first
point is then 0.9 mm yr~!. The dip-angle of the creeping dis-
location is not affected much, still of the order of 10°, but the
down-dip end of the locked fault zone is shifted southward
by 11km.

When both data sets are considered simultaneously, we
obtain a good general fit to the data with a x> of 1.08. This
shows that the two data sets are reasonably consistent and
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Fig. 12 a Horizontal velocities across the Himalaya of Central and Eastern Nepal projected on an N23°E cross-section (AA’ in Fig. 10) for the
Central and Eastern Nepal. Red dots cGPS stations. Yellow dot DORIS station at EVEB. Black dots campaign GPS measurements. White dots
velocities determined after Chen et al. (2004). The continuous black line shows prediction from a model of interseismic strain computed from a
creeping dislocation embedded in an elastic half-space. Blue and green diamonds show, respectively, prediction of a 3D point-source dislocation
model (Okada 1992) for a slip rate of 16.2 and 19 mmyr~'. Data around Lhasa, quite far to the east of our study area, have not been taken into
account. b Observed (Jackson and Bilham 1994) (red dots) and modelled (same colour code as in Fig. 12a) vertical displacements along the
levelling profile across Central Nepal projected along the Kathmandu section (see location in Fig. 10). Grey dots show data not included in our
determination of the best model. These data include some levelling data clearly affected by subsidence in Kathmandu valley and some points in
the lowlands. Note that the uplift deduced from the levelling has been shifted by 0.9 mmyr~!, which is the mean uplift rate in the foreland

can be used jointly, but that lateral variations of the geom-
etry of the locked fault zone would need to be taken into
account. Note that in the joint inversion we did not normal-
ise the respective uncertainties on the levelling and the GPS

data to avoid putting too much weight on the levelling data,
which all come from a single section. The solution best fit-
ting all geodetic data yields a slip rate on the MHT of 16.2 +
0.8 mmyr~! (Fig. 12, Table 9).
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Fig. 13 Interseismic velocities across the Himalaya of Western Nepal projected on a N30°E cross section (BB’ in Fig. 10). Comparison with
elastic dislocation modelling (continuous black line) and predicted velocities determined with the revised 3D point-source dislocation model
(grey diamonds). Black dots show velocities at the campaign stations determined from this study. White dots show velocities derived from Chen

et al. (2004)

For Western Nepal, only GPS campaign measurements
are available. In this region, all the data are projected along
a section striking N30°E, normal to the mean azimuth of
the microseismic midcrustal cluster. This velocity section
shows that stations along the Himalayan foothills are approx-
imately fixed relative to stable India and that velocities tend
to increase northwards reaching 10—14mmyr~! (Fig. 13).
There is obviously more scattering in these data than in the
Central-Eastern Nepal section. The pattern of deformation in
Western Nepal might therefore be more complex than that
predicted from a simple 2D model.

The predicted velocities obtained from a purely dip-slip
dislocation yield a poor fit to the N30°E velocity with a re-
duced x? of 6.0 (Fig. 13, Table 9). The inferred slip rate is
13.4 & Smmyr~!, an estimate comparable with the 14 +
I mmyr—! convergence rate determined further west across
the Kumaon Himalaya in India (Banerjee and Burgmann
2002). However, compared with our analysis we suspect that,
given the limited data used by Banerjee and Burgmann (2002),
the 1 mm yr~—! uncertainty has been underestimated.

In both the Western and Central-Eastern Nepal cases, the
up-dip limit of the dislocation coincides with the cluster of
seismicity that can be traced all along the front of the Hima-
layan arc (Pandey et al. 1999). This correlation is consistent
with the micro-earthquakes being triggered by stress accu-
mulation at the tip of the creeping zone (Cattin and Avouac
2000; Pandey et al. 1995). Furthermore, the location and dip-
angle of the dislocation, which are well constrained in the
Central-Eastern Nepal model, is found to be reasonably con-
sistent with the proposed geometry of the MHT as imaged

from the Himalayan-Nepal Tibet Seismic Experiment (HIM-
NT), as well as the International DEep Profiling of Tibet and
the Himalaya (INDEPTH) experiments further East (Schulte-
Pelkum et al. 2005; Nelson et al. 1996) (Fig. 2). The 2D mod-
els for Western and Eastern-Central Nepal do not take into
account the displacements perpendicular to assumed conver-
gence azimuth. When this component is taken into account,
the 2D hypothesis turns out to be a poor approximation.

In order to take into account the 3D geometry and lateral
variations of locking depth and convergence rates, we have
constructed a revised version of the 3D model proposed by
Boucher et al. (2004). This model is derived by the method
of Fliick et al. (1997) using the Okada (1992) formulation for
point sources in an elastic half-space. We used the results of
the 2D models to adjust the geometry of the down-dip end of
the locked fault zone (Fig. 14). The lateral variation of con-
vergence rates was assumed to be constant through the far
Western and Central-Eastern Nepal segments, varying line-
arly in between. The convergence azimuth was next adjusted
so as to fit the azimuth of the geodetic displacements relative
to India.

Once the geometry was adjusted by trial and error, we
then systematically varied the average convergence rate across
Western Nepal and Central-Eastern Nepal around the values
obtained from the 2D modelling. For each tested value, we
determine the fit to all the geodetic data, and also separately
evaluate the fit to the GPS campaign measurements on one
hand and to the cGPS and DORIS data on the other hand
(Fig. 15a). We also separately assessed the fit to the horizon-
tal data and the levelling data (Fig. 15b).
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Fig. 14 a Observed velocities relative to stable India (same colour code as in Fig. 10) as determined in this study, and velocities predicted from
a 3D point-source dislocation model (Okada 1992) (green arrows). Elastic moduli A = u = 0.33 - 10" Nm~—2. Yellow area shows the geometry

of the locked fault zone of the MHT assumed in this model. Down-dip of the locked fault zone of the MHT is assumed to creep at 19 mmyr—

1

in a direction perpendicular to the local trend of the Himalayan arc for the Central and Eastern parts and 13.4 mm yr~! for the Western part.

b Close-up view of Central and Eastern Nepal

This analysis shows that, for Central-Eastern Nepal,
depending on the data set considered, the best-fitting conver-
gence rate varies between 16 and 19 mm yr—!. When all data
are combined, the best-fitting shortening rate is estimated to
be 194-2.5 mm yr~!. This model reasonably predicts the two
components of horizontal displacements, as well as vertical
displacements with a reduced 2 of 2.04. This model is more
powerful than the 2D models described above in adjusting the
ranges of the perpendicular and parallel displacement rates.

The predicted velocities are shown in Figs. 12 and 13 in cross
sections, and in Fig. 14 in plan view.

This particular solution yields an Euler pole describing
the Indian plate motion relative to ITRF2000, located at
51.409 £ 0.3°N, —11.415 £ 0.5°W, with an angular veloc-
ity of 0.480 4 0.015°.Myr~'. This is nearly identical to the
value obtained in Sect. 4, although with a smaller uncertainty
(given again at the 67% confidence level). In Fig. 16, we
show an azimuthal plot of residual horizontal velocities at all
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Fig. 15 Normalised reduced y? as a function of slip rate. a Blue and red dots represent, respectively, the reduced x 2 calculated from the campaign
data and the cGPS-DORIS. Green dots show both the GPS-DORIS and levelling data. b Red and blue dots represent, respectively, the reduced

x? calculated from the levelling data and all the horizontal velocities

stations on the Indian plate or across the Nepal Himalaya.
There is no systematic pattern here, suggesting that 3D effects
are reasonably well taken into account and that our estimate
of the shortening rate is not biased by the solution found for
the Indian plate motion.

The four main contributors to the misfit are the predicted
velocities at the permanent GPS stations NAGA, DAMA,
GUMB, SIMR, and the DORIS station EVEB. It seems that
the data around Everest suggest a slower convergence rate
than farther west (Fig. 12). More precisely, velocities at EVEB
and GUMB are better adjusted by the 16.2 and 19 mm yr~!
solutions, respectively. On the basis of these differences, as
well as because the campaign stations nearby in Southern Ti-
bet, i.e. RONG (Vng23 = 11.2mm yrfl) and WT11/WTI16
(VNo2z = 12.1 mm yr‘l) tend to confirm these trends (cf.
Fig. 12), small (< 20%) lateral variations of slip rates along
strike in Central-Eastern Nepal might be inferred. Given that
we were not convinced of the real significance of this differ-
ence, we have not tried to complicate the model.

Based on the 2D and 3D models discussed above, we
estimate the convergence rate across the Eastern and Central
Himalaya to 19 mmyr~!. Using the 1-o confidence interval,
and taking into account the uncertainty in the geometry of the
model, the interseismic strain is estimated to be in the range
16.5-21.5mmyr~'.

6 Discussion and conclusion

In this study, we have successfully combined geodetic data
from campaign GPS surveys, cGPS stations and DORIS sta-
tions to determine the plate motion of India and contemporary
crustal strain across Nepal Himalaya. We were able to derive
a relatively well-constrained Euler pole to describe the mo-
tion of India relative to ITRF2000. We infer very little inter-
nal deformation of India, with deformation rates less than
1.8mmyr~! based on the baseline change between SIMR
and IISC.
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Fig. 16 Azimuthal plot of residual horizontal velocities, relative to the
best-fitting 3D model corresponding to Fig. 15, at all stations located
either on the Indian Plate or across the Nepal Himalaya. As in Fig. 9,
stars show stations that were used to determine the Euler pole of India
in Table 7

The pattern of crustal deformation across the Eastern and
Central Himalaya, also documented from levelling data, im-
plies that the MHT is locked over a distance of about 115km
from the surface to a depth of about 20km beneath the front
of the mountain range. Horizontal shortening due to ductile
creep along the deeper portion of the MHT appears to fall
in the range 16.5-21.5mmyr~! along strike in Central and
Eastern Nepal. Small (< 20% of the slip rate) lateral varia-
tions are suspected in that area but are not properly resolved
due to the low spatial sampling of the area.

These rates are consistent with, but better constrained
than, previous geodetic estimates, and it now becomes clearer
that the geodetic rate might be slightly lower than the geolog-
ical slip determined at 21.5 + 1.5 mm yr~! for the Holocene
period in that region (Lavé and Avouac 2000). This lower
slip rate might imply that postseismic relaxation, which must
follow large earthquakes, in the region is now well over. The
last large earthquake along that portion of the Himalaya is
the Bihar—Nepal Mw 8.0-8.2 earthquake, which occurred in
1934. The Maxwell time in this context, i.e. the characteristic
time associated with viscous relaxation (Cohen 1999), is thus
probably significantly smaller than about 60 years.

Across Western Nepal, the pattern of deformation and the
shortening rate, given to be around 13.4 &5 mmyr—', is less
well constrained due to the lack of cGPS stations. The width
of the locked fault zone seems somewhat larger in this area.
The apparently lower shortening rate there (than across East-
ern and Central Nepal) might be related to the even longer
time span since the last large earthquake in this area. This
observation will be useful to assess the mechanical proper-
ties of the crust and lithosphere and stress variations during
the seismic cycle.
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