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ABSTRACT: The first relationship between Modified Mercalli Intensity (MMI) scale and the horizontal compo-
nent of Peak Ground Acceleration (PGA) was developed for the Costa Rican region using regression analysis of 
108 earthquakes (2.8 < Mw < 7.7) that occurred between 1983 and 2004. For each PGA instrumentally recorded, a 
single MMI value was assigned based on the geographic proximity to the PGA observation. A total of 330 values 
of both the largest PGA of the two horizontal components (PGAmax) and the average of the two horizontal com-
ponents (PGAave) were associated to MMI values. The correlations obtained are: MMI=2.30log(PGAmax)+0.92 and 
MMI=2.33log(PGAave)+0.76 for MMI II-V and MMI=3.82log(PGAmax)–1.78 and MMI=4.60log(PGAave)–3.38 for 
MMI V-VII. Predicted PGA intervals for each intensity unit were proposed based on these equations. There is a fairly 
remarkable agreement between the PGAmax vs. MMI found in this study and the correlation calculated by Wald et al. 
(1999a) for California.
Keywords: Modified Mercalli Intensity, Peak Ground Acceleration, Regression Analysis, Macroseismic Information, 
Costa Rica.

RESUMEN: La primera correlación entre la intensidad Mercalli Modificada (MMI) y la componente horizontal de la 
aceleración pico del suelo (PGA) fue desarrollada para Costa Rica a partir de la regresión de 108 sismos (2,8 < Mw < 
7,7) que ocurrieron entre 1983 y 2004. Para cada PGA registrado instrumentalmente, un único valor de MMI fue asig-
nado basado en la proximidad geográfica del PGA observado. Un total de 330 valores de la aceleración más alta entre 
las dos componentes horizontales (PGAmax) y del promedio de las dos componentes horizontales (PGAave) fue asociado 
con MMI. Las correlaciones obtenidas son: MMI=2,30log(PGAmax)+0,92 y MMI=2,33log(PGAave)+0,76 para MMI 
II-V y MMI=3,82log(PGAmax)–1,78 y MMI=4,60log(PGAave)–3,38 para MMI V-VII. Con base en estas ecuaciones 
fueron propuestos intervalos de PGA para cada unidad de intensidad. La correlación entre PGAmax y MMI encontrada 
en este estudio es notablemente similar a la correlación calculada por Wald et al. (1999a) para California.
Palabras clave: Intensidad Mercalli Modificada, aceleración pico del suelo, análisis de regresión, Información macro-
sísmica, Costa Rica.
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INTRODUCTION

Seismic intensity and ground motion acce-
leration are two parameters that describe the de-
gree of ground shaking for earthquakes. Seismic 
intensity is based on human response to ground 
shaking, damage observations, and earthquake 
effects and is commonly measured using the 
Modified Mercalli Intensity (MMI) scale, which 
is expressed as Roman numerals between I and 
XII (Wood & Newman, 1931; Richter, 1958). A 
more objective representation of the degree of 
shaking is given by the ground motion accelera-
tion that is measured using accelerographs and 
is expressed in cm/s2, gals, or as a percentage 
of the gravity acceleration. The Peak Ground 
Acceleration (PGA) is used here as the maxi-
mum absolute value of acceleration found for 
particular strong motion record.

Costa Rica is located in a seismically acti-
ve region. Since 1900, there have been 11 large 
(Ms > 7.0) damaging earthquakes (Ambraseys 
& Adams, 2001). This high seismicity is related 
to the interaction of three tectonic blocks: the 
Cocos, Caribbean, and Nazca plates (Fig. 1). The 
majority of the earthquakes are associated with 
the subduction of the Cocos plate underneath the 
Caribbean plate, the North Panama Deformed 
Belt (NPDB), the Panama Fracture Zone (PFZ), 
and also with crustal faults located in the interior 
of the country.

The main goal of this study is to develop a 
relationship that can be used to estimate seismic 
intensity rapidly given instrumental ground mo-
tion recordings for the Costa Rican region. The 
questions to be answered are: How well correla-
ted is MMI to PGA in Costa Rica? How similar is 
the MMI vs. PGA relationship for Costa Rica to 
correlations found in other regions? Previous stu-
dies have suggested that empirical relationships 
between ground motion parameters and MMI are 
region-specific and therefore they should be ca-
refully calculated for a particular region (Murphy 
& O’Brien; 1977; Kaka & Atkinson, 2004). One 
of the first attempts to correlate earthquake inten-

sity and instrumental strong motion parameters 
was presented by Cancani (1904), who proposed 
a range of PGA for each degree of intensity. Since 
then, numerous correlations have been published 
for particular regions, as summarized in Table 1. 
Other contributions to this subject have been pre-
sented by Newman (1954), Gupta (1980), McCann 
et al. (1980), Chiaruttini & Siro (1981), Schenk et 
al. (1990), Atkinson & Boore (1995), Atkinson & 
Sonley (2000), Atkinson (2001), Boatwright et al. 
(2001), and Wu et al. (2003).

One evident application of the MMI vs. PGA 
correlation is to obtain MMI information from 
available PGA data. This exercise could be the first 
step in Costa Rica for the development of shaking 
intensity maps like those created in California a 
few minutes after the occurrence of felt earth-
quakes. These maps are created using empirical re-
lationships between ground motion parameters and 
MMI and give a rapid representation of potentially 
damaged regions that can be used for emergency 
response and public information through the me-
dia (Wald et al., 1999b). Currently, intensity maps 
are not made available by Costa Rican seismic net-
works as part of their immediate response after the 
occurrence of felt earthquakes.

Another possible application would be to 
obtain PGA information from MMI data. In this 
case, the MMI vs. PGA correlation could extend 
the PGA knowledge to earthquakes that occurred 
before 1983, when the majority of strong motion 
instruments were deployed in the country. This 
may be significant, since there is available MMI 
data determined from historical reports for earth-
quakes that occurred since 1678 (González, 1910; 
Peraldo & Montero, 1994). Given that instrument 
coverage is still limited to populated areas, it 
would also be possible to calculate PGA in ru-
ral areas where MMI is observed, but there is no 
strong motion data. It is important to emphasize 
that calculating PGA from MMI data should be 
done with cautious because the correlations obtai-
ned in this study were solved for MMI given PGA 
values and the correlation in the opposite direc-
tion does not necessarily hold the same.
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DATA SOURCES AND mETHODOLOGY

Strong motion data come from the Laboratory 
of Earthquake Engineering (LIS by its Spanish 
acronym) of the University of Costa Rica (UCR). 

LIS has a permanent network of 35 active strong 
motion stations mainly distributed in the dense-
ly populated Metropolitan Area of Costa Rica. 
Data recorded from temporary and inactive LIS 
stations were also used in this study (Fig. 1). 

Fig. 1: Major tectonic features of Costa Rica and western Panama and location of LIS ground motion stations and earthquakes used 
in this study. NPDB: North Panama Deformed Belt.
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Macroseismic information was acquired from the 
National Seismological Network of Costa Rica 
(RSN), which comprises the earthquake unit of 
the Central American School of Geology of UCR 
and the Costa Rican Institute of Electricity (ICE). 
MMI and isoseismal maps come from unpublis-
hed bulletins made by RSN, LIS, descriptions 
from local newspapers, and interviews made at 
the location of strong motion stations during the 
week of earthquake occurrence.

A compilation of three-component PGA and 
MMI of 108 earthquakes (2.8 < Mw < 7.7) that 
occurred between 1983 and 2004 was performed. 
PGA values were calculated using a program writ-
ten in Fortran that compares acceleration values 
along the seismic record and gives the maximum 
value for each component. Both, the largest of the 
two horizontal components (PGAmax) and the ave-
rage of the two horizontal components (PGAave) 
were calculated for the sake of comparison with 
previous MMI vs. PGA correlations.

For each instrumentally recorded event, a 
single MMI value was assigned based on the geo-
graphic proximity (< 3 km) to one or more MMI 

observations. Figure 2 shows an example of data 
collected for the December 25, 2003 Armuelles 
(6.6 Mw) earthquake. Stations located in tall buil-
dings (≥ 3 stories) were not used in this analysis, 
since the response of tall structures may signifi-
cantly affect the value of acceleration recorded. A 
total of 330 values of PGA in the horizontal com-
ponent were associated to a single MMI value. 
Geometric and arithmetic means were calculated 
for both the PGAmax and PGAave for each intensi-
ty unit. Linear regressions were performed on the 
PGAmax geometric mean and PGAave arithmetic 
mean for a given intensity unit using the method 
of least squares.

Description of the data

The data is composed of 330 PGA values as-
sociated with MMI values from 108 earthquakes. 
Figures 3 and 4 show the distribution of the data 
in terms of different parameters, and Table 2 the 
mean and standard deviation for each intensity 
unit. The majority of the PGA-MMI observations 

Reference Correlation Region

This study (all data) MMI = 2.30 log(PGAmax) + 0.92 (from II > MMI > V) Costa Rica

MMI = 3.82 log(PGAmax) – 1.78 (from V > MMI > VII)

This study (all data) MMI = 2.33 log(PGAave) + 0.76 (from II > MMI > V) Costa Rica

MMI = 4.60 log(PGAave) – 3.38 (from V > MMI > VII) 

Gutenberg & Richter (1942; 1956) 
and Richter (1958) MMI = 3.00 log(PGAave) + 1.50 Western USA

Hershberger (1956) MMI = 2.33 log(PGAave) + 2.1 Western USA

Trifunac & Brady (1975) MMI = 3.33 log(PGAave) – 0.47 (from IV < MMI < X) Western USA

Murphy & O’Brien (1977) MMI = 2.86 log(PGAave) + 1.24 (from IV < MMI < X) Western USA, Japan, and 
Southern Europe

Murphy & O’Brien (1977) MMI = 4.00 log(PGAmax) – 1.00 (from IV < MMI < VIII) Western USA, Japan, and 
Southern Europe

Sauter & Shah (1978) MMI = 3.62 log(PGAave) – 0.90 Unspecified

Wald et al. (1999a) MMI = 2.20 log(PGAmax) + 1.00 (from MMI < V) California

MMI = 3.66 log(PGAmax) – 1.66 (from V < MMI < VIII)

Table 1

Correlations between PGA (cm/s2) and MMI

Note: PGAave is the PGA average of the two horizontal components and PGAmax is the largest PGA of the two horizontal com-
ponents.
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Intensity (MM) Number of points Geometric mean 
(PGAmax)

(PGAmax)
Arithmetic mean 

(PGAave)
(PGAave)

II 76 2.7 2.21 3.04 2.08

III 69 9.0 11.88 10.87 10.06

IV 78 23.7 19.36 26.08 16.35

V 73 53.5 45.31 58.61 38.21

VI 29 96.3 57.48 97.54 51.08

VII 5 203.1 109.30 197.79 93.22

Table 2

Mean and standard deviation (σ) of the PGA (cm/s2) data set for each MMI

Fig. 2: PGA and observed MMI at three LIS strong motion stations due to the December 25, 2003 Armuelles (6.6 Mw) earthquake. 
The accelerograms shown correspond to the horizontal component that recorded the largest of the two horizontal PGA. The white 
star denotes the epicentral location. The contours of equal intensity are taken from Linkimer (in press).
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The soil type at the strong motion stations 
was classified according to the latest version of 
the seismic code of Costa Rica (Colegio Federado 
de Ingenieros y Arquitectos, 2003) in four types: 
Rock (S1), Hard (S2), Soft (S3), and Very Soft 
(S4). Most of the stations (77.9 %, Fig. 3E) are 

are distributed in the MMI range of II-V (89.7 
%, Fig. 3A). Most of the observations of the data 
sample come from earthquakes with magnitudes 
of 4.0-6.9 (86.4 %, Fig. 3B), recorded at hypocen-
tral distances of < 150 km (81.2 %, Fig. 3C) and 
with focal depths of < 40 km (86.4%, Fig. 3D).

Fig. 3: Histograms showing the distribution of the data set with respect to: A) MMI. B) Earthquake magnitude. C) Hypocentral 
distance. D) Focal depth. E) Soil type at the strong motion station. F) Type of accelerograph.
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located on soft type soils, represented by alluvial 
deposits and highly weathered volcanic deposits. 
Ground acceleration was mostly (92.4 %, Fig 3F) 
recorded by digital accelerographs of the models 
Etna, K2, SSA-1, SSA-2, and SMA-QDR from 
Kinemetrics Inc.

THE RELATIONSHIP BETWEEN PGA 
AND MMI FOR COSTA RICA

In Costa Rica, MMI and PGA can be related 
by the equations (Fig. 5A, B):

MMI = 2.69 log(PGAmax) + 0.56	

Fig. 4: Histograms showing the distribution of PGAmax values for a given MMI.
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S = 1.30, R2 =0.98			   (1)
MMI = 2.79 log(PGAave) + 0.32 	
S = 1.36, R2 =0.98			   (2)
Where S is the standard error of the regres-

sion line estimate, and R2 is the coefficient of de-
termination. There is a clear tendency of PGA to 
increase as MMI increases (Fig. 4, 5). However, 
there is a significant PGA scatter for a given 

intensity unit so that a given PGA value could 
be associated with several intensity levels. The 
PGA scatter for a particular MMI level has also 
been observed in previous correlations (Trifunac 
& Brady, 1975; Murphy & O’Brien, 1977; and 
Wald et al., 1999a).

The large PGA scatter for each MMI may be 
originated from the definition of the two ground 

Fig. 5: PGA vs MMI correlations for the Costa Rican region. Circles denote data and black solid lines the regression for the mean 
(diamonds) for a given intensity unit. A) MMI vs. PGAmax and regression line for the geometric mean. B) MMI vs. PGAave and 
regression line for the arithmetic mean. C) MMI vs. PGA max and regression line for the geometric mean of higher (V > MMI > 
VI) and lower (II > MMI > V) intensities. D) MMI vs. PGAave and regression line for the arithmetic mean of higher (V > MMI > 
VI) and lower (II > MMI > V) intensities.
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shaking parameters. PGA simplifies the complexi-
ty of ground shaking without considering factors 
such duration, spectral content, and resonance that 
may considerably affect the MMI estimate. MMI 
considers a subjective description of human res-
ponse to ground shaking and a description of buil-
ding damage. Therefore, numerous factors may 
affect the MMI estimate at a particular site such 
density of population, building practices, type of 
construction, and social, economic, and cultural 
environment. Another aspect that contributes to 
the scatter is that PGA only refers to a maximum 
value at single point as opposed to MMI that re-
fers to a maximum or average level of damage 
and earthquakes effects throughout an area.

Although 330 points represent the largest uni-
formly processed set of PGA and MMI data ever 
collected for Costa Rica, the number of PGA that 
can be used for correlating with MMI is still not 
sufficient to cover intensity levels of VI and abo-
ve. Also, there is no PGA data available for MMI 
above VIII. For this reason, two separate PGA vs. 
MMI correlations were calculated: one for the well 
documented MMI range from II to V and another 
for the MMI range from V to VII. The MMI V-to-
VII curve was assigned to intersect the MMI II-to-
V relationship at MMI V. The correlations obtai-
ned are given by the equations (Fig. 5C):

MMI = 2.30 log(PGAmax) + 0.92
II > MMI > V 			   (3)
MMI = 3.82 log(PGAmax) – 1.78 	
V > MMI > VII			   (4)
In order to compare to previous correlations, 

a regression line using the PGAave arithmetic 

mean for a given intensity unit was also calcu-
lated. The correlations obtained are given by the 
equations (Fig. 5D):

MMI = 2.33 log(PGAave) + 0.76 	
II > MMI > V 	 (5)
MMI = 4.60 log(PGAave) – 3.38 	
V > MMI > VII	 (6)
Predicted PGA intervals for each MMI value 

are proposed based on equations 3 to 6 (Table 3). 
Since MMI are represented only by integer values, 
PGA interval boundaries were calculated following 
a rounding convention that, for example, values 
between 5.50 and 6.49 round to intensity VI. The 
PGA intervals for a given intensity unit are likely 
to change if additional data are included particular-
ly if higher intensities (MMI > VI) are considered.

Given that the majority of the data points are 
represented by shallow earthquakes (< 40 km), 
recorded at soft soils with hypocentral distance of 
less than 150 km, regression lines were also cal-
culated using only data points with these charac-
teristics (184 points). The correlations obtained 
are given by the equations:

MMI = 2.50 log(PGAmax) + 0.76	
S = 1.42, R2 =0.97			   (7)
MMI = 2.60 log(PGAave) + 0.53 	
S = 1.45, R2 =0.97			   (8)

Comparison with other correlations

The PGAmax vs. MMI correlation obtained in 
this study is very similar to the correlation obtai-
ned by Wald et al. (1999a) for California using 

Intensity (MM) PGAmax range (cm/s2) PGAmax range (% g) PGAmax range (cm/s2) PGAmax range (% g)

II < 4.9 < 0.5 < 5.6 < 0.6

III 4.9-13.3 0.5-1.4 5.6-15.0 0.6-1.5

IV 13.3-36.0 1.4-3.7 15.0-40.3 1.5-4.1

V 36.0-80.3 3.7-8.2 40.3-84.7 4.1-8.6

VI 80.3-146.7 8.2-15.0 84.7-139.6 8.6-14.2

VII 146.7-268.0 15.0-27.3 139.6-230.2 14.2-23.5

Table 3

Proposed ranges of PGA for each MMI in Costa Rica
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Fig. 6: A) Comparison of PGAmax vs. MMI correlations. Regression lines from this study and Wald et al. (1999a) were calculated 
on the geometric mean of the PGAmax for each intensity unit. Murphy and O’Brien (1977) regression line was performed on the 
arithmetic mean of the PGAmax for each intensity unit. B) Comparison of PGAave vs. MMI correlations for which regression lines 
were calculated on the PGAave arithmetic mean for each intensity unit.
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eight significant earthquakes that occurred bet-
ween 1971 and 1992 (Fig. 6A). The PGAave vs. 
MMI correlation obtained in this study differs 
considerably with respect to previous correlations 
(Fig. 6B). In this case the relationship for Costa 
Rica indicates lower intensity levels associated 
with the same PGA for all correlations except for 
MMI < IV in the correlation presented by Sauter 
& Shah (1978). There are a number of factors that 
may influence the differences between correla-
tions, such as the number of observations used 
and the distribution of MMI values within each 
data set. Sufficient data are not yet available to 
determine whether the differences between corre-
lations are due variations in the tectonic setting in 
which the earthquakes take place or to a measure-
ment bias associated with factors that alter the as-
signment of intensities in each particular region, 
especially those that affect the shaking-damage 
relationship (i.e. building practices).

Limitations of the PGA vs. MMI correlation

A fundamental limitation of the correlation is 
the wide PGA scatter for each MMI level. This 
large PGA scatter has resulted in critics on this 
subject (Caputo, 1983). The nature of the two 
ground shaking parameters that are correlated 
may explain the wide scatter. PGA only refers to 
a maximum value at single point and MMI refers 
to a maximum or average level of earthquakes 
effects throughout an area.

The PGA vs. MMI correlation calculated 
here is biased on the observation period from 
1983 to 2004. At present there is little data to 
correlate intensity levels of VI and VII to PGA 
and there is no data available for MMI≥VIII to 
make correlations. Additional data may chan-
ge the correlation as observed in California by 
Wald et al. (1999a) who, using earthquakes 
from 1971 to 1992, found a different correla-
tion as the relationship presented by Trifunac & 
Bradly (1975), who used earthquakes prior to 
1971. Also, the data set is biased to local earth-
quakes (depth < 40 km, hypocentral distance < 
150 km) recorded at stations located at soft soil 
sites (Fig. 3). Currently, there is not sufficient 

data to determine if the PGA vs. MMI correla-
tion is different for particular ranges of focal 
depth, hypocentral distance or soil type. Hence, 
the relationships found in this study may be im-
proved with the addition of more observations 
as they become available.

Recent analyses favor the correlation of 
MMI with Peak Ground Velocity (PGV) instead 
of PGA. Wald et al. (1999a) showed that for hig-
her intensities (MMI > VII) PGV provides a more 
appropriate estimate of intensity. Boatwright et 
al. (2001) and Wu et al. (2003) found that earth-
quake damage statistics give a closer correlation 
with PGV than with PGA. The response spectra 
of 5%-damped pseudoacceleration is also propo-
sed as an instrumental parameter to correlate with 
MMI (Atkinson & Boore, 1995; Atkinson 2001).

For MMI < VI Wald et al. (1999a) support 
the use of PGA to estimate MMI, since lower in-
tensities are mostly based on human response to 
ground shaking and people are more sensitive to 
ground accelerations than velocity. This supports 
the use of the correlations presented in this study 
that are valid in the MMI range II to VII. PGV 
vs. MMI correlations will be addressed in future 
studies for the Costa Rican region.

Future work should also attempt to describe 
the MMI vs. PGA correlation using data recorded 
at stations located in soft soils (i.e, describe the 
ranges for each intensity degree and the correla-
tion for higher and lower MMI values). Available 
ground motion data for Central America is also 
considered as a potential database for future stu-
dies in this subject.

CONCLUSIONS

The first relationship between MMI and the 
horizontal component of PGA was developed for 
Costa Rica using regression analysis of 330 MMI-
PGA observations from 108 earthquakes (2.8 < Mw 
< 7.7) that took place between 1983 and 2004. The 
data set is mostly composed of local earthquakes 
(depth < 40 km, hypocentral distance < 150 km) 
recorded at stations located at soft soil sites.

There is a clear tendency of PGA to increase 
as MMI increases, however, there is a significant 
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PGA scatter for a given intensity unit. Best-fit 
lines showing this tendency were calculated bet-
ween MMI and both the largest of the two hori-
zontal components (PGAmax) and the average of 
the two horizontal components (PGAave). The re-
lationships obtained are: MMI = 2.30 log(PGAmax) 
+ 0.92 and MMI = 2.33 log(PGAave) + 0.76 for II 
> MMI > V and MMI = 3.82 log(PGAmax) – 1.78 
and MMI = 4.60 log(PGAave) – 3.38 for V > MMI 
> VII. Predicted PGA intervals for each MMI 
value were proposed based on these equations 
(Table 3). The results are subject to revision to 
accommodate additional observations as more 
data become available.

There is a fairly remarkable agreement bet-
ween the PGAmax vs. MMI correlation obtained 
in this study and the correlation calculated by 
Wald et al. (1999a) for California. The PGAave vs. 
MMI correlation indicates lower intensity levels 
associated with the same PGA with respect to 
previous correlations. Sufficient data are not yet 
available to explain these differences.

The empirical relationships found in this stu-
dy are expected to motivate the development in 
Costa Rica of shaking intensity maps like those 
created in the United States within a few minutes 
of the occurrence of felt earthquakes.
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