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ABSTRACT: Since 1999, both GNS Science and the USGS have been collecting "Felt 
Report" data from moderate and large earthquakes in the form of Modified Mercalli 
Intensity (MMI). This has resulted in a database of several hundred thousand MMI values 
that we have correlated with ground shaking amplitude data from the same events. We 
have developed separate probabilistic relationships for NZ and the US. Additionally, we 
have used the data to develop a distance-dependent intra-event amplitude sigma for 
station spacings of less than 10km. The basic steps of our methodology are: 1) associate 
all amplitudes and MMIs from each event; 2) find peak ground velocity (PGV) 
amplitude-MMI pairs that are within 2km of each other; 3) apply relative distance and 
site corrections; 4) derive a probability density function (PDF) for the amplitude measure 
at the MMI location based on intra-event sigma and the closest true amplitude recording; 
5) stack the PDFs from the previous step, which will associate each MMI with a 
distribution of PGV amplitudes; 6) normalize the PDFs. We then use the resulting grid to 
obtain a probability of MMI given a PGV amplitude or to select a particular exceedance 
curve (e.g., 50% probability of exceedance of MMI given PGV). 

1 INTRODUCTION 

With the advent of internet based systems to collect data for use in calculating Modified Mercalli 
Intensity (MMI), the amount of available MMI data has been rapidly increasing.  Starting in 1999, 
both Geonet (http://www.geonet.org.nz), and the U.S. Geological Survey (Wald, et al.) have provided 
online forms that request the general public to provide information about the level of shaking 
experienced during an earthquake; this information is then used to estimate a MMI for the respondent's 
location.  The public's response to the tools has steadily grown since their inception, with more than 
16,000 responses to date in New Zealand and nearly 200,000 responses to California earthquakes by 
the end of 2005 (Fig. 1). With these large data sets, we have the opportunity to improve upon past 
efforts at deriving relationships between ground-shaking amplitude and MMI that have relied on much 
smaller and traditionally recorded data sets. 

Previous relationships between ground shaking amplitude and MMI have been defined for both New 
Zealand and California (Gerstenberger et al., 2004; Wald et al., 1999; Atkinson & Sonley, 2000).  
Typically these studies have derived regression relationships between traditional MMI measurements 
(excluding internet derived felt report data) and one or more measures of ground shaking. 
Additionally, Dowrick and Rhoades (1999) derived an attenuation relation for MMI based on 
earthquake magnitude and the distance to source.  Gerstenberger et al. (2004) used historical data 
combined with the USGS’s Community Internet Intensity Map (CIIM) data to derive a regression 
relationship for California. Using the Akaike Information Criterion (Burnham & Anderson, 2002) to 
select the best model, they derived a linear fit between peak ground velocity (PGV) and MMI which 
included an increase in slope at a PGV of approximately 60 cm/s. 

We aim to improve on the previous methodologies by adopting a probabilistic approach to deriving a 
relationship between amplitude and MMI.  Using the methodology described below, we are better able 
to include the uncertainties in the ground shaking amplitude between the ground motion recording 
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location and the (nearby) MMI recording location. 

2 DATA  

The New Zealand earthquake and ground shaking amplitude data has been collected from the Geonet 
database. There are 19,514 recordings that include both peak ground acceleration (PGA) and peak 
ground velocity (PGV) from the national seismic and strong ground motion networks. The amplitudes 
include recordings from 2,845 M ≥ 4 events that occurred between 1999 and 2004. Both onshore and 
offshore events are included as well as events occurring at all depths. In total, there have been 16,298 
felt intensities recorded for these events.  The recent New Zealand MMI data have been calculated 
consistently with older MMI data from New Zealand and results in integer-valued intensity 
assignments.  As can be seen in Figure 1A, the MMI data for New Zealand are deficient in the MMI > 
6 range; we are currently investigating the possibility of adding older data that has been collected in a 
more traditional manner (e.g., by survey).  While this data is limited, it does provide valuable 
constraint for higher shaking levels.  

 

Figure 1. Distribution of reported felt intensities in  A) New Zealand and B)  California for the period from 
1999-2006. In this time period 16, 298 intensities have been reported for New Zealand and 179,033 for 
California. 

The California amplitude and earthquake data come from the Northern and Southern California 
Earthquake Data Centers. For this study we have 1,213 M > 3 events providing 172,998 amplitude 
recordings of PGA, PGV, and .3-second, 1-second and 3-second pseudo-spectral acceleration (PSA). 
These same events have resulted in a total of 179,033 felt intensities (Figure 1B) reported through the 
CIIM program.  The California MMI data from CIIM are different from the New Zealand data in that 
MMI is calculated in units of .1 MMI. For both regions the felt report data are concentrated on urban 
centres, as one would expect based on the population demographics. 

For both data sets the latitude and longitude coordinates of the felt report location are not initially 
recorded; however, in most cases, a street address has been given that we have used to obtain a precise 
location in latitude and longitude. For various reasons, including mistakes when reporting an address 
or incomplete information, we were unable to obtain precise locations for approximately 25% of the 
felt report data.  With future work, some of this lost data may be recovered. 
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3 METHODOLOGY & DISCUSSION 

The primary data-handling task in deriving a relationship between ground shaking levels and MMI is 
obtaining the amplitude-MMI pairs that are used to derive the model and assess its fit.  Ground 
motions can vary significantly over short distances – even distances less than 1 km, and rarely are 
MMI locations within 1 km of recorded ground motions. Typically, amplitude-MMI pairs are created 
by selecting the closest ground motion recording to each MMI report and throwing out all pairs 
separated by more than some specific distance.  However, even when using close separation-distances, 
there are likely to be significant variations between the paired amplitude and the true amplitude at the 
site of the MMI.  To minimise this discrepancy, we have derived a probability model of the amplitudes 
that are likely to have been observed at the location of the MMI, given the ground motion at the 
nearby recording station. 

We began in a similar manner to other regression-based relationships and we paired all MMI 
recordings within 2 km of each ground motion amplitude from the same earthquake. This resulted in 
6,484 amplitude-MMI pairs for New Zealand and 35,130 for California (see Figure 2). 

 

Figure 2: PGV-MMI pairs separated by 2km or less.  Left: New Zealand; Right: California. 

For each amplitude-MMI pair, we do the following: 

1. scale the ground motion amplitude for the difference in distance from event to recording 
station and event to MMI location. 

2. scale the amplitude to reflect the site condition at the MMI location. 

3. create a probability density function (PDF) of expected amplitude at the location of the MMI. 

In order to minimise the effect of the difference in distance from the event to the two measurement 
locations in the pair, a distance correction was applied.  The correction is a scalar based on the 
difference in source-to-site distance of the recorded ground motion and the MMI. The scalar is 
calculated from the ratio of the predicted amplitude at the ground motion location to the predicted 
amplitude at the MMI location.  For California, predicted amplitudes were calculated using the 
attenuation models of Joyner and Boore (1988) for PGV and Boore, Joyner and Fumal (1997) for PGA 
and PSA. For New Zealand, predicted PGA amplitudes were calculated using McVerry et al. (2006) 
and predicted PGV amplitudes were calculated using the following relation (Zhang, pers. comm.): 
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ln(y) = 1.503Mw − 0.005r −1.077 × ln(r + 0.006 × exp(1.513Mw)) + 0.0133Hi + 0.036Rv + ... 

        0.127Fb− 0.019Rtvz + SC                  (1) 

where Mw is moment magnitude, r is event distance, Hi is a coefficient based on focal depth, Rv = 1 
for reverse faulting, Fb =1 for slab events, Rtvz is the distance within the TVZ and SC is the site 
correction coefficient.  

For California, two sets of parameters are used in the Boore, Joyner and Fumal (1997) attenuation 
relation depending on earthquake magnitude: the original set for for M > 5.5 and another set for 
earthquakes M < 5 (Wald et al., 2005), with the amplitude values for 5 < M < 5.5 formed by a linear 
combination of the two. 

After applying the distance correction we scaled the amplitude to the site conditions at the MMI 
location. To do this we multiply the distance-corrected amplitude by the ratio of the site amplification 
factor for the site class at the MMI location to the site amplification factor for the site class at the 
recorded amplitude location: 

AMPsc = AMPr × (SAFmmi ÷ SAFgm)           (2) 

where AMPr is the distance corrected amplitude, SAFmmi is the site amplification factor at the MMI 
location and SAFgm is the site amplification factor at the ground motion recording site. The New 
Zealand site classes for the MMI locations have not yet been determined, so site corrections have not 
been applied to the New Zealand data. For California, National Earthquake Hazards Reduction 
Program site classifications were extracted for both the amplitude locations and the MMI locations 
from the Statewide Site Conditions Map for California (Wills, et al., 2000) and the Borcherdt et al. 
(1994) site amplification factors were applied. 

Once the site conditions and distance correction are applied, there remain amplitude differences 
between nearby stations (likely the result of differences in geometry and wave propagation).  To 
account for these variations, we have used a probabilistic approach, assigning a probability density 
function (PDF) to the amplitude at the MMI location.  The mean value of the PDF is the corrected 
amplitude, as described above, and σ – the standard deviation of the differences in the logarithm 
(log10) of the inter-station amplitudes – derived from the data set itself.  (Generating a PDF this way 
requires the assumption that the data are normally distributed; however after a thorough investigation 
of the data set, this assumption appears to be sound.) 

Currently, we have only calculated a simple estimation of σ by considering all station pairs, which 
includes all inter-station distances, all epicentral distances, etc.; this results in a σ of .32 for New 
Zealand and a σ of .31 for California. We are currently investigating σ as a function of: 1) distance 
from event; 2) distance between stations; 3) earthquake magnitude; 4) station to epicentre to station 
azimuth; 5) epicentral distance ratio; and 5) hypocentral depth.  

After we have calculated the PDF for each amplitude-MMI pair, we can sum the probabilities into a 
matrix of probabilities as a function of MMI and amplitude. We then normalise the matrix, first in 
each MMI band to account for the varying number of amplitudes within each band, and then in each 
amplitude band, to produce the normalized probability of each MMI, given a certain amplitude. The 
results of these calculations for PGV can been seen for California in Figure 3 and for New Zealand in 
Figure 4. The difference in MMI precision is clear in these images with the California data providing a 
much smoother surface.  The lack of data at the higher shaking levels also becomes apparent, 
especially for New Zealand where almost all of the larger amplitudes become concentrated in the 
MMI 7 to MMI 8 band.  Both data sets show an excess of relatively high MMI data at very low 
amplitudes (log(PGV) < .01).  This is likely to be due to erroneous MMI reports or amplitude errors, 
however more investigation is necessary.  
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Figure 3. Non-cumulative probabilities for California.  Colour scale shows the probability of experiencing each 
MMI band given a PGV. 

 

 

Figure 4.  Non-cumulative probabilities for New Zealand.  Colour scale shows the probability of experiencing 
each MMI band given a PGV. 

The final step in the calculations is to sum the probabilities within each amplitude band, beginning 
with MMI 1, to generate a cumulative distribution function (CDF); this CDF allows one to determine 
the MMI at a given probability of exceedance for a given amplitude by simply picking the desired 
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probability off the plot. Figures 5 and 6 show the probability surfaces as calculated in this manner.  

 

Figure 5.  Probability of exceedance for California.  The colour scale shows the probability of exceeding each 
MMI at a given PGV.  The increase in MMI for PGV < .01 is likely the result of incorrectly reported MMI. The 
approximate 50% probability of exceedance curve can be seen in green. 

Primarily due to the larger data set, the California probabilities are much better defined as can been 
seen by the clearly defined band of green at the approximately 50% probability of exceedance level.  
Also, the lack of data at high shaking levels is readily noticeable for the New Zealand curve with 
probabilities of exceeding MMI > 7 being very low, even at very high amplitudes. 

 

Figure 6.  Probability of exceedance for New Zealand.  The colour scale shows the probability of exceeding each 
MMI at a given PGV.  The increase in MMI for PGV < .01 is likely the result of incorrectly reported MMI. The 
integer discretisation of MMI in the New Zealand felt report algorithm is apparent in the figure. 
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A function can be fit to a given probability of exceedance level to allow easy calculation of the 
relationship, or a lookup table can be provided with exact values.  Figure 7 shows the 50% points for 
evenly-spaced amplitudes from the California PGV data, and a sigmoid function of the form 

MMI = p1+
p2 − p1

1+
p4

PGV

⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ 
p3

  (3) 

where the optimised fit is: P1 = 1.215, P2 = 9.796, P3 = 0.524 and P4 = 4.128.  Note that this function 
has the expected asymptotic behavior at very high and very low ground motions. 

 

Figure 7. The California discretised 50% probability of exceedance curve is shown with yellow circles and the fit 
to the data shown with the purple triangles.  The Wald, et al. (1999) relationship as currently used in ShakeMap 
is shown as a solid black line.  The lower part of the Wald, et al. relationship is dashed, indicating that below 
MMI V, PGA is the preferred ShakeMap parameter. 

We can also derive the reverse relationship: probability of exceedance of amplitude given MMI. To do 
this we simply omit the normalization in the second direction (i.e., the normalization over MMI with 
PGV held constant). This tool could be useful for such tasks as validation of seismic hazard models 
where we do not have recorded amplitudes for anything but recent years, yet MMI data is available, or 
in situations where near real-time ground shaking maps (“ShakeMaps” in the U.S.) could benefit from 
ground motion constraints derived from CIIM data in regions of sparse or nonexistent instrumentation. 

4 CONCLUSIONS 

Based on our preliminary results, our probabilistic methodology shows promise as a way to formalize 
the relationship between a recorded amplitude and the unknown ground motion at nearby MMI 
observations.  This approach also allows us to make probabilistic statements about the range of MMI 
observations likely to result from given levels of shaking (as well as the range of ground motions 
likely to have produced a given MMI). 

The biggest challenge in developing a relationship between ground motion and MMI is deriving a 
robust estimate of the ground shaking amplitude that is expected to have occurred at the MMI 
location.  With the enormous ground shaking data sets that are now available we have the opportunity 
to improve on this estimate through the statistical treatment of station-to-station variability.  
Investigations of the most interesting and useful part of the relationship, at higher shaking and MMI 
levels, will continue to be hindered by a relative lack of data.  Nevertheless, we are optimistic that this 
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approach will prove superior to simple linear least-squares regressions against poorly-constrained 
amplitudes. 

We intend to continue the development of this methodology. Key tasks in the next phase of this 
research are: 

• Include historical MMI and associated amplitude data for New Zealand 

• Include site effects for New Zealand data 

• Derive an optimised inter-station σ based on various data driven factors 

• Investigate the cause of the anomalous MMI data at very low amplitudes. 

• Derive the PGA relationship for New Zealand and the PGA and .3-second, 1-second and 3-
second spectral acceleration relationships for California; also determine the single best model 
for each location. 
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