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Abstract We use 21 strong motion recordings from Nepal and India for the 25 April 2015
moment magnitude (Mw) 7.8 Gorkha, Nepal, earthquake together with the extensive
macroseismic intensity data set presented by Martin et al. (Seism Res Lett 8§7:957-962,
2015) to analyse the distribution of ground motions at near-field and regional distances. We
show that the data are consistent with the instrumental peak ground acceleration (PGA)
versus macroseismic intensity relationship developed by Worden et al. (Bull Seism Soc
Am 102:204-221, 2012), and use this relationship to estimate peak ground acceleration
from intensities (PGAgpms). For nearest-fault distances (Rruyp < 200 km), PGAgys is
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consistent with the Atkinson and Boore (Bull Seism Soc Am 93:1703-1729, 2003) sub-
duction zone ground motion prediction equation (GMPE). At greater distances
(Rryp > 200 km), instrumental PGA values are consistent with this GMPE, while
PGAEgwvs is systematically higher. We suggest the latter reflects a duration effect whereby
effects of weak shaking are enhanced by long-duration and/or long-period ground motions
from a large event at regional distances. We use PGAgys values within 200 km to
investigate the variability of high-frequency ground motions using the Atkinson and Boore
(Bull Seism Soc Am 93:1703-1729, 2003) GMPE as a baseline. Across the near-field
region, PGAgys is higher by a factor of 2.0-2.5 towards the northern, down-dip edge of the
rupture compared to the near-field region nearer to the southern, up-dip edge of the rupture.
Inferred deamplification in the deepest part of the Kathmandu valley supports the con-
clusion that former lake-bed sediments experienced a pervasive nonlinear response during
the mainshock (Dixit et al. in Seismol Res Lett 86(6):1533-1539, 2015; Rajaure et al. in
Tectonophysics, 2016. Ground motions were significantly amplified in the southern
Gangetic basin, but were relatively low in the northern basin. The overall distribution of
ground motions and damage during the Gorkha earthquake thus reflects a combination of
complex source, path, and site effects. We also present a macroseismic intensity data set
and analysis of ground motions for the My,7.3 Dolakha aftershock on 12 May 2015, which
we compare to the Gorkha mainshock and conclude was likely a high stress-drop event.

Keywords Gorkha - Nepal - Earthquake - Ground motions

1 Introduction

The widespread reach of the macroseismic shaking effects from earthquakes in Nepal and
regions along the Himalayan frontal arc were recognized in ancient times by medieval
Indian scholars (e,g, Iyengar 1999). In the Indian Subcontinent, chronological compilations
of historical earthquakes utilize spatial distributions of shaking effects collated from
documentary evidence (e.g. Smith-Baird 1844; Oldham 1883), and contemporary inves-
tigators have used these to estimate macroseismic intensities and magnitudes for selected
events (e.g. Bilham 1999; Ambraseys and Douglas 2004; Martin and Szeliga 2010; Szeliga
et al. 2010). A growing number of completed and ongoing palaeoseismic studies in the
Nepal Himalayas (Lavé et al. 2005; Mugnier et al. 2005; Sapkota et al. 2013; Bollinger
et al. 2014; Murphy et al. 2014; Karakas et al. 2015; Bollinger et al. 2016; Hossler et al.
2016) have contributed further to our knowledge of pre-instrumental earthquakes in the
region, although the catalogue clearly remains far from complete. It is clear that Himalayan
earthquakes pose a significant hazard to not only Nepal and the Kathmandu valley
specifically, but also the densely populated and rapidly urbanizing Gangetic Basin (e.g.
Hough and Bilham 2008). Being the largest known earthquakes in the central Himalayas in
nearly two centuries, the observed and recorded ground motions generated by the My,7.8
Gorkha and My7.3 Dolakha earthquakes in Nepal are crucial to understand the potential
impact of future earthquakes and to improve our characterization of historical events.
The Gorkha mainshock on 25 April 2015 was responsible for extensive damage and
heavy casualties in central Nepal, and shaking was widely felt in the Indian subcontinent
where it was responsible for light damage at many locations within the geosynclinals
sediments of the Gangetic basin (Martin et al. 2015). Although the earthquake took a heavy
human toll, damage was unexpectedly low in the Kathmandu Valley (Martin et al. 2015) a
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surprising result given the magnitude of the event, the directivity of the rupture, its
proximity to population centres, and the fragility of the local building stock (Hough 2015).
The largest aftershock, the My,7.3 Dolakha earthquake, was also a significant event in its
own right, generating shaking that was widely felt throughout Nepal and in much of the
northern Indian subcontinent.

Investigations of ground motions from the Gorkha and Dolakha earthquakes have been
hampered by a paucity of strong motion data. Although both earthquakes were well recorded
at regional and teleseismic distances (Mitra et al. 2015; Prakash et al. 2016), limited strong
motion data are available for near-field and close regional distances. For the Gorkha
mainshock, data from a total of six near-field strong motion instruments are available from
Nepal, all from within the Kathmandu valley (Dixit et al. 2015; Bhattarai et al. 2015;
Galetzka et al. 2015; Rajaure et al. 2016; Takai et al. 2016 Table 1). Data from four strong
motion recordings in the Kathmandu valley were unavailable to the scientific community
until recently (Takai et al. 2016), but peak accelerations and velocity values were made
available to the authors in late 2015. In India, the Gorkha earthquake was recorded by 14
stations belonging to the National Strong Motion Instrumentation Network (NSMI; Kumar
et al. 2015; Table 1) and 18 stations of the Central Indo-Gangetic Plains (CIGN) network
(Chadha et al. 2015). In this study, we also consider available strong motion data for the
Dolakha aftershock from four instruments in the Kathmandu valley (see Dixit et al. 2015)
and three NSMI stations in India. Station locations from the NSMI network, along with
sensor specifications and site characteristics, are given by Kumar et al. (2015).

1.1 Macroseismic data from the Gorkha and Dolakha earthquakes

To constrain the intensity distribution more fully, in the weeks following the 25 April
earthquake, Martin et al. (2015) undertook an exhaustive analysis of accounts from con-
ventional news outlets as well as social media, interpreting 1998 European Macroseismic
Scale (hereinafter EMS-98) intensities at over 3000 locations following the guidelines of
Griinthal (1998) and practices employed by Martin and Szeliga (2010). Following Top-
pozada and Real (1981) and Ambraseys and Douglas (2004), landslides, rock falls, and
other forms of ground failure were not considered in assignments, as they are known to
occur at different ranges of intensity (Griinthal Griinthal 1998). The EMS-98 scale
supersedes the Medvedev-Sponheur-Karnik or MSK scale (Medvedev et al. 1965), and
different versions of both have been used in macroseismic studies in the Indian Subcon-
tinent (e.g. Udhoji et al. 2000; Pande and Kayal 2003). The results of these and other
studies were revisited using EMS-98 and were incorporated by Martin and Szeliga (2010)
in their catalogue of uniformly assessed macroseismic observations from historical and
modern earthquakes in the Indian subcontinent. EMS-98 is generally consistent with
intensities that use the Modified Mercalli Intensity scale (MMI; Musson et al. 2010). In this
study, we also use the same approach to assess intensities for the Dolakha aftershock,
presenting a summary of its macroseismic effects. At the time the Dolakha event occurred,
attentions remained focused on the effects of the Gorkha mainshock; this My7.3 after-
shock was, however, a significant earthquake in its own right.

Most of the data sources used by Martin et al. (2015) for the Gorkha mainshock and by
this study for the Dolakha aftershock were derived from newspaper reports, which are a
faithful resource regularly tapped to study historical earthquakes in the Indian Subconti-
nent and in other parts of the world (e.g. Martin and Szeliga 2010; Martin and Hough
2015). A known caveat (e.g. Toppozada and Real 1981; Hough and Pande 2007) regarding
written earthquake accounts, including newspaper accounts, is the tendency to focus on
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dramatic effects, often without indication of the prevalence of these effects in the imme-
diate vicinity. Additionally, as noted by Martin and Kakar (2012) and Martin and Hough
(2016), increased societal awareness of earthquakes, sociocultural responses, and an eco-
nomically driven change in the built-up environment in the Indian subcontinent tends to
result in inflation of intensity assignments at lower levels of shaking if the EMS-98
guidelines are followed too stringently. These issues are addressed here and in Martin et al.
(2015), for example by incorporating the approach of Martin and Kakar (2012) for EMS-98
levels 2-5, an approach similar to that taken by Toppozada and Real (1981) and incor-
porated by other studies (e.g. Meltzner and Wald 1998, 2002).

The EMS-98 scale includes extensive supporting materials and guidelines to distinguish
between the severity (grades) of damage to different construction types by using vulner-
ability classes (Griinthal 1998) when these are available. This aspect of the scale was
critical to reliably assess intensities because apparently catastrophic damage (i.e. complete
collapse equivalent to Grade 5) of vulnerable masonry buildings tends to saturate above
MSK VII-VIII (Ambraseys and Douglas 2004) equivalent to 7-8 EMS given the prevalent
building types in the mountainous regions of Nepal (e.g. mud-bonded brick or stone
masonry; Chaulagain et al. 2015). Shaking severity of 8 EMS, for example, corresponds to
widespread moderate damage to reinforced cement concrete buildings without earthquake
resistant design. As discussed in more detail in the following section, the availability of
detailed EMS-98 guidelines, applied based on experiences with earthquakes in the Indian
subcontinent, is critical to avoid inflated intensities for locations where heavy damage is
experienced, but virtually all structures are very weak.

It is also difficult, at times impossible, to estimate the health of a structure, its con-
struction type, building materials and the practices employed during construction from
newspaper sources. To counter this impediment, singular reports of the collapse of kaccha
(makeshift construction using branches, bamboo, wood, mud, etc.) walls, parapets, or
balconies were assigned 5—-6 EMS, whereas the collapse of pakka (typically stone or brick)
walls or roofs were assigned 6 EMS. These adjustments prevent inflation of intensities in
the absence of statistical quantities while also providing ranges as recommended by
Griinthal (1998) for historical data derived from similar sources. Rigorous application of
the EMS-98 scale requires information about the prevalence of effects that could be
gleaned from ground-based surveys, but is almost never available from documentary, non-
technical sources such as newspapers. Ground-based surveys would, however, clearly be
impractical for an earthquake as widely felt as the Gorkha event. Moreover, intensity
assessments based on written sources provide a better basis of comparison with historical
earthquakes, for which detailed, scientific ground surveys are rarely available. A media-
based intensity assessment can thus provide a better basis for comparison for analysis of
historical earthquakes.

The final intensity data set included accounts from 3831 locations for the Gorkha
mainshock (Martin et al. 2015; Fig. 1) and 1100 locations for the Dolakha aftershock (this
study; electronic supplement; Fig. 2) for which there were both reliable geographic
coordinates and sufficient information to assess intensities or to document that shaking was
felt. Of the total, intensity values are assessed for 3155 and 920 locations for the Gorkha
and Dolakha events, respectively. Each intensity value was assigned a subjective quality
rating following Musson (1998). These data sets provide the only spatially rich available
information that can be used to investigate the near-field and regional distribution of
mainshock ground motions (e.g. Dixit et al. 2015; Ampuero et al. 2016).
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Fig. 1 Intensity data (contoured using same colour scale as shown in Fig. 2) from Martin et al. (2015) for
the Gorkha mainshock, and inferred EMS-98 intensity values using PGA-—intensity relationship from
Worden et al. (2012) to convert recorded PGA values at strong motion sites (filled circles). National borders
and mainshock rupture perimeter from Lindsey et al. (2015) are also indicated (light and dark lines,
respectively). Star indicates mainshock epicentre

1.2 Validation of Martin et al. (2015) intensities

The intensity data set published by Martin et al. (2015) was questioned by Tertulliani et al.
(2016), who argued that both near- and far-field intensity assignments were too low. Martin
and Hough (2016) presented a detailed reply to this comment. Since the Martin et al.
(2015) results provide the foundation for this study, here we further consider two inde-
pendent data sets that have become available since Martin et al. (2015) and Martin and
Hough (2016) were published: detailed damage survey results for the village of Sankhu
(27.728 N, 85.469E) located east of central Kathmandu (Ohsumi et al. 2016), and inde-
pendently derived, automated EMS-98 intensity assignments from the European-
Mediterranean Seismological Centre (EMSC). The latter are presented in detail by the
companion paper (Bossu et al. 2016), with results described briefly here.

Following the Gorkha earthquake, the National Research Institute for Earth Science and
Disaster Prevention (NIED) dispatched several field survey teams to the affected area
(Ohsumi et al. 2016). Of note for this study, one of the teams surveyed the degree of
damage for every house in the village of Sankhu using the EMS-98 scale, with separate
damage statistics compiled for reinforced concrete (RC), brick with cement or lime mortar
(BC), well-built mud-brick (BM-W), and poorly built mud-brick (BM) houses. Following
EMS-98 guidelines, ordinary RC buildings are generally vulnerability Class C, with a
range from A to as high as D depending on construction quality and other factors. Brick
buildings lacking reinforcement or confinement are vulnerability Class A-B. We assume
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Fig. 2 EMS intensities for the 12 May 2015 My,/7.3 Dolakha earthquake. Epicentral location indicated by a
red star

that the most vulnerable structures (BM) were Class A, while the other two Classes (BM-
W, BC) were Class B.

The results of the detailed damage survey (Ohsumi et al. 2016) are shown in Fig. 3
along with expected damage for 8 EMS shaking given the definitions provided by
(Griinthal 1998); these definitions include terms such as “few”, “many”, and “most” for
which approximately numerical ranges are specified: few = 8 % (0-15 %), many = 35 %
(15-55 %), and most = 75 % (55-95 %). The EMS guidelines (Griinthal 1998) do not
include complete specifications for the expected percentages of expected damage of all
grades. To estimate numerical percentages (fragility curves), we use the fragility curves
inferred for Italy by Zuccaro et al. (2012).

The survey results of Ohsumi et al. (2016; Fig. 3) indicate 94 % of Class C structures
were assessed to have Grade 1 damage: negligible to slight damage. As no houses of any
class were deemed to have no (Grade 0) damage; we assume that Ohsumi et al. (2016)
structures with no visible damage were included with Grade 1. Few (6 %) Class C
structures suffered Grade 4 damage, i.e. heavy structural damage. Most (64 %) Grade B
structures experienced Grade 1 damage; of the remaining 36 %, BC houses experienced
more severe damage (32 % Grades 4 or 5) than did BM-W houses (22 % Grades 2-3, 14 %
Grade 4). Most (72 %) of Class A structures experienced Grade 4 or 5 damage, with 22 %
experiencing Grade 1 damage. The comparison of observed versus expected 8§ EMS
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damage reveals that more Class A houses experienced severe (Grade 4/5) damage (72 %)
than expected (26 %). In contrast, at 8 EMS %43 % of Class B structures are expected to
experience Grade 2 or higher damage, compared to an observed total of ~30 % for BC and
BM-W houses. At 8 EMS, ~25 % of Class C structures are expected to experience Grade 2
or higher damage, compared to an observed total of 6 %.

The results presented in Fig. 3 reveal that, while the most vulnerable houses sustained
severe damage, even relatively vulnerable better-built (Class B and C) structures per-
formed better than predicted for 8 EMS shaking. Direct experience with vernacular
structures in Nepal suggests that, due to age and resource limitations, the oldest and
weakest mud-brick houses are even more vulnerable than the typical Class A structures
found in Europe and elsewhere. These results illustrate the conclusion reached by extensive
earlier investigations of earthquakes in the Indian subcontinent that the MSK scale (the
predecessor of the EMS-98 scale) saturates at MSK VII-VIII in many regions due to the
prevalence of extremely weak buildings (e.g. Ambraseys and Bilham 2003a, b; Ambraseys
and Douglas 2004). In effect, damage to better-built structures, even when they are rela-
tively weak, provides a more reliable indication of overall shaking severity. In the case of
Sankhu, the detailed damage survey does not support EMS-98 intensity as high as 8. Based
largely on field visits (Roger Bilham, written comm. 2015), Martin et al. (2015) assigned
7-8 EMS for the western part of Sankhu and 67 EMS for the eastern part of the village,
which was less heavily damaged.

We also consider the intensity data set obtained from the EMSC on-line system, which
are determined using an algorithm from responses to on-line questionnaires. A full
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description of this system, and its recent adaptations to capture the increasingly high
percentage of responses submitted from Smartphones rather than traditional computers, is
provided by the companion paper (Bossu et al. 2016). Key results for this study are
presented in Fig. 4, which compares Martin et al. (2015) intensities with automated EMS-
98 intensities from the EMSC. Available “Did You Feel It?” (DYFI; Wald et al. 1999)
(modified Mercalli) intensities are also shown. As illustrated by Fig. 4, mean Martin et al.
(2015) intensities and EMSC intensities are consistent, with both data sets characterized by
a smooth decay of mean values. Both sets of results are also consistent with available DYFI
data, although these data reveal more scatter at distances within 200 km. Considering
individual intensities, sparse EMSC and DYFI values for distances within 100 km are
generally consistent with the range of individual intensities assigned by Martin et al.
(2015). Both EMSC and DYFI data include more high as well as low outliers, for example
with values as high as 10 and as low as 2 for distances of 80-100 km. Such extreme values
were not supported by any written accounts, suggesting that, compared to a thorough
consideration of media sources, automated on-line systems generate more spurious values.
In summary, while intensity values are inherently subjective and uncertain to some extent,

(a) 10 F— S L s S S SR S SR SR

Intensity

(b) 10 —r———— I —— —— —
: : : g — Szeliga (2010)

Ambraseys (2004)
o [EMS-08 I
¢ USGS
EMSC

Intensity

Hypocentral Distance (km)

Fig. 4 a (top panel). Individual Gorkha mainshock intensity assignments from Martin et al. (2015) (blue
dots), EMSC system (Bossu et al. (2016); red dots), and DYFI system (Wald et al. (1999); green dots).
b (bottom panel). Bin-averaged mean values for the same data sets. Shading indicates =1 standard deviation
of the mean calculated for (logarithmic) distance bins. Black and grey lines show intensity prediction
equations from Szeliga et al. (2010) and Ambraseys and Douglas (2004), respectively. (The Ambraseys and
Douglas (2004) equation is developed using intensity data up to #1200 km)
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available independent data and observations offer further validation of the Martin et al.
(2015) intensity assignments.

1.3 Comparison of PGA and PGV versus observed macroseismic intensity

To fully exploit these macroseismic data and thereby investigate ground motions, it is
necessary to covert EMS-98 values to an estimated instrumental ground motion measure
such as peak ground acceleration (PGA) or peak ground velocity (PGV). Relationships
between PGA and PGV as a function of macroseismic intensity have been developed from
data in southern California, using intensity data determined with the MMI scale (e.g. Wald
et al. 1999; Worden et al. 2012). Given the close correspondence between EMS-98 and
MMI intensities (Musson et al. 2010), one expects the published relationships to hold for
EMS-98 intensities as well. It is possible that the relationship between instrumental PGA
and intensity will be regionally variable, as inferred by Caprio et al. (2015); it is also
possible that an incomplete consideration of differences in vulnerability will give rise to an
apparent regional variation in the relationship.

Since 1999, sparse instrumental data for damaging earthquakes in the USA have been
supplemented with intensity data from the USGS Community Internet Intensity Map
(CIIM) system (also known as “Did You Feel 1t?” DYFI; Wald et al. 1999). Consistently
interpreted, spatially rich DYFI intensity data are used routinely to improve ShakeMap
representations (Worden et al. 2010) and to investigate ground motions (e.g. Hauksson
et al. 2008; Hough 2012). Outside the USA and its territories, however, the DYFI system
has limitations (Martin and Hough 2015, 2016 Martin et al. 2015); data are often sparse,
with intensities determined without consideration of building types and vulnerability, or
can be skewed by sociocultural factors.

The Martin et al. (2015) and DYFI intensities should be generally consistent, but they
are determined using different scales (EMS-98 versus MMI) and with subjective traditional
human assessments versus objective automated, algorithm-based assessments, respec-
tively. It is also possible that as noted earlier, the fundamental relationship between
intensity and PGA might be regionally variable. We therefore first compare the intensity
data with instrumentally recorded ground motions to test the validity of published rela-
tionships for the Gorkha earthquake. For this study, we collect a total of 21 available strong
motion recordings from India and Nepal (Table 1) to test the validity of previously pub-
lished PGA-intensity relations. Full-waveform data are available for some of the stations;
for others, only limited peak acceleration and/or velocity information has been made
available. Using information available to date, we compare instrumental peak acceleration
and peak velocity (PGA, PGV) with the intensity from the location closest to the instru-
mental recording site. To estimate PGV from strong motion data, we high-pass-filter the
records above 0.1 Hz. For all but two stations, the nearest intensity is within 10 km; for the
remaining two stations, the nearest intensity values are 17 and 25 km away. Given that
ground motions can vary significantly over even short distances, the scatter evident in
Fig. 5 is not surprising. For PGA values above approximately 1 %g, the results are
nonetheless well fit by the Worden et al. (2012) relationship between PGA and intensity,
developed using data from earthquakes in southern California (Fig. 5). We use the Worden
et al. (2012) relationships that do not include magnitude and distance dependence, which is
found to fit the observed data well on average. For PGA below approximately 1 % g,
Fig. 5b suggests that shaking can be barely felt (1-2 EMS) or felt at a higher (4 EMS) level
(the lack of 3 EMS values is likely a consequence of the small sample size). As a spec-
ulation, we suggest that very weak, long-period shaking from large earthquakes at regional
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distances will have markedly different macroseismic effects depending on the nature of
local structures. On average, however, the Worden et al. (2012) relationship still fits the
data well.

We therefore use the Worden et al. (2012) relationship without modification to estimate
PGAEgwms values from the Martin et al. (2015) intensity data (Fig. 6). To analyse the results,
we will not focus on the absolute PGAgys values but rather on the distribution of residuals
relative to a baseline. Residuals can be estimated relative to an average curve fit through
the data set, as was done by Hough (2012) for DYFI intensities for the 2011 Mineral,
Virginia earthquake. For this study, we instead consider published ground motion pre-
diction equations (GMPEs). Chadha et al. (2015) showed that instrumentally recorded
PGA values at all distances are consistent with the Atkinson and Boore (2003a, b; here-
inafter ABO3) subduction zone GMPE, developed for the distance range 50-300 km. This
GMPE, with My 7.8 and National Earthquake Hazards Reduction Program (NEHRP) site
Class C/D (very dense soil and soft rock/stiff soil), fits instrumental PGA values analysed
in this study as well as PGAgys values for Rgyp within #200 km (Fig. 4). We note that
although this GMPE was developed for nearest-fault distances greater than 50 km to avoid
near-source saturation effects, it provides a good fit to available near-field PGAs for the
Gorkha mainshock. This Ground Motion Prediction Equation (GMPE) is also consistent
with available instrumental data from all distances.

Rajaure et al. (2016) compared data in the Kathmandu Valley to the GMPE developed
under the Next-Generation Attenuation project (Boore et al. 2014; hereinafter BSSA14)
and concluded that this relationship is more consistent than the ABO3 relationship with
observed long-period spectra in the Kathmandu valley. The BSSA14 GMPEs are based on
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Fig. 6 Instrumental Gorkha
mainshock PGA values (grey
stars) and estimated PGAgys
values (black circles) as a
function of nearest-fault distance.
Bin-averaged PGAgys values
also shown (green squares).
Black lines indicate predicted
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the Joyner-Boore distance, defined as the nearest distance from any point to the surface
projection of the fault, and are developed for Joyner-Boore distances of 0-400 km. The
BSSA14 PGA relationship also fits the instrumental PGA data and PGAgyg estimates
reasonably well for Rgyp less than 100 km, with somewhat higher values for distances less
than about 20 km, but significantly less well than does ABO3 at greater distances (Fig. 6). A
third published GMPE (Ghofrani and Atkinson 2014), developed for nearest-fault distances
up to 200 km, also fits the instrumental and PGAgys results less well than does ABO3.
These comparisons reveal that no single published GMPE provides a good fit to Gorkha
ground motions at all frequencies of engineering concern. This result is not surprising:
large Himalayan megathrust earthquakes might be characterized by similar source prop-
erties as subduction zone earthquakes, but in a different tectonic setting that is likely to
have different attenuation. Development of a new GMPE that incorporates Gorkha and
Dolakha data is beyond the scope of this study. Rather than focusing on absolute shaking
levels, we therefore focus on residuals for Rryp within 200 km, using AB0O3 as the best
available baseline.

At distances greater than 200 km, three factors (in addition to possible site response)
might contribute to the discrepancy between estimated and predicted values: (1) as men-
tioned, relatively high intensities at regional distances might be generated in some cases by
long-period, low-PGA shaking (for example, regional ground motions with 2-s period
might be felt strongly in mid-rise buildings); (2) at progressively large distances, shaking is
more likely to be reported only at locations associated with high local amplifications, such
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that an instrumental recording is less likely to reflect the nearest reported intensity; and (3)
even in the absence of long-period effects, at large distances, shaking with low PGA but
long durations due to scattered waves and/or converted surface waves will generate
stronger effects than short-duration shaking with the same PGA (Szeliga et al. 2010). The
discrepancy between estimated PGAgys values and both GMPEs is nearly two orders of
magnitude at the largest distances, which cannot be plausibly explained as a consequence
of site effects and reporting biases alone. We therefore conclude that the discrepancy is at
least in part a consequence of duration and/or long-period effects, with reporting biases
likely contributing to some extent as well. These effects are difficult to separate. We
further note that both the ABO3 relationship and the Ghofrani and Atkinson (2014) GMPE
are valid only for distances up to 200 km. In the following sections, we therefore focus on
analysis of ground motions within 200 km. While shaking levels at distances greater than
200 km are generally of a lesser concern for hazard, dramatic counter-examples such as
damage in Mexico City from the 1985 My 8.1 Michoacan earthquake (Singh et al. 1988)
illustrate the importance of characterizing ground motions at regional distances.

While PGAgys residuals within nearest-fault distances of 200 km are considered reli-
able, they are still characterized by uncertainties due to multiple factors, including: 1) the
choice of baseline, 2) the inherent uncertainty of any GMPE, 3) the inherent subjectivity
and imprecision of EMS assignments, and 4) the EMS-PGA conversion. For example, the
ABO03 GMEPE itself is characterized by a log-base-10 standard deviation of 0.23, which
corresponds to a one-sigma uncertainty of a factor of ~1.7. The EMS—PGA relationship of
Worden et al. (2012) has a log-base-10 uncertainty of 0.39, corresponding to a one-sigma
uncertainty of ~2.5. A formal consideration of total uncertainty suggests that none of the
observed systematics in the distribution of residuals is statistically significant. Based on our
direct experiences, including both ground-based surveys of the Kathmandu valley and
exhaustive consideration of media reports, as well as published reports by other authors (e.
g. Hashash et al. 2015), this conclusion is overly pessimistic. For example, damage in the
central Kathmandu valley was remarkably low, while damage was still low but generally
more severe around the edges of the valley (Hashash et al. 2015; Martin et al. 2015). To
explore the robustness of our results, in the following sections we will also consider (1)
residuals relative to the BSSA14 PGA GMPE, (2) residuals relative to ABO3 using only
Martin et al. (2015) intensities with qualify factors 0, 1, and 2, and (3) residuals calculated
from Martin et al. (2015) intensities plus or minus a random ¢ between —0.5 and 0.5.

1.4 Near-field ground motions

Martin et al. (2015) showed that near-field shaking was lower than expected given the
Szeliga et al. (2010) Himalaya model, which was developed for distances up to 2000 km
(Fig. 4). To further consider the variability of near-field ground motions for the Gorkha
event, we consider PGA amplification across the near-field region relative to PGA pre-
dicted using the ABO3 subduction zone GMPE assuming My7.8 and NEHRP Class C,
which, as discussed above, provides the best overall fit to instrumental PGA data. (As
illustrated by Fig. 4, predictions for site Classes C and D are nearly indistinguishable.) The
resulting near-field amplification map is shown in Fig. 7a, which also indicates the surface
projection of the rupture from Lindsey et al. (2015). Note that, due to the nearly flat
mainshock fault geometry, Rgyp is nearly constant over the near-field region. The resulting
amplification map reveals that relatively stronger ground motions were concentrated along
the northern edge of the rupture, above the down-dip rupture edge. Considering the
observed EMS-98 intensity distribution from the 25 April mainshock, Ampuero et al.
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Fig. 7 a (top). PGAgms amplification across the near-field region relative to the BSSA14 GMPE using
Gorkha mainshock data. Filled white circles indicate locations of high-frequency radiation as estimated from
back-projection analysis Ampuero et al. (2016). Border with Tibet and perimeter of rupture Lindsey et al.
(2015) are also shown (light black and dashed light lines, respectively). b (bottom). Residuals relative to
Atkinson and Boore (2003) GMPE, assuming My,7.8 and NEHRP Class C. High-frequency sources and
rupture perimeter again shown. White box indicates location of Fig. 8

(2016) showed that higher intensities correlate with the predominant sources of high-
frequency radiation, which were concentrated along the down-dip rupture edge (also see
Avouac et al. 2015; Meng et al. 2016). Our PGAgys amplification map (Fig. 7a) is based
almost entirely on observed intensities across the near-field region, so it reveals essentially
the same spatial pattern with more quantitative estimates of amplification factors. In
proximity to high-frequency sources, amplification of PGAgys is generally a factor of 2-3.
If residuals are calculated relative to the BSSA14 PGA GMPE (Fig. 7b), residuals are
generally lower, but characterized by the same north-to-south trends, with a similar relative
amplification of PGAgys values towards the northern edge of the rupture.

Focusing on the Kathmandu valley, observed intensities reveal lower damage in the
central, deepest part of the valley during the 25 April mainshock (Fig. 8; Martin et al.
2015). PGAgys amplification relative to AB0O3 again reveals the same distribution
(Fig. 8b), with deamplification of a factor of, typically, 10-40 % at most locations in the
central valley. While shaking is generally consistent with the ABO3 relationship (i.e.
amplification of 1.0) at foothill sites adjacent to the valley, locally high amplifications,
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reaching a factor of 1.5-2.0, are inferred at a number of sites including at the Swayam-
bunath Temple, in Sankhu, and in parts of Bhaktapur, all of which are attributed to
topographic amplification effects.

PGAgnms amplification/deamplification estimated from intensities for valley versus
foothill sites can be compared with soil-to-rock amplification/deamplification estimated
from instrumental data (Rajaure et al. 2016). The results are consistent: 0.63-0.91 for 40 of
66 PGAEy\s values at valley sites versus 0.60-0.92 for PGA (Rajaure et al. 2016). Again
the factors correspond to significant variability of shaking intensities and damage. The
consistency of these results provides a further measure of validation of both the intensity
assignments of Martin et al. (2015) and the use of the Worden et al. (2012) relationship to
estimate PGAgys.

1.5 Ground motions south of the rupture

To consider PGAgys amplification at close regional distances, we again calculate
amplification factors relative to ABO3 at all locations for which intensities are available
(Fig. 9). We do not calculate residuals relative to BSSA14 because of the clear misfit
between this PGA GMPE and the instrumental data. The resulting amplification map
reveals significant amplification within the southern Gangetic basin, with amplification
factors as high as 3.0-4.0 and consistently at least as high as a factor of 2.0. To the
immediate south of the rupture, a zone of deamplification is found, extending into the
northernmost Indo-Gangetic basin. Although intensity data from southern Nepal are sparse,
available data from Martin et al. (2015) suggest that the low-intensity zone extends from
immediately south of the mainshock rupture to approximately the Indo-Nepal border. Low
PGAgvs values between a Rryp range of roughly 50-100 km (relative to the Atkinson and
Boore 2003) GMPE can also be seen in Fig. 6. As amplification is expected throughout this
region and has been observed during past historical earthquakes (e.g. Hough and Bilham
2008), this observation suggests that shaking to the south of the mainshock was deam-
plified by a source effect. Given the general eastward and northward progression of the
rupture (Avouac et al. 2015; Lindsey et al. 2015), we suggest that subdued shaking to the
south reflects a directivity effect. We further note that, while intensities to the east and west
of the rupture are relatively sparse, available data are consistent with along-strike direc-
tivity towards the east as well.

Fig. 9 Estimated PGAgys amplification relative to AB0O3 GMPE at regional distances from the Gorkha
mainshock
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Fig. 10 Instrumental PGA values (grey stars) and estimated PGAgys values (black dots) as a function of
nearest-fault (effectively hypocentral) distance. Bin-averaged PGAgys values also shown (black squares).
Black line indicates predicted PGA using Atkinson and Boore (2003) GMPE for NEHRP Site Class C (dark
line; dashed line indicates extrapolations) assuming Myw7.3. Blue line indicates predicted PGA using Boore
et al. (2014) GMPE (dashed line indicates extrapolation)

1.6 Preliminary characterization of 12 May 2015 Dolakha aftershock

The My/7.3 aftershock, also known as the Dolakha earthquake, on 12 May 2015 was a
substantial event in its own right, with shaking that was widely felt throughout Nepal and
the region. We have undertaken an investigation of the intensities of this event following
the procedures used by Martin et al. (2015). Full characterization of the macroseismic
effects within the meizoseismal region in Nepal is challenging due to the continued pre-
occupation with the mainshock at the time the Dolakha earthquake occurred, as well as the
difficulty of separating effects of the two events at locations at which damage occurred. A
more complete assessment would likely require field investigation in the meizoseismal
region. Nonetheless, we assign intensities at 1100 locations in the Indian subcontinent
consulting digital versions of conventional newspapers and supplementing these with
eyewitness accounts derived from social media, and occasionally with first-hand accounts
from humanitarian aid workers on the ground. Significant damage (7 > EMS) and
fatalities occurred in the Dolakha district, in particular in the town of Chautara where
RCC-frame buildings suffered various grades of damage including total collapse (Grade 5).
A few buildings damaged in the 25 April 2015 mainshock collapsed in the Kathmandu
valley, e.g. at Gonagabu (eKantipur, 13 May 2015). In adjacent parts of India, the earth-
quake was felt in much of the Gangetic plains (Fig. 9) and damage (5-6 EMS) occurred at
many places in Bihar and eastern Uttar Pradesh. Numerous, independent reports said the
Dolakha aftershock was just as severe as the 25 April mainshock. The 12 May earthquake
was perceived as far as Barmer (25.75 N, 71.38 E) in the west, Bilaspur (31.34 N, 76.76 E)
to the north, and at Silchar (24.82 N, 92.80 E) in the east. In peninsular India, shaking
rapidly diminished below 24 N latitude, south of which it was only distinctly felt in multi-
storeyed buildings in cities such as Chandrapur, Mumbai, and Hyderabad. These included
locations in regions underlain by Quaternary sediments such as cities in the Sabarmati
basin (e.g. Ahmedabad) and in the Krishna (e.g. Vijayawada), Mahanadi (e.g. Bhuba-
neswar-Cuttack) and Narmada-Tapti deltas (e.g. Surat). At a distance of 2228 km,
Kathrukhadavu and Panampilly Nagar in Kochi (The Hindu, 13 May 2015) were the
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Fig. 11 a (left). Intensities for the Gorkha mainshock (coloured squares, same colour scale as shown in
Fig. 2) are shown together with magnitudes (labelled contour lines) estimated using the Bakun and
Wentworth (1997) method and the Szeliga et al. (2010) Himalaya model. Circled star indicates
instrumentally determined epicentre; mainshock rupture is indicated by blue line Lindsey et al. (2015). Light
lines indicate contour least-squared residuals. b (right) Similar result for the Dolakha event; Gorkha
mainshock rupture (dashed blue line) is shown for reference

farthest locations the shock was perceived in high-rise buildings. A seismic seiche was
reported in the tank at the Bhimkund temple in Madhya Pradesh (Nav Bharat, 13 May
2015) and, as in the 25 April earthquake, the water at the Bramhakund natural springs at
Rajgir was discoloured again (Dainik Jagran, 13 May 2015).

For the purposes of this study, it is illuminating to consider our fairly extensive intensity
data set for the Dolakha aftershock from regional distances (Fig. 2). Using EMS-98
intensities from 862 locations throughout India, we again estimate PGAgyg using the
Worden et al. (2012) relationship and consider available instrumental data from three
stations in Kathmandu Valley (see Dixit et al. 2015) as well as three stations from the
NSMIL. In contrast to the mainshock, for the Dolakha aftershock, PGA and PGAgys values
are generally greater than predicted by either the ABO3 or BSSA14 relationship for PGA,
at all distances (Fig. 10). Again, the ABO3 relationship provides a better characterization of
PGA decay than does BSSA14. For the Dolakha event, PGAgys within 200 km are higher
than the ABO3 predictions by a factor of approximately 2.0-3.0. Regardless of the EMS-to-
PGA conversion, as discussed in the following section, intensities for the Dolakha event
are high relative to expectations given the Szeliga et al. (2010) model. Since shaking
intensities are expected to depend strongly on stress drop (e.g. Hanks and Johnston 1992;
Hough 2014), this result, while preliminary, suggests that the Dolakha event was a high
stress-drop event. Using results from random vibration theory, Boore (1983) shows that
PGA is proportional to 0”8, where o is stress drop. A factor of 2.0-3.0 elevation of PGA
thus corresponds to a stress-drop increase (relative to the average stress drop of events used
to develop the intensity prediction equation) of a factor of approximately 2.4-4.0.

1.7 Implications for historical earthquakes
The extensive intensity data sets for the Gorkha and Dolakha events will be valuable to
revisit calibrations used to estimate intensity magnitudes (M) of historical earthquakes (e.

g. Szeliga et al. 2010). While such an exercise is beyond the scope of this study, it is
illuminating to consider how the recent events would have been characterized had they
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occurred in historical times, assuming only the intensity data sets were available. Fol-
lowing the methods discussed in detail by Szeliga et al. (2010), we use the Bakun and
Wentworth (1997) approach together with the Himalayan attenuation relationship devel-
oped by Szeliga et al. (2010) using the set of calibration events available at that time
(Fig. 11). This approach assumes a point-source location, a known limitation of the method
for analysis of events as large as the Gorkha mainshock.

For both the Gorkha and Dolakha events, near-field intensities are lower than predicted
from the Szeliga et al. (2010) Himalayan model; as a result, the minimum residual solution
is poorly constrained and well north of the actual locations (Fig. 11). That is, residuals are
optimized when the location is pushed into a location at some distance from the near-field,
in a region where intensities are unconstrained by available data. The lack of intensity data
north of the events was due to a striking paucity of media accounts from Xizang (Tibet) in
China. For historical earthquakes, while intensity distributions for Himalayan events are
largely one-sided, some information from Xizang is generally available (e.g. Chen et al.
1982), anchoring the optimal solution to the Himalayan region. For locations plausibly
close to the actual location of each events, the inferred intensity magnitude (M) is 7.9-8.1
for both events, i.e. reasonably close to the magnitude of the Gorkha mainshock, but
overestimated significantly (0.6-0.8 units) for the Dolakha event. The latter result is again
suggestive of a high stress-drop event (Hanks and Johnston 1992; Hough 2014).

These results suggest three potentially important implications for historical earthquakes.
First, the fact that near-field intensities for both events are lower than expected given the
Szeliga et al. (2010) Himalayan model suggests that either the near-field shaking during
both events was anomalous or that near-field intensities have been systematically over-
estimated for both early instrumental and historical earthquakes, even when intensities are
assigned following modern conservative practices (e.g. Martin and Szeliga 2010). We
consider the former possibility implausible, leaving the latter as the best explanation at this
stage. It will thus be important to revisit accounts of large historical Himalayan event in the
light of the observations from the 2015 sequence. Second, the fact that, away from the
near-field, intensities for the Gorkha mainshock are consistent with the Szeliga et al. (2010)
Himalaya model suggests that the average stress drop of calibration events used to develop
the model was comparable to that of the Gorkha event, but lower than that of the Dolakha
event. Third, the overestimation of the intensity magnitude for the Dolakha event further
illustrates the point made by Martin and Hough (Martin and Hough 2015) that magnitudes
and postulated geometries of source ruptures of some historical earthquakes might be
significantly overestimated or incorrect if they were high stress-drop events.

2 Conclusions

The spatially rich intensity data set for the Myw7.8 Gorkha earthquake determined by
Martin et al. (2015) provides a unique data set with which to investigate the spatial
distribution of mainshock ground motions at near-field and regional distances. A com-
parison of instrumentally recorded PGA values with estimated PGAgys values supports the
use of a published intensity—PGA relationship (Worden et al. 2012) to convert available
EMS-98 data to PGA. We further note that the consistency of our results from the 25 April
Gorkha earthquake with the Worden et al. (2012) relationship provides a measure of
support for the reliability of the Martin et al. (2015) intensity assignments, which we also
validate using two newly available independent intensity data sets. The resulting PGAgys
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values provide a unique, spatially rich view of ground motions throughout the near-field
region, within the Kathmandu Valley, and at regional distances in Nepal and neighbouring
countries. Overall, with Rgyp < 200 km, PGAgys as well as available instrumental PGA
values are consistent with the subduction zone GMPE of Aktinson and Boore (2003),
assuming My,/7.8 and NEHRP site Class C. This result is consistent with the conclusions of
Chadha et al. (2015) based on other regional data. The AB0O3 PGA relationship also
provides a better fit to PGAgys values for the Dolakha event than does the BSSA14
relationship. The results of Rajaure et al. (2016) suggest, however, that long-period ground
motions from the Gorkha mainshock are not consistent with the ABO3 relationship.

The overall consistency of Gorkha observations with published GMPEs will thus
require further investigation. It is possible that none of the published GMPEs are appro-
priate for the Gorkha earthquake, which may effectively have been a subduction zone
source that was largely felt within a cratonic environment. For the purposes of this study,
however, we conclude that the ABO3 relationship for PGA provides the most appropriate
baseline for estimation of amplification because this relationship best fits available
instrumental (PGA) data at all distances. PGAgys amplification of a factor of 2.0-2.5 is
observed throughout the near-field region even though nearest-fault distance is nearly
constant. This result supports and further illuminates the conclusion of Ampuero et al.
(2016) that the distribution of high-frequency energy, which was concentrated along the
northern, down-dip rupture edge (Avouac et al. 2015; Meng et al. 2016), was a significant
control on near-field ground motions.

Within the Kathmandu Valley, estimated PGAgys amplification factors relative to
ABO3 reveal systematic deamplification in the central valley, where sediment thickness is
deepest (e.g. Paudyal et al. 2012). Deamplification factors in the central valley relative to
adjacent foothills are generally in the range 0.6-0.9. The former result is consistent with
the conclusions that sediments in the Kathmandu Valley experienced a pervasively non-
linear response during the mainshock (Dixit et al. 2015; Rajaure et al. 2016).

At regional distances, significant PGAgys amplification is observed throughout the
southern Indo-Gangetic basin, consistent with expectations and past studies (e.g. Hough
and Bilham 2008). To the south of the mainshock rupture, deamplified shaking suggests a
significant source effect that is consistent with an expected directivity effect. The occur-
rence of the My7.3 Dolakha aftershock on 12 May 2015 along the eastern edge of the
rupture is also consistent with enhanced shaking in the along-strike direction. Gomberg
et al. (2003) showed that aftershocks preferentially cluster in the forward directivity
direction.

We conclude that the overall distribution of ground motions from the Gorkha earth-
quake was controlled by a complex combination of source, path, and site effects. The
extensive intensity data set determined by Martin et al. (2015) provides a unique, spatially
rich characterization of ground motions that will be a critical base of comparison for future
modelling studies.

2.1 Data and resources

Intensity data for the Gorkha earthquakes are available as an electronic supplement to
Martin et al. (2015). Strong motion data from KATNP and DMG stations are freely
available from http://www.strongmotioncenter.org (last accessed January 28, 2016), and as
an electronic supplement to Bhattarai et al. (2015). Figure 8 was produced using the freely
available QGIS 2.10 software, and all other figures were prepared using the freely available
GMT software.
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