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ABSTRACT 

Historical accounts of earthquakes show a high degree of spatial 

variability and uncertainty associated with ground motion. For this 

reason, historical data are not often used as input for earthquake 

hazard assessment. Regionally, however, earthquake ground motion is 

related by the concept of attenuation. Seismic hazard assessment 

techniques uSually rely on catalogues of earthquake epicenters 

together. with empirical attenuation relationships to define the 

seismic hazard for a particular region. Such techniques, however, 

overlook local variations in ground motion associated with actual 

earthquakes. A technique for seismic hazard assessment that includes 

historical data using the theory of regionalized variables and linear 

estimation techniques best represents ground motion dichotomy. 

Modified Mercalli intensity observations for the period 1930 

through 1971 were treated as regionalized variables to define the 

seismic hazard for a region of Southern California centered around San 

Fernando. Despite variations in construction quality and individual 

sensitivity to ground motion, intensity values associated with seventy 

percent of the earthquakes that occurred during this period, for which 

at least five intensity observations were recorded, were accurately 

treated as regionalized variables. A Gumbel analysis computed using 

spatially regular data sets developed from these intensity values 
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precisely associated high hazard regions with active faults near San 

Fernando. 

Other earthquake ground motion data can also be treated, 

accurately, as regionalized variables. These data include peak 

instrument recordings of spectral acceleration, velocity, and 

displacement. Moreover, response to earthquake ground motion at 

discrete frequencies, as recorded by response spectra, is also 

regionalized. These data, therefore, are accurately estimated using 

kriging. Fundamentally, because earthquake ground motion is shown to 

be a regionalized variable, all aspects of regionalized variables 

theory are applicable for these data, including disjunctive kriging, 

conditional simulation, and co-kriging. 



CHAPTER ONE 

EARTHQUAKE HAZARD ASSESSMENT: AN OVERVIEW 

Seismic zonation is the discretization of a geographic region 

into zones, each susceptible to a specific severity or response to 

ground shaking (Hays and Algermissen, 1982). In this manner, the 

spatial aspects of earthquake hazard are defined within a geographic 

region of interest. This hazard assessment is often displayed as a 

map and is, in this sense, a generalization. As a complement, hazard 

can be assessed for a discrete point, such as a project site, or for a 

subsection of the larger geographical region. This microscopic 

assessment of seismicity reduces the error introduced when earthquake 

hazard is generalized for a larger, global geographic region. Seismic 

zonation is, as a result, a valid concept independent of scale 

considerations. 

This suggests two approaches to defining earthquake hazard. In a 

broad study, the seismicity of a geographical region can be 

assessed. In a more specific sense, an alternative approach involves 

defining the seismicity of a local subsection of the larger 

geographical region. Seismic regionalization, or macpozonation, 

describes a study in which the earthquake hazard is assessed for a 

particular geographic pegion, such as southern California. For a more 

detailed approach, earthquake micpozonation provides a more detailed 

definition of earthquake hazard by zoning the seismicity for a local 

1 



portion of a larger geographic region. Microzonation, for example, 

might involve defining the seismic hazard within the City of Los 

Angeles. 

2 

It is important to emphasize, with respect to these scale 

considerations, that seismic regionalization generalizes local 

variations in seismicity in favor of an overall, global assessment of 

earthquake hazard. Local spatial variability in seismicity is 

filtered from seismic regionalization. Microzonation, on the other 

hand, precisely involves the definition of local, spatial variability 

in ground motion characteristics. Regional characteristics of 

seismicity are defined as a consequence of microzonation because 

several microzonation studies for adjacent areas can be combined to 

yield a high resolution global assessment of seismic hazard. The 

converse is not true, however, for seismic regiona1ization. 

Characterization of the tocat aspects of ground motion cannot be 

provided by a regional study. 

With respect to either earthquake macrozonation or microzonation, 

the underlying assumption is that ground motions resulting from an 

earthquake can be realistically and accurately estimated (Archuleta, 

et a1., 1978). Several disparate methods are available for use in 

estimating ground motion. In general, these meth0ds depend only 

superficially on the historical record of groun~ illotion. 

Geological control over seismicity might be considered to be of 

paramount importance, for either a local or regional scale. This 

approach associates high earthquake hazard with areas adjacent to 
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known, active faults and also those areas underlain by soils that are 
I 

susceptible to strong motion in response to a seismic impulse 

(Borcherdt, et al., 1978). Geologic data are the only input to this 

type of seismic zonation study. 

As one example, Medvedev (1962) characterized the seismic hazard 

of Bucharest, Romania on the basis of local geology. For this 

microzonation study, high seismic hazard was assigned to two major 

stream drainages, on the theory that soils there were saturated and 

susceptible to liquefaction under dynamic loading, and moderate hazard 

was associated with other areas. Ground motion patterns observed 

during earthquakes that occurred on November 10, 1940 and March 4, 

1977, however, both of which having approximately the same epicenter, 

bore little resemblance to Medvedev's seismic zonation map, as shown 

in Figure 1.1 (Mandrescu, 1978). The assumption that ground motion 

susceptibility can be accurately characterized on the basis of 

geological control alone is clearly deficient for some seismically 

active regions. Moreover, Figure 1.1 shows that the damage pattern 

for the November 10, 1940 earthquake more adequately characterizes 

ground motion, as judged by the damage resulting from the March 4, 

1977 earthquake, than does the map produced by Medvedev. Historical 

information is, at least for this example, an important input to the 

seismic zonation process. 

Similarly deficient are other accepted seismic zonation 

techni.ques that combine geologic information, specifically fault 

locations, ~rlth functions that represent ground motion attenuation 
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Damage in Bucharest 
3-4-77 earthquake 

Damage in Bucharest 
11-10- 40 earthquake 

Microzonation map 

Bucharest , Rumania 

Figure 1.1 Comparison of damage patterns for two historic 
earthquakes with the microzonation map for 
Bucharest, Romania. 
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with distance to characterize seismic hazard at" a site, or for a 

region. These studies assume that the spectral amplitude of shaking 

at a site is a function of location and local geologic conditions 

(Anderson and Trifunac, 1978). Other related methods, however, 

emphasize earthquake magnitude and distance to a fault and do\rop1ay 

geologic control. One example relates modified Merca11i intensity to 

magnitude, M, and fault distance, R, as (Cornell, 1968): 

Intensity (1.1 ) 

where the unit of measurement for R is not specified. Such an 

approach yields smooth, circular or elliptical contours for ground 

motion as a function of distance, R. This results in a highly 

generalized, theoretical estimate of ground motion for a site or 

region. Moreover, all sites equidistant from a fault will be assigned 

the same level of ground motion. 

In an actual sense, equation 1.1 is a regression. Many 

additional studies also rely on regression analyses to yield equations 

to use in estimations of ground motion. Bolt (1982) developed a 
. 

regression analysis for computing peak horizontal acceleration solely 

on the basis of distance from a fault, which is, 

2 0.042 
acce1 = [1.2{(x+25) + I} ] [EXP{-0.044(x+25)}] , (1.2) 

where x, in kilometers, is the closest distance to the surface 

projection of the rupture. As with equation 1.1, however, thi.s will 

also result in a smoothed, generalized characterization of seismicity 
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because all points equally distant from a fault will have the same 

level of ground motion. By its nature, a regression analysis can only 

yield information defining the regional aspects of seismicity. Local 

ground motion characteristics, particularly the spatial variability of 

these characteristics, are not accounted for. 

Each method described thus far has not utilized the historical 

record in the seismic zonation process. As clearly demonstrated by 

Figure 1.1, the historical record is more useful for microzonation 

than is geologic information, for instance, in some circumstances. 

With respect to regression analyses, Figure 1.1 additionally shows 

that ground motion patterns are not smooth, circular (equidistantly 

similar) or elliptical as predicted by regression techniques. 

Regression methods are better used, then, for a general 

characterization of regional seismicity and are not useful for 

accurate microzonation. 

Whereas each method previ.~usly described relied on a theoretical 

characterization of ground motion, Algermissen (1969) used information 

contained in the historical catalog of earthquakes to characterize the 

seismic hazard within the United States since 1900 (defined as the 

total number of 4.0 or greater magnitude events). Algermissen related 

these spatial distributions to large-scale geologic features believed 

to be active to characterize earthquake hazard. 

Because of its partial reliance on historical data, Algermissen's 

technique is a reflection of past seismic activity. If the assumption 

is made that future seismic activity can be accurately characterized 
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on the basis of past events, this technique is the most realistic 

seismic zonation method relative to those based solely on theoretical 

assumptions. One drawback to Algermissen's technique, however, is the 

reliance only on maximum intensity information. This excludes 

patterns and relegates earthquake sources to points, which may result 

in an underestimate of seismicity and incomplete understanding of 

seismicity. Algermissen presented the seismic zonation in the form of 

a map for the United States at a scale of 1:7,500,000. It is, 

therefore, a regionalization. 

However the seismic hazard is defined for a particular site or 

region, earthquake hazard is usually displayed in the form of a 

spatial map and criteria have been presented for use in preparing 

adequate seismic zonation maps. For general guidelines, Liu and Fagel 

(1975) proposed, for a seismic regionalization (macrozonation), that 

the following information be included: 

1) earthquake size, such as Richter magnitude or modified 

Mercalli intensity; 

2) statistics of the time interval separating earthquakes; 

3) geologic features of the region; and 

4) the complete historical record. 

Utilizing these data, the regionalization is based on a rational 

statistical model characterizing the earthquake occurrence process. 

It is important that developed hazard factors used for regionalization 

have meaning in a physical sense. Moreover, the variability of these 

hazard factors should be defined. 
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In a qualitative sense, Housner and Jennings (1973) defined a 

good seismic zonation map to be simple, have broad zones, and should 

not be overly dependent on any single, historical earthquake. In 

other words, the map should be a product of a probabilistic approach 

predicated on a complete data record and not a deterministic approach 

heavily biased to a single event. Housner and Jennings (1973) 

acknowledged, however, that the construction of a seismic hazard map 

is hampered by the lack of adequate data. Adequacy of data, though, 

is a subjective concept. A single earthquake seems to have 

significant relevance to Bucharest, Romania, for example. 

Regardless of the application, a good seismic map should not 

change substantially subsequent to the occurrence of an earthquake; in 

other words, the map should incorporate information from many 

earthquakes and should not depend heavily on only a few major events 

(Housner and Jennings, 1973). Furthermore, the map should not be 

highly detailed, thus confusing, and it should be adaptable to the 

needs of the user. 

With respect to seismic zonation, one major assumption that will 

be made throughout this thesis, the only major assumption, is that the 

future characteristics of seismicity, for any location, can be 

accurately and realistically described on the basis of past events. 

Utilization of historical data is implicit in this assumption. The 

major deficiency of those techniques that rely solely on theoretical 

aspects of ground motion is that they ignore the actual ground motion 

characteristics as recorded during past earthquakes. With remote 
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locations for which little historical information exists, theoretical 

techniques are useful. For regions, or sites within regions, for 

which historical information exists, however, these techniques are 

less useful because they exclude the consideration of actual site 

dynamic behavior. 

A good example that illustrates this is the comparison of the 

microzonation of Bucharest, Romania with the actual damage pattern 

recorded during historical earthquakes. Another example is the heavy 

bias shown in California for associating high hazard adjacent to the 

San Andreas fault (Borcherdt, et al., 1978; Kockelman and Brabb, 

1978). Major seismic events occur infpequently on the San Andreas 

fault, however, and no recurrent earthquake (an earthquake that post

dates a previous, large magnitude event, having the same magnitude and 

epicenter as the former event) is present in the historical record for 

this fault. The hazard that is associated with this structure is 

based primarily on the potential possibility that this structure will 

generate large magnitude events in the future and the proximity of 

locations relative to the fault. This approach, however, tends to 

overlook the contribution of adjacent faults to the regional or local 

seismicity and also ignores actual site ground response recorded 

during past earthquakes. 

Exclusion of historical data, then, is a risky assumption. 

Moreover, this exclusion is not scientific because all available data 

are not utilized. It is more precise and realistic, as well as 

scientific, to examine the characteristics of actual ground response 



rather than to rely on assumptions about the theoretical nature of 

ground motion. 
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Both Liu and Fagel (1975) and Housner and Jennings (1973) 

acknowledge the worth of using a complete historical record. Of the 

three methods reviewed by Liu and Fagel (1975), however, none 

accounted for aZZ available historical information (Algermissen, 1969; 

Liu and Fagel, 1972; Howell, 1974). These methods cannot, therefore, 

accurately characterize seismicity. The only realistic approach to 

spatial earthquake hazard assessment is through the use of the 

complete, historical record of seismic spatial characteristics. 



CHAPTER '!WO 

A REGIONALIZED VARIABLES APPROACH TO EARTHQUAKE MICROZONATION 

AND MACROZONATION 

2.1 Introduction 

When characterizing the seismicity of a particular region, the 

only realistic approach is to utilize the entire hi,storical record to 

define past seismic patterns. The implicit assumption is that 

historic seismicity accurately defines future seismic patternsD All 

currently accepted approaches to seismic zonation make this 

assumption, either explicitly by relying on the historic record for 

zonation, or implicitly by using observations from past seismic events 

to develop theories whi-ch define future ground motion characteristics. 

Incorporating the entire historical record into a program for 

earthquake microzonation is not trivial. The location of historical 

observations, either instrument locations or felt reports, are 

spatially irregular. Modified Mercalli intensity (MMI) observations, 

for example, are associated with population centers (U.S. Earthquakes, 

U.S. Department of Commerce, 1930-1969). Geographically, there is no 

spatial regularity to the distribution of population. 

Random, spatially irregular observations make mapping of histori

cal seismicity difficult. Futhermore, direct observations are seldom 

available for specific sites of interest and problems arise in utiliz

ing spatially irregular observations to estimate the level of ground 
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motion at these unsamp1ed locations. Consequently, historical data on 

ground motion are often overlooked in favor of a theoretical approach. 

If a spati~l relationship can be identified for ground motion 

data, however, it would be invaluable for estimating the level of 

ground motion at an unsampled location. This would greatly enhance 

the utilization of the historic record. Such a spatial relationship 

can be useful in several ways. Because a spatial relationship is a 

function of spatial position, an estimate of the level of ground 

motion can be made at a discrete, unsampled location in space on the 

basis of its position relative to other known ground motion measure

ment locations. A measure of estimation accuracy can additonally be 

made on the basis of this spatial relationship. If this estimation 

process is executed at intersections of a regular grid, another 

advantage results in spatially regular data estimated from actual, 

spatially irregular observations. Such regularization is more easily 

interpretable. 

If these observations are MMI data, spatial regularization 

results in the formation of more accurate isoseismal maps. Current, 

published isoseismal maps are produced by visually fitting contours to 

spatially irregular MMI observations and are, as a result, somewhat 

subjective. Demonstrating the existence of a spatial relationship for 

earthquake ground motion data would, therefore, have major importance 

for the utilization of the historic earthquake record. 
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2.2 Theory of Regionalized Variables: Matheron, 1963 

The theory of regionalized variables was developed by Georges 

Matheron in the late 1950's for applications to ore reserve estima-

tion. Matheron believed that ore grades are spatially dependent and 

can, therefore, be estimated on the basis of spatial position and 

neighboring samples. This theory is one aspect of geostatistics, a 

concept concerned with the distribution, in space, of geologic 

phenomena. Although developed fo'- ore reserve estimation, the theory 

of regionalized variables has many additional earth sciences applica-

tions (Journel and Huijbregts, 1978). 

2.2.1 Characteristics of Regionalized Variables and Their 
Applications for Seismic Zonation 

A random variable is one that assumes a variety of numerical 

values according to a particular probability distribution (Journel and 

Huijbregts, 1978). The classic example of randomness is the toss of a 

coin. The outcome of heads is purely random with respect to the 

outcome of tails, for a fair coin, moreover each outcome has the same 

probability of occurrence. 

If a random variable is distributed in space, i.t is said to be 

regionalized. These variables, because of their spatial aspect, 

possess both random and structured components (Matheron, 1963). On a 

local scale, regionalized variables are random and erratic. At the 

same time, with respect to two regionalized variables separated by a 

distance vector, h, regionalized variables are not independent, but 

are related by a structured aspect which depends on this distance 



vector, h. Usually, as the length of h increases, the similarity 

between two regionalized variables decreases. 
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With respect to seismic zonation, regionalization of a random 

variable can be confined to a two-dimensional space. In this case, 

the random variable is a particular characteristic of ground motion, 

perhaps peak acceleration or modified ~rcalli intensity. It remains 

to be demonstrated that these ground motion data are regionalized. 

Evidently, there is a random component associated with earthquake 

ground motion. During the 1906 San Francisco earthquake, for example, 

damage to low-lying areas bordering San Francisco Bay was extensive, 

whereas nearby areas, higher in elevation and underlain by bedrock, 

showed virtually no damage. There is, nonetheless, also a notion of 

spatial structure associated with earthquake ground motion as indi

cated by developed attenuation functions (Hays, 1980). Attenuation 

functions universally show a decrease in the level of ground motion 

with increasing distance from the earthquake source. It appears, 

then, that earthquake ground motion is regionalized. 

At first glance, a regionalized variable appears to be a 

contradiction. In one sense, it is a random variable which locally 

has no relation to surrounding variables. On the other hand, there is 

a structured aspect to a regionalized variable which depends on the 

distance separating the variables. Both of these characteristics can, 

however, be described by a random function, for which each regional

ized variable is a single realization. By incorporating both the 

random and structured aspects of a regionalized variable in a single 
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function, spatial variability can be accommodated on the basis of the 

spatial structure shown by these variables. 

2.2.2 Variance, Covariance, and the Variogram 

One way to examine the spatial structure of a regionalized 

variable is to analytically relate the change between variables as a 

function of distance separating them. In general, if the average 

difference between variables increases as their distance of separation 

increases, a spatial structure exists and the variables are 

regionalized. If, in contrast, the average difference between 

variables changes erratically, independent of separation distance, the 

variable is random and no spatial structure exists. It is possible, 

therefore, to analytically identify the spatial behavior of a random 

variable. 

This analytical approach begins with the concept of statistical 

variance. If the realization of the random function at x is repre-

sented as Z(x), and the expectation of the random function at x is the 

mean, m(x), then the variance is an expectation and is (Journel and 

Huijbregts, 1978), 

VAR{ Z(X)} 
2 

E{ [Z(x) - m(x)] } (2.1 ) 

For two regionalized variables, Z(X 1) and Z(x 2), having variances 

at xl and x2' a covariance relating these variables can be expressed 

as (Journel and Huijbregts, 1978), 

(2.2) 
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Furthermore, the variance of the incremental difference between the 

variables, Z(x1) and Z(x2) can be written as, 

( 2.3) 

because the intrinsic hypothesis holds that m(x 1) = m(x 2). 

If equation 2.1 is substituted into this equation, then 

( 2.4) 

Moreover, if xl and x 2 are separated by a distance h, then equation 

2.4 can be expressed as 

2y (h) E {[Z(x) - Z(x + h)]2} • (2.5) 

This equation defines the variogram, the analytical equation used to 

describe the structured aspect of a regionalized variable. 

2.2.3 Otaracteristics of the. Variogram 

Of foremost importance, the variogram defines the spatial 

correlation, or structure, that relates a regionalized variable in 

space. The variogram is estimated by 

y (h) = ;N L 
N 

2 
[Z(x) - Z(x + h)] (2.6 ) 

This is the semi-variogram, and is one half the average square of the 

difference between variables separated by a distance, h. If a spatial 

relationship exists between variables, the value of y(h) increases as 

the separation distance, h, increases. This also implies that 
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variables located close in space are more similar in value than those 

separated by a considerable distance. 

Conversely, if y(h) is insensitive to changes in h, hence 

constant, then the regionalized variables are randomly correlated and 

there is no spatial structure present. In this case, the only viable 

estimation technique is one that is based on probability, for example, 

a Monte-Carlo approach. The characteristics of the regionalized 

variable, therefore, are readily apparent from the shape of the 

variogram, as shown in Figure 2.1. 

For regionalized variables showing spatial structure, the semi

variogram value, y(h), generally increases with separation distance in 

the range, h = (O,k), ar.n reaches a limiting value at h = k, beyond 

which y(h) is constant, or random. The value of y(h) at h k is 

known as the sill and is approximately equal to the sample variance, 

and k defines the range of the semi-variogram. 

At the unique point, h = 0, y(h) is approximated by extrapolating 

tIle trend of the variogram toward the origin. The value of y (h), at h 

= 0, is representative of sample measurement error and variability. 

Using Matheron's terminology, the value of y(h) at h = 0 is known as 

the nugget. These aspects of a semi-variogram are shown in Figure 

2.2. 

Once the semi-variogram has been computed for sample data using 

equation 2.6, the covariance of the sample data can be computed as, 

c(h) sill - y(h) • (2.7) 
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a 

c 

Figure 2.1 Representative variograms. A variogram for data with 
highly regular spatial structure is shown in (a); for 
average spatial structure (b); for average spatial 
structure with a nugget (c); and for purely random 
data (d). 
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Both the covariance and semi-variogram are functions of separation 

distance, h. Moreover, both are useful for describing the structure 

of regionalized variables. 

2.2.4 Positive Definite COnditions for the Variogram and 
Covariance Functions 

Subsequently, the estimate of a regionalized variable will be 

shown to be a linear combination of the type, 

where Z is a random function. The variance of the error of the 

estimate, in an absolute sense, must never be negative. This variance 

is expressed as (Journel and Huijbregts, 1978; David, 1977), 

* VAR {Z } L L 
i j 

AiA.C(Xi - x.) > 0 , 
J J-

( 2.8) 

where c is the covariance defined by equation 2.7. This covariance 

function must be of the form to ensure that the inequality of equation 

2.8 is true for each and every combination of the weights, Ai and 

Aj • By definition, then, the covariance function must be non-negative 

definite. 

2.2.5 Valid COvariance Models 

Any function used to model sample covariance must, on the basis 

of equation 2.8, be a non-negative definite function. Because it is a 

function of this type, the following characteristics are true (Journel 

and Huijbregts, 1978): 
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i) c(O) VAR {Z(x)} ~ 0 

i) c(h) c(-h), an even function; 

iii) Ic(h)1 < c(O), Schwarz's inequality. 

It is essential that a non-negative definite function be used to 

represent the covariance to ensure that the variance of all finite 

linear combinations of a random function are positive (Journel and 

Huijbregts, 1978). 

With respect to earthquake microzonation, several currently 

accepted covariance functions are useful for modeling the computed 

data covariance. These functions can be grouped into two classes, 

those showing a linear behavior near the origin and those showing a 

concave behavior near the origin. 

For the first of these two classes, two covariance functions are 

useful: 

1) spherical covariance: 

{ 

B[ 1 - ( 1J..hl _ Jl!.t. )] 
2R 2R3 

0, Ih I ~ R 

, Ihl < R 
( 2.9) 

where B = sill - nugget, and R is the range of the variogram; 

2) linear model: 

B(1 - Ih I /R) , (2.10) 

with Band R defined as above for the spherical model. For both 

models, 
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c(O) sill , (2.11) 

a unique, but valid discontinuity at the origin. 

For a concave behavior near the origin, the gaussian covariance 

model is particularly useful: 

1) gaussian model: 

(2.12) 
and, c(O) = sill , 

where B sill - nugget. The range, R, for this model is defined as, 

R = D/v'3 , (2.13) 

where c(D) = (0.05)(sill) 

For modified Mercalli intensity data, two other covariance 

functions were found to be useful. These functions, nevertheless, 

were used for the first time in this study and have never been shown, 

elsewhere, to be valid covariance models. These functions are: 

1) modified gaussian model: 

c(O) 

R 

sill , 
N 

D/ 'f3 . the Nth root of 3 

c(D) (0.05)(si1l); 

(2.14) 



23 

2) nonlinear model 

(2.15) 
c(O) sill 

valid in the range, -R < h < R. This model is, therefore, a locally 

valid model. The relationship between the modified gaussian and 

gaussian variogram models is shown in Figure 2.3 along with the 

characteristics of the nonlinear model. From this figure, the charac

teristics of the covariance models can be assessed using to equation 

2.7. 

2.2.6 Data Stationarity: The Concept of Local Stationarity 

Throughout the preceding discussion, the spatial structure of a 

regionalized variable was related -only to the separation distance. 

The position of variables in space did not have relevance to the 

spatial structure. The spatial correlation between variables, to be 

sure, depends only on the vector, h, separating variables and not on 

their spatial position. 

In a stringent sense, the spatial law of a regionalized variable 

is invariant, regardless of spatial position (Journel and Huijbregts, 

1978), a rather strict assumption. It is sufficient, instead, to make 

the weaker assumption of second order stationarity. In this 

assumption, the mathematical expectation, E{Z(x)} , exists and does 

not depend on the support, x; specifically, 

E{Z(x)} m constant , (2.16) 
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Modified Gaussian Model 

Nonlinear Model 

Figure 2.3 Characteristics of the modified Gaussian and 
nonlinear variogram models. 
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and the covariance exists and depends on the separation distance, h, 

as 

c(h) E{Z(x)oZ(x + h)} - 2 
m 

where, for earthquake analysis, h is a vector in two-dimensional 

space. 

(2.17) 

Second order stationarity requires the sample mean to be invari-

ant despite spatial translation. In a global sense, the assumption of 

second order stationarity might also be too restrictive. The severity 

of this assumption can be lessened by requiring, as an alternative, 

second order stationarity only within the local zone of estimation. 

Specifically, when a variable is to be estimated at an unsampled 

location, only known samples within a limiting distance, R, of this 

location are used for estimation. Data stationarity is required only 

within the range, R. This is a valid limitation and introduces the 

. concept of local, or quasi-stationarity (Journel and Huijbregts, 

1978). 

Data stationarity, including local stationarity, can be inter-

preted from the variogram. In general, global stationarity is present 

if the variogram attains a sill and maintains this value beyond the 

range. Because -y (minus-gamma) is a conditional positive definite 

function, it must increase more slowly at infinity than Ih1 2; that is 

(Journel and Huijbregts, 1978), 

lim y(h) 0 h + ~ • 
~= , (2.18) 
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If sample data are not stationary, then drift is present, which 

causes y(h) to increase faster than Ih1 2, hence violating the limit of 

equation 2.18. This results in & strongly parabolic growth of the 

variogram. As long as the variogram does not display this type of 

behavior, over any range of h, data stationarity is present. 

Parabolic behavior does not necessarily indicate drift, however, as 

was shown in Figure 2.1. 

Acknowledging the uncertainty involved in interpreting the 

presence of drift from the variogram, a more precise approach involves 

actually computing the drift. In equation form', this approach is 

Driit(h) = 4 I {Z(x) - Z(x + h)} , 
N 

(2.19) 

similar to the equation for the semi-variogram, except the difference 

between variables is not squared. For data stationarity to exist, it 

is essential that 

o , (2.20) 

for T increments of h. For local stationarity, equation 2.20 is 

restricted such that h ~ R. However data stationarity is 

investigated, whether by using the semi-variogram or equations 2.19 

and 2.20, proof of its exist~nce is not difficult to obtain. 
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2.2.7 Linear Estimation of Regionalized Variables: Kriging 

Once the spatial structure of a regionalized variable has been 

demonstrated through computation of the semi-variogram, and the 

assumption of stationarity shown to be valid, the spatial structure 

can be used to estimate the value of a variable at unsampled 

locations. For this discussion, the type of data to be estimated 

describes ground motion characteristics observed during historic 

earthquakes. Moreover, these data are assumed to be discrete point 

observations in a two dimensional plane. This warrants the discussion 

of the specific regionalized variables technique, punctual kriging. 

For this specific aspect of kriging, as well as for kriging in 

general, an estimate of a regionalized variable at a point, xo ' is 

made as 

* Z (x ) 
o (2.21) 

where N is the number of points located within a distance, R, of xo ' 

Z(x i ) is the value of the random function for the ith location, and A 

is a vector of weights, a function of inters ample covariance. Given 

the assumption of second order stationarity, the mean of the sample 

data, within the limiting distance, R, must be invariant. This must 

remain true throughout the estimation process and the mean must not 

change as a consequence of the estimation. This requires that the 

weights, A, be constrained such that 
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N 

L Ai 
i=l 

1 , (2.22) 

to maintain a constant value of the mean. 

With the objective of punctual kriging defined by equation 2.21, 

the task of this method involves the computation of the weighting 

vect?r, A. This task begins by assuming that the estimate of a 

variable at a point in space can be obtained as a conditional 

expectation, written as 

* Z (x ) 
o ( 2.23) 

which is the expected value of the random function at xo ' given the 

value of the random function at the xn locations. 

It is desirable to minimize the variance of the estimation error, 

and thereby maximize the accuracy of the estimation. This can be 

represented as an expectation of the error, 

* E[Z (x ) - Z(x )] = 0 , 
o 0 

(2.24 ) 

an optimal minimum error. The variance of this error is expressed as 

* 2 VAR[Z (x ) - Z(x )] = 0 - 2 L AiO(x xi) + L L AiAjO(xix
J
.) , 

o 0 i 0 ij 
( 2.25) 

where 0
2 is the variance of the sample data, o(xoxi ) is a vector of 

covariances between the estimation location, xo ' and the known sample 

locations, xi' and O(xixj ) is a matrix of covariances between known 

sample locations. The objective of kriging is to minimize this 
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variance of the error, subject to the constraint imposed by equation 

2.22. 

Such a constrained minimization problem can be solved using a 

Lagrangian multiplier. If a Lagrangian function is formed, equation 

2.25 can be expressed as (Knudsen and Kim, 1977), 

where lJ is the Lagrangian multiplier. 

If this equation is differentiated with respect to A and lJ, an 

expression for A and lJ is obtained as, 

[ L L X.a(xix.) - lJ 
i j J J 

a collection of i+1 equations. 

L a oi ] , 
i 

( 2.27) 

Once the weighting vector, A, is known, the kriging variance, 

which is the variance of the error, is known and computed as 

Krig Var 2 a (2.28) 

In a practical sense, the kriging variance is analogous to the mean 

square error of the estimate. 

2.2.8 A Comment on Kriging 

A regionalized variable was previously defined to consist of two 

components: 

1) a local, random component to which spatial variability is 

attributable; and 
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2) a structuLal component that depends on the separation vector, 

h. The kriging estimator for regionalized variables defined the 

random function as 

* Z (x ) 
o (2.21) 

In addition, a random function comprises both components of a region-

alized variable. 

This aspect of a random function is easily demonstrated in 

equation 2.21. First, spatial structure is included through the 

computation of the vector, A, a function of covariance, hence a 

function of separation distance, h. Second, the random, or local 

component is included by using surrounding, nearest neighboring points 

to constitute the vector, Z(x i ). 

Kriging is distinguished from a regression analysis on the basis 

of this capability to analyze local spatial variability. In a 

regression, an estimate is made purely on the basis of spatial 

position without regard to neighboring samples. As a result, local 

effects are suppressed in favor of global trends, whereas kriging 

preserves spatial variability. 

2.3 The Regionalized Aspect of Earthquake Ground Motion Data 

In developing a regionalized variables model for earthquake 

microzonation, southern California was chosen as the geographic region 

of interest. The historical record for this region is extensive. 

Moreover, previous microzonation studies are available which can be 
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used as comparators for the regionalized variables model. This does 

not imply, however, that the regionalized variables technique for 

seismic zonation is applicable only for southern California. For this 

study, modified Merca11i intensity (MMI) data for earthquakes in the 

time period, 1930-1971, provided the historic record. 

2.3.1 Variograms for Modified Merca11i Intensity Data 

It was necessary, as an initial aspect of this model development, 

to verify the treatment of MMI data as regi.ona1ized variables. A 

precursor to this work established that MMI data was spatially 

structured for the 1872 Washington State earthquake (Glass, 1978). 

Nonetheless, spatial structure of MMI data has never been established 

previously for southern California earthquakes, except through general 

regressions (Evernden, et al., 1981). 

To examine the spatial aspects of southern California MMI data, 

variograms were computed for each historic earthquake in the period, 

1930-1971, for which at least five MMI observations were available. 

There were approximately 120 earthquakes during this period having the 

requisite MMI data; these earthquakes are listed in Appendix A. As 

determined through the computation of variograms, MMI data for seventy 

percent of these earthquakes were spatially structured. Those earth

quakes for which a spatial structure could not be verified were either 

small magnitude or far field events for which less than twenty MMI 

observations were collected within the southern California region. 

For the small magnitude events, because the MMI scale is redundant at 

the low ~nd, more error can occur in assigning intensity values. 
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Variograms computed for southern California earthquakes associated 

with at least forty MMI observations always showed a spatial 

structure. Each of these variograms was unique, however, which 

required the use of all covariance models previously discussed. 

(Covariances were modeled in this study in order to utilize equation 

2.27.) 

2.3.2 Variograms with Linear Behavior Near the Origin 

Three examples, in particular, are representative of MMI data 

variograms having a linear behavior near the origin. A spherical 

variogram, for instance, correctly models MMI data associated with the 

11 March 1933 Long Beach earthquake, shown in Figure 2.4. The nugget 

value for this earthquake was comparatively large, y( 0) = 1.0, which 

indicates the presence of a significant amount of random behavior 

associated with this earthquake. Because MMI data is subjectively 

assigned to represent the level of ground motion (Appendix B), this 

random behavior might be attributable to error in assigning the 

correct intensity to an observation, actual spatial variability, or 

non-standard construction quality, among other reasons. 

Variograms for MMI data associated with two other earthquakes 

were also linear near the origin, yet they did not attain definite 

sill values. A linear covariance model was most representative of 

this type of spatial structure. The first of these examples is for 

the two hundred M}11 observations associated with the 9 February 1971 

San Fernando earthquake, shown in Figure 2.5. At the origin, the 

variogram for these data is somewhat concave, but over the eighty 
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Figure 2.4 Variogram computed using modified Mercalli 
intensity data, 11 March 1933 Long Beach 
earthquake. 

33 



2.0 

1.8 

1.11 

U 

5: 
1.2 

"< ::s 1.0 
::s 
< u 0.8 

0.11 

0.4 

0.2 

0.0 
0.0 

DATA VARIOGRAM 

WITH VARIOGRAM AND COVARIANCE MODELS 

}~ .... 
.......... 

'. 
.............. 

'. ' . ............ 

2/8/11 SAN nANAHDO £Q 

EXPLANATION 
DATA VARIOGRAM 

·····r..:iiJ"OEL"COVARij\·Ndr·· 
--MoDEi.-vAiiiOGRAt.r--

.......... 
'0.0 ro.D 3h.o ~.o Di,.o IIh.o ,b.o uh.o .b.o .Jo.o 11'0.0 .io.o .~o.o .40.0 .a'o.o • .:0.0 

H (KILOMETERS) 

Figure 2.5 Variogram computed using modified Mercalli intensity 
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kilometer range, the shape of the variogram is better represented by a 

linear covariance model. A linear covariance model was also Ilsed to 

represent the spatial structure for the 18 March 1957 Ventura earth

quake shown in Figure 2.6. 

2.3.3 Variograms with Concave Behavior Near the Origin 

Concave behavior near the origin was most consistently observed 

for MMI data associated with southern California earthquakes. 

Covariances of this type were more difficult to model, however, 

because their shapes were often eccentric. 

Several variograms of this type were modeled using the previously 

published and valid gaussian covariance model. The most representa

tive example of this type of covariance is shown by the MMI data 

associated with the 1 July 1941 (U.S. Earthquakes lists this as 30 

June 1941) Santa Barbara Earthquake, shown in Figure 2.7. A substan

tial range, 180 kilometers, was attainable for these data. Similarly, 

the variogram computed for MMI data associated with the 10 April 1947 

Barstow earthquake showed the same range, and was also modeled using 

the gaussian covariance function, as shown in Figure 2.8. 

Other data showing concave behavior near the origin were more 

difficult to model. One specific problem that was encountered for 

several earthquake data records was the eccentricity of the gaussian 

shape of the covariance. Examples of this are presented in Figures 

2.9 through 2.11 for the 25 March 1937 Long Beach, the 4 December 1948 

Indio, and the 31 May 1938 southern San Andreas earthquakes, 

respectively. Modeling the covariances associated with these MMI data 
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Figure 2.8 Variogram computed using modified Mercalli intensity 
data, 10 April 1947 Barstow earthquake. 
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Figure 2.11 Variogram computed using modified Mercalli intensity 
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necessitated the development of a function that has a slow decay near 

the origin, decreases rapidly over a narrow range, then asymptotically 

approaches zero. Because the shape of these eccentric covariances 

resembled the gaussian covariance, an exponential function was used 

for the model. The modified gaussian function was developed to model 

these eccentric covariances; the best justification for the use of 

this model is shown by the model fit for the 31 May 1938 southern San 

Andreas earthquake shown in Figure 2.11. 

Other covariances of this type also showed a similar slow decay 

near the origin, over a local range. The nonlinear covariance model 

was developed to represent this type of behavior. Four representative 

examples of this type of covariance are given in Figures 2.12 through 

2.15, for the 12 January 1954 Wheeler Ridge, the 21 July 1952 Kern 

County (Taft), the 25 August 1959 Morongo Valley, and the 1 March 1948 

San Bernardino earthquake, respectively. Each example represents a 

different order of the nonlinear function. 

The slow decay near the origin of both the modified gaussian and 

nonlinear models indicates that the covariance for these data is 

rather insensitive to changes in the length of the vector, h, for 

short to mid-range distances. In the kriging procedure, therefore, 

the computed weights, A, will be, for-all practical purposes, 

identical and roughly equivalent to the inverse of the number of 

samples used for estimation. Nevertheless, this does not indicate the 

absence of spatial structure for these particular MMI data. Near the 

origin, the computed variogram was smooth, not erratic, for these data 



S 

~ 
::Ii 
4( 
t) 

DATA VARIOGRAM 

WITH VARIOGRAM AND COVARIANCE MODELS 

2.0 

1.1 

1.11 

1.4 

1.2 

1.0 

0.1I.l---....-;-~ 

0.4 

0.1 

............................ 
............ 

' . 

1/12/114 _HIBLIR RIOCI IQ 

EXPLANATION 
DATA VARIOGRAM 

····MO·DE·i:··ciivARIA·ti"C·E··· 
""MofiEL"V"AiiiOGRAM""" 

............. 
0.0·f--.----,r--,-~-_r~-.---y---r--.--.___4r:--:-:r::-:-_::!::_::_~ 

0.0 111.0 30.0 411.0 110.0 711.0 110.0 105.0 120.0 135.0 1110.0 1l1li.0 110.0 1115.0 11:10.0 
II (KILOMETERS) 

Figure 2.12 Variogram computed using modified Mercalli intensity 
data, 12 January 1954 Wheeler Ridge earthquake. 
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and the growth of the variogram, albeit gradual near the origin (a 

slow decay in the covariance), was consistent. This behavior appears 

to be peculiar to integer data, as are the MMI observations, and for 

large magnitude events, the change in intensity levels with distance 

is very gradual. Moreover, the depth of the earthquake may also 

influence the shape of the variogram. For deep earthquakes, high 

frequency ground motion is filtered and low frequency ground motion is 

more prevalent. Low frequency ground motion is highly regular in 

spatial variability and this would influence the shape of the 

variogram. 

2.3.4 Non-Negative Definite Characteristics of the Modified Gaussian 
and Non-Linear Models for Two Dimensions 

Any non-negative definite function is also a characteristic 

function, a Fourier transform of another function (Luckacs, 1970). In 

light of this, proof of the non-negative definiteness of a function 

requires, in part, that its inverse Fourier transform exists and is 

non-negative. This proof is, nevertheless, nontrivial. 

According to a theorem by Bochner (Luckacs, 1970), a function 

is non-negative definite if, and only if, it will admit the 

representation, 

r(t) J itx 
e dF(x) , (2.29) 

where r(t) is the function in question and F(x) is its inverse Fourier 

transform. As defined by Bochner's theorem, r(t) is the characte~is-

tic function of the distribution, F(x). 
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There is another important aspect of a.charcteristic function. 

From Bochner's theorem, a characteristic function is shown to be a 

Fourier transform of a distribution function. A distribution function 

has the following property: 

+x> 
f f(t) dt 1. 

Rewriting this, 

+x> +x> 
f 1 

2iT f iwt F(w)e dw dt 1 , 

where 
-4) -4) 

1 
2iT 

+x> 
f F(w)e iwt dw f(t) • 

Because F(w) is absolutely integrable, using the Pinac Delta 

function this equation can be written as 

+x> 
f F(w) o(w) dw F(O) • 

In other words, F(O) 1, a further prope~ty of characteristic 

functions. 

It is left to be shown that the covariance models used in this 

study satisfy these conditions. 

The modified Gaussian model is, for normalized data in two 

dimensions, 

e 
N -(Ihl/a) 

2 < N < 5 , 

where h is the vector, SQRT(x 2 + y2). This function satisfies the 

condition that c(O) = 1. Moreover, if a function is of exponential 
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order, it is Fourier transformable and is, as a result, a characteris-

tic function. It is also seen that 

provided that A E 1R. The modified Gaussian model is seen to be non-

negative by inspection. 

For the nonlinear model it is necessary to limit the considera-

tion of non-negative definiteness to a finite range of the function. 

This is not an invalid concept with respect to characteristic 

functions (Luckacs, 1970). From Krein's theorem, it is valid to 

examine a function for non-negative definiteness over a finite range. 

Krein's theorem. A function, f(t), defined on a finite or 

infinite interval (-A,A), is a characteristic function if, and only 

if, it admits the representation: 

f(t) J 
itx e dF(x), It I < A , (2.30) 

where F(x) is a non-decreasing function of bounded variation. In 

addition to Krein's theorem, Matheron (1972) also a~knowledged the 

concept of a locally valid variogram model. 

The nonlinear model is, for normalized data in two dimensions, 

c(lhl) = 1 - (lhl/a)N, h < a, 2 < N ~ 5 , 
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where h is the vector, SQRT(x 2 + y2). Evaluating this function for 

non-negative defi.niteness over the finite range, -a < h < a, is valid 

according to Krein's theorem. 

Constraining h to this finite range guarantees that the nonlinear 

covariance model is always positive. Moreover, c(O) = 1, a property 

of characteristic functions. By limiting h to the finite range, 

(-a,a) the nonlinear model is Fourier transformable and is, as a 

result, a characteristic function. By Bochner's theorem, a character-

istic function is also a non-negative definite function. 

Apart from the mathematical proofs, the modified gaussian and 

nonlinear covariance models are similar to another, valid covariance 

model known as the Cubic model (De1finer, 1969). This function, for 

normalized data, is 

Ihl < a • 

(2.31 ) 

This is similar, in part, to the nonlinear covariance model, also 

written for normalized data, 

C( Ihl) 1 - (1~I)N, lhl < a ,2 < N < 5, 

and to the modified gaussian model, which, for normalized data is 

1 - (I ~ I ) N + 2 ~ (I ~ I ) 2N - 3 ~ (I ~ I ) 3N + ••• 



using the exponential series expansion. Sim1larity to an accepted, 

valid model is therefore demonstrated. 
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In a practical sense, negative kriging variances never resulted 

when using either of these covariance functions. Also, each of these 

functions was applied to approximately twenty separate data sample 

distributions; hence the correct behavior of both these functions is 

not biased to only one or two data distributions. 

No currently accepted and valid covariance function can be used 

to represent the eccentric shape that resulted for some of the MMI 

data in this study. Moreover, no nested model (Journel and 

Huijbregts, 1978) could represent these shapes. This evidence weighs 

heavily against the suggestion made by Armstrong and Jabin (1981) that 

only "approved" models be used, "approved" taken to mean currently 

published and accepted functions. 

2.3.5 Accuracy of Covariance Models: A Cross-Validation Approach 

A covariance model is specified by first selecting the general 

form of the desired function, then defining the function exactly by 

assigning values for the nugget, sill, and range. Cross-validation 

provides a quantitative approach to ensuring the best possible model 

fit to sample uata. In this technique, a known sample in a data set 

is eliminated, then estimated using kriging with the specified 

covariance model, proceeding through all data samples. 

For each estimate, a measure of error is made and is, in this 

case, the mean-square-error computed as, 
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1 
M.S.E. = N L ( 2.32) 

N 

where N is the number of data samples. For a good model fit, the 

mean-square-error should be equivalent to the average kriging 

variance. 

A cross-validation analysis was applied to each earthquake MMI 

data set used for the microzonation model. This analysis not only 

verified the accuracy of the chosen covariance model, but also demon-

strated the level of accuracy attained when kriging each MMI data 

set. The results of this cross-validation procedure are presented in 

Table 2.1, for each earthquake that was analyzed in this study; these 

results are also contained in Appendix A. Most of the covariance 

model fits made in this study were accomplished visually using an 

interactive color graphics system. This cross-validation analysis was 

made to verify the accuracy of these visual fits. 

2.3.6 Stationarity of Modified Merca11i Data 

Many of the variograms computed using MMI data, for southern 

California, displayed concave behavior near the origin. Such behavior 

can indicate one of two possibilities, either the data possesses a 

very regular spatial struct.ure, or drift is present resulting in the 

violation of the limit theorem of equation 2.18. It is absolutely 

essential that drift be shown to be absent, at least over a local zone 

of separation distance, h, in the range (O,R). 

Drift can be evaluated quantitatively using equation 2.19. To be 

meaningful, however, drift must be evaluated along a consistent 
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Table 2.1 Cross-Validation Results for Modified Mercalli 
Intensity Observations, 1930-1971. The order of each 
non-linear and modified gaussian function is given in 
Appendix A, Table A.3 

A B 
Mean Square Kriging Covariance 

Date Error Variance IA - BI Model 

8/31/30 0.69 0.79 0.10 spherical 

~/24/31 0.32 0.30 0.02 non-linear 

11/01/32 1 1.22 0.12 1.10 linear 

3/11/33 1.46 1.57 0.11 spherical 

10/02/33 0.45 0.44 0.01 spherical 

12/30/34 0.28 0.33 0.05 gaussian 

6/19/35 0.62 0.67 0.05 linear 

7/13/35 0.39 0.32 0.07 spherical 

12/25/35 0.26 0.22 0.04 non-linear 

2/23/36 0.36 0.35 0.01 mod. gauss. 

3/25/37 0.47 0.39 0.08 mod. gauss. 

7/07/37 0.56 0.42 0.14 linear 

8/17/37 0.51 0.53 0.02 linear 

9/01/37 0.19 0.15 0.04 spherical 

5/31/38 0.40 0.50 0.10 mod. gauss. 

8/31/38 0.74 l.OC 0.26 mod. gauss. 

12/27/39 0.47 0.44 0.03 non-linear 

10/11/40 0.54 0.67 0.13 mod. gauss. 

7/01/41 0.52 0.38 0.14 gaussian 

10/22/41 0.94 1.09 0.15 mod. gauss. 

11/14/41 0.58 0.90 0.32 mod. gauss. 

10/21/42 0.54 0.42 0.12 spherical 

8/29/43 0.55 0.43 0.12 linear 

6/12/44 0.37 0.30 0.07 non-linear 

6/19/44 1.05 0.39 0.66 linear. 

8/15/452 4.25 0.15 4.10 non-linear 

3/15/46 0.34 0.19 0.15 linear 

9/28/46 0.16 0.20 0.04 non-linear 

4/10/47 0.73 0.63 0.10 gaussian 

7/24/47 0.47 0.41 0.06 non-linear 

2/20/48 1.03 0.92 0.11 non-linear 

3/01/48 0.68 0.72 0.04 non-linear 

4/16/48 0.48 0.53 0.05 spherical 
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Table 2.1 Cross-Validation Results fo~ Modified Mercalli 
Intensity Observations, 1930-1971. The order of each 
non-linear and modified gaussian function is given in 
Appendix A, Table A.3--Continued 

A B 
Mean Square Kriging Covariance 

Date Error Variance IA - BI Model 

12/04/48 0.71 0.71 0.00 mod. gauss. 

5/13/49 0.14 0.11· 0.03 non-linear 

9/19/49 1.26 0.87 0.39 spherical 

2/26/50 0.57 0.81 0.34 gaussian 

9/05/50 0.32 0.33 0.01 non-linear 

12/26/51 0.64 0.64 0.00 mod. gauss. 

7 !l0/ 52 0.75 0.81 0.06 non-linear 

7/21/52 0.33 0.31 0.02 non-linear 

8/23/52 0.82 0.72 0.10 mod. gauss. 

5/02/53 1,2 0.61 0.14 0.47 linear 

1/12/54 0.78 0.65 0.13 non-linear 

1/27/54 1.29 1.11 0.18 guassian 

3/19/54 0.37 0.37 0.00 non-linear 

5/23/54 1,2 0.01 0.15 0.14 spherical 

12/16/54 0.37 0.34 0.03 linear 

9/14/55 1 0.12 0.12 0.00 linear 

1/03/56 0.52 0.59 0.07 mod. gauss. 

2/07/56 0.63 0.69 0.06 mod. guass. 

2/09/56 0.48 0.43 0.05 linear 

3/18/57 1 0.35 0.56 0.21 linear 

7/14/58 0.43 0.60 0.17 mod. gauss. 

10/15/58 0.44 0.44 0.00 non-linear 

8/26/59 0.13 0.23 0.10 non-linear 

10/01/592 0.01 0.03 0.02 non-linear 

6/28/601 0.45 0.17 0.28 linear 

10/20/61 0.87 0.82 0.05 spherical 

11/15/611 0.55 0.38 0.17 spherical 

10/29/62 1 0.38 0.20 0.18 spherical 

3/01/63 0.51 0.28 0.23 mod. gauss. 

9/23/63 0.48 0.39 0.09 non-linear 

8/30/64 0.25 0.24 0.01 spherical 

12/20/64 0.25 0.31 0.06 non-linear 

1/01/65 0.45 0.44 0.01 non-linear 
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Table 2.1 Cross-Validation Results for Modified Mercalli 
Intensity Observations, 1930-1971. The order of each 
non-linear and modified gaussian function is given in 
Appendix A, Table A.3--Continued 

A B 
Mean Square Kriging Covariance 

Date Error Variance IA - BI Model 

4/15/65 0.66 0.79 0.13 non-linear 

7/16/65 0.51 0.59 0.08 guassian 

9/25/65 0.33 0.27 0.06 non-linear 

9/26/65 1 0.10 0.00 0.10 non-linear 

10/10/65 0.47 0.38 0.09 mod. gauss. 

10/02/66 0.71 0.54 0.17 linear 

1/08/67 0.17 0.24 0.07 non-linear 

5/21/67 0.60 0.50 0.10 nC)n-linear 

6/15/67 0.52 0.57 0.05 gaussian 

7/12/67 0.42 0.41 0.01 mod. gauss. 

4/09/68 0.54 0.58 0.04 mod. gauss. 

7/05/68 0.37 0.30 0.07 spherical 

2/28/69 0.36 0.42 0.06 non-linear 

4/28/69 0.34 0.33 0.01 non-linear 

10/27/69 0.44 0.36 0.08 spherical 

9/12/70 0.35 0.35 0.00 non-linear 

1/05/71 0.53 0.52 0.0] non-linear 
2/09/71 0.53 0.60 0.07 linear 

lNugget value is zero 

2Total number of samples is less than six. 
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spatial direction such as east-west, north-south, and so on. 

Moreover, as stated previously, drift is considered to be absent if 

the mean of the values computed from equation 2.19, for various values 

of h, is zero. The presence of drift is indicated by a consistent 

growth in the drift with separation distance, h, in either a positive 

or negative direction. 

Drift characteristics are shown in Figures 2.16 through 2.19 for 

four representative earthquakes. Whereas global drift is evident in 

at least one direction for each of these earthquakes, there is a 

limiting, local distance of separation, approximately 50-100 

kilometers, within which the mean of the dr.ift values is approximately 

zero. For MMI data, judging from these examples, the concept of local 

stationarity is valid. The range of the covariance model is confined 

as this limiting distance of separation. 

2.3.7 Summary: Spatial Structure of Modified Mercalli Intensity Data 

Spatial structure to MMI data was demonstrated for seventy 

percent of the historic southern California earthquakes in the time 

period, 1930-1971. This has several important implications. First, 

it demonstrates the existence of a spatial relationship for these 

earthquake data. More precisely, MMI observations are not purely 

random in their spatial distribution. Second, the quality of MMI data 

is accentuated, although it has largely been ignored in previous 

seismic zonation studies; Algermissen (1969) is an exception. 

In Appendix B, it is noted that MMI data are a collection of 

subjectively assigned values representing the level of ground motion 



Figure 2.16 Drift characteristics, 21 July 1952, 
Kern County (Taft) earthquake. 
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as determined from observations, a cracked chimney for example. Yet, 

there is doubt about these MMI assignments. A cracked chimney may 

just as well be attributable to poor construction as it is attribut

able to ground vibration. This doubt in making MMI assignments is 

more or less evident in the nugget value of the variogram. Overall, 

for the MMI historic record for southern California, in the time 

period 1930-1971, nugget values were rather low and spatial structure 

was prevalent, which suggests these data are quite accurate. 

2.4 Estimation of Modified Mercalli Intensity Data Using Kriging 

For the regionalized variables approach to earthquake microzona

tion, a regularization of earthquake intensity observations was 

desired to provide discrete locations, common to all earthquakes, at 

which an MMI observation is associated. Through this regularization, 

or spatial registration, a straightforward comparison of ground motion 

between earthquakes is possible. All MMI observation reports, 

however, are usually associated with population centers and are, as a 

consequence, spatially irregularly distributed. An estimation 

technique, specifically kriging, is needed for the spatial regulariza

tion process. 

2.4.1 Application of Kriging to Yield Digital Isoseismal Maps 

Kriging was used to regularize MMI data associated with each 

earthquake by estimating these data at intersections of a uniform, 

square grid. For each earthquake, the grid was geographically 

registered, with the southwest corner for each earthquake having the 
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polar coordinates: 33°l4'N, 119°41'W. The dimensions of each grid 

was 250 kilometers by 250 kilometers. Each of these grids contained 

3025 intersections. In this manner, digital isoseisma1 maps were 

produced for each earthquake listed in Table 2.1. 

2.4.2 Examples of Kriged Isoseisma1 Maps 

Representative examples of kriged, isoseisma1 maps are presented 

in Figures 2.20 through 2.29. In addition, estimation accuracy for 

each kriged isoseisma1 map is indicated in a separate, shaded contour 

map. Actual kriging variances for these maps are presented in 

Appendix C. This is, in an actual sense, a measure of the error of 

estimation. 

One possible result of kriging is a smoothing of maximum and 

minimum values in favor of the data mean. This is particularly 

evident in the kriged isoseisma1 map for the 9 February 1971 San 

Fernando earthquake, shown in Figure 2.29. This map shows a maximum 

contour interval of an intensity VIII, yet there were only three 

intensity observations greater than this level with the maximum being 

an intensity XI. With only a few maximum values, the overall sample 

mean was lower and this was reflected in the kriged result. In 

contrast, smoothing was less pronounced for the 11 March 1933 Long 

Beach earthquake, Figure 2.20, for which the maximum value was an 

intensity IX and the kriged isoseisma1 map shows a maximum contour 

interval of VIII. 
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Figure 2.21 Kriged isoseismal map, 31 May 1938 Southern San Andreas earthquake (left). Kriging 
variance is contoured in the map on the right; here, the clear region has an 
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2.5 A Time Domain Technique for a Probabilistic Approach to 
Earthquake Microzonation: Gumbel's Statistics of Extremes 

Kriging, in this case applied for earthquake parametric 
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estimation, is operational in the spatiaZ domain. Spatial structure 

was demonstrated for MMI data; hence, these data are not independent 

in the spatial domain. With respect to the time domain, however, MMI 

data are temporally independent. 

Because MMI data are independent in the time domain, any 

technique that is currently accepted for use in a probabilistic 

analysis, such as the extreme value or Bayesian approaches, can be 

used with these kriged data. The spatial aspects of the probabilistic 

result, however, will depend on the kriging technique. For the 

following microzonation, the theory of extreme values (Gumbel, 1958) 

was chosen, arbitrarily, as the probabilistic technique for assessing 

the seismic hazard for southern California. 

2.5.1 Defining the Probabilistic Hazard: Gumbel's Method 

Earthquake hazard, as defined for this microzonation study, is 

the probability of exceeding a threshold value of modified Mercalli 

intensity over a fifty year period. Because Gumbel's method of 

extremes is used to define this probability, the maximum annual 

intensity at each of the grid intersections is used. In this manner, 

the spatial aspects of seismic hazard are defined. 

From the theory of extremes (Gumbel, 1958), the probability of 

being below a given threshold can be defined as, 
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P(xN < T) EXP [ -EXP [ -a (T - ll) 1] , ·(2.33) 

and the probability of exceeding a threshold is 1 - P, where T is the 

threshold value, and a and II are parameters of the data distribution 

(Newmark and Rosenbleuth, 1971). This data distribution is defined to 

be exponential, hence assumed. Therefore, if Wa(x) represents the 

collection of maximum intensities, x, at grid intersection, a, the 

distribution can be assumed to be, 

W (x) = EXP(x) , (2.34) 
a 

and II and a are found by plotting this distribution. In this ploe, a 

is the inverse of the slope and II is the intercept of this plot with 

the abscissa. 

In actuality, these plots were not physically drawn because there 

were 3025 grid intersections for which equation 2.33 was to be 

evaluated. As an alternative. II and a were computed analytically by 

taking advantage of the constant number of data values, forty-one 

values for the forty one year record, at each of the grid points. 

This analytical sequence is: 

i) a = aN/S, where S is the standard deviation of the intensity 
data and aN is the standard deviation of the reduced 
variate. For forty-one data values, aN = 1.1436 (Gumbel, 
1958, p. 228) 

ii) l/a = slope of the distribution; 

iii) II = mean - (lLa)·YN ' where mean is the mean of the sample 
data and YN' for forty-one data values is 0.5442 (Gumbel, 
1958, p. 228); 
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iv) W = EXP[8(min - ~)], where min is the base level intensity; 

v) Gy = EXP[-EXP(-W)] 

vi) L 

vii) A 

Gy + aomin 

EXP[L] 

viii) M EXP[-8T] , where T is the threshold value of intensity. 

Once these values are defined the seismic hazard can be evaluated 

as 

HAZARD 1.0 - EXP[-A·TYEARoM] , (2.35) 

where TYEAR, in this case, is fifty years. 

At each grid point, the vector of maximum intensity values 

provides the information to define ~ and 8. With respect to equation 

2.33, the threshold level of intensity was chosen to be VI, an 

arbitrary decision, yet this level of intensity distinguishes the 

boundary in the MMI scale between felt ground motion and damaging 

ground motion (Appendix B). 

2.5.2 Seismic Regionalization of Southern California: The 
Significance of the 9 February 1971 San Fernando Earthquake 

With respect to the guidelines proposed by Liu and Fagel (1975) 

for seismic regionalization, the regionalized variables model for 

earthquake microzonation has the following characteristics: 

a) Intensity measure: satisfied. The annual maximum intensities 

at each grid intersection of the model were used; 

b) Time interval: satisfied. Frequency of occurrence of maximum 

intensity values is implicitly included in the data; 



c) Geologic features: satisfied. Geologic effects are 

implicitly included in the MMI data and in the kriging operation to 

the extent these effects influence ground motion; 

d) Statistical model: satisfied. Gumbel's method of extremes 

was used; 

e) Completeness of historical data: satisfied for the time 

period 1930-1971, limited to MMI data; 

f) The computed hazard factor does have physical significance 

and spatial variability of the hazard factor is accounted for. 
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The regionalized variables approach to earthquake seismic zonation 

(microzonation and regionalization) is, relative to these criteria, a 

thorough approach. 

Seismic hazard was computed using equation 2.35. This hazard was 

computed first for the historical data for the period, 1930-1970, 

prior to the occurrence of the 9 February 1971 San Fernando 

earthquake. The hazard was then recomputed for data in the time 

period, 1930-1971, to evaluate the influence of the San Fernando 

earthquake on the regional seismicity of southern California. If the 

developed hazard map for the period, 1930-1970, is adequate, relative 

to the statement made by Housner and Jennings (1973), then the 

influence of the San Fernando earthquake on the regional seismic 

hazard should be minimal. 
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2.5.3 Seismic Hazard for Southern California: 1930-1970 

The seismic hazard for Southern California is shown in Figure 

2.30, a contour of the probability values computed using equation 

2.35. Because this map is difficult to appreciate, at first glance, 

Figure 2.31 accentuates several aspects of this hazard. Perhaps the 

most significant result of this seismic regionalization is the spatial 

distribution of highest hazard. High hazard areas surround Santa 

Barbara (34°24'N, 119°41'W), attributable to seismicity in the Santa 

Barbara Channel and proximity to other active faults such as the White 

Wolf fault (Figure 2.32); high hazard is also seen near San Clemente 

(33°25'N, 117°30'W), attributable to activity on the Newport

Inglewood, San Andreas, and San Jacinto faults; another zone is near 

Wheeler Ridge (35°N, 119°W), attributable to activity on the White 

Wolf fault. This spatial distribution is interesting because none of 

these high-hazard areas coincides with los Angeles. 

In fact, the city of Los Angeles is associated with the lowest 

seismic hazard for the coastal section of Southern California. The 

seismic hazard for the city of Los Angeles, centered near (34°N, 

118°W), is defined by a probability of only 20-50% of exceeding an 

intensity VI in fifty years, whereas the high hazard areas acknowl

edged above were associated with at least an 80% probability of 

exceeding the same threshold level of intensity in the same time 

interval. Moreover, much of the San Andreas fault, from San 

Bernardino to Fort Tejon, is associated with low seismic hazard, which 

may have important significance for the concept of seismic gaps. 
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It is of further significance to compare the spatial distribution 

of the seismic hazard with the collective spatial distribution of MMI 

observations for the period, 1930-1970. This comparison is provided 

by Figure 2.33. The lowest seismic hazard (Los Angeles and Orange 

counties) coincides with the highest density of felt reports (MMI 

observations). The frequency of high intensity observations within 

this region, however, was low. Implicit in this comparison is the 

conclusion that low seismic hazard is not a result of sparse data. 

2.5.4 Seismic Hazard for Southern California: 1930-1971 

For the computation of the probabilistic hazard to include the 9 

February 1971 San Fernando earthquake, the computation of e and ~ in 

the analytic sequence preceding equation 2.35 was modified to consider 

forty-two observations per grid point. These parameters are computed 

instead as 

0N/ S aN = 1.1458 ; 

mean - (l/e)·YN ' YN 
(2.36) 

0.5448 • 

Seismic hazard was then recomputed at each grid intersection using 

equation 2.35. 

This revised hazard map is shown in Figure 2.34. The spatial 

distribution of the high hazard is relatively unchanged from the 

hazard shown in Figure 2.31; this comparison is provided by Figure 

2.35, and shows that only in the vicinity of San Fernando does the 

hazard increase significantly. Moreover, the seismic hazard is 

relatively unaffected elsewhere, with the exception of the spatial 
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distribution of low hazard which is less extensive subsequent to the 

occurrence of the San Fernando earthquake, as shown in Ftgure 2.36. 

As a whole, the occurrence of the San Fernando earthquake had minimal 

effect on the seismic hazard computed using MMI data for the period, 

1930-1970. 

This is highly suggestive that a forty-one year historic reco~d 

of seismicity, in this case for the period 1930-1970, adequately 

defines the seismic hazard for this portion of southern California. 

This histo.rical record does not, however, include a maximum probable 

event for the San Andreas fault. 

Nevertheless, it would not be accurate to include the spatial 

distribution of MMI data for the 1857 Fort Tejon earthquake, a maximum 

probable San Andreas event of magnitude 8.5, with the historic record 

for the period, 1930-1970, to evaluate seismic hazard. To correctly 

assess the effect of this earthquake, aZZ data for the period 1857-

1970 must also be included. Otherwise, the seismic hazard evaluation 

will be biased to a maximum event. It was completely correct, in 

contrast, to introduce the spatial distribution of MMI data for the 

San Fernando earthquake into the seismic hazard evaluation because it 

was in chronological sequence with the historic record used, 1930-

1971. 

2.6 Discussion: Results of the Microzonation 

Several aspects of the regionalized variables model for seismic 

zonation are significant. First, high seismic hazard for southern 

California was more precisely focused then for any previous study and 



" ;, 

SOUTHERN CALIFORNIA SEISMIC HAZARD 

PRIOR TO 1971 

SOUTIIEIlN CALIFORNIA SEISMIC IIA'l.AHD 

sunSEQUENT TO 1971 

cv' !' 0 . 

b 0 ~. '---.,J (r; J .~ .-1 . -..Jr " 
J: ~? 0 . oJ, II(;, 

" d 't· /' _.8' ~_ ~\ ~ 
·;1 f"£ .~. <&., [I,.. Q .. 

~I C> r- ell • d: !~ 
.t. ...... ; ~ 0 go> 0 'C;>Cb '. 0 -\ 

~ ........ g-J \...~ .. .... 0 6'0 0 

.M ~~ .. / '." 0-'--\" ( 

.~, . , , ~ , ,//' 

".-41' .... -.,.. ".-45". "'-Jrw Il,· .. rw 1l,.U"'if 

~FO' //~1 (l'riO~~~~' V 
: '-=~O~-Bo;f~ ~~;'~~~y~0J,rp. 
.. ~ "- L .. 
.~ "1'\ \~, .': "'" 

1i0-"-. IIU·,:r. Il.·.~·tr .. s-n'. In-,ur. 117-2Z·. 
12!i KLI RADIUS ABOUT SAN fERNANDO 10!5 KLI IIAOIIIS AROllT SAN fERNANDO 

----.. ~~-. -

Figure 2.36 Comparison of the spatial distribution of low seismic hazard for the 
southern California region prior to 1971 (left figure) to the spatial 
distribution of low seismic hazard subsequent to 1971 (right figure). 00 

(j\ 



87 

was not biased to any presumptions about seismic potential. Second, 

historic seismicity has, for the first time, been extensively 

incorporated into a model for seismic zonation, data that is readily 

available and for which increasing funds are spent for acquisition. 

These aspects shall be addressed separately. 

2.6.1 Seismicity of the Santa Barbara Channel 

The results of the regionalized variable approach to microzona

tion associated one of the highest seismic hazards with the region 

surrounding Santa Barbara, including Oxnard, Ventura, Santa Cruz 

island, and the Santa Barbara Channel. This hazard reflects a rather 

large amount of seismic activity within the Santa Barbara Channel, 

perhaps attributable to movement along the Oak Ridge fault (Figure 

2.32). 

Based on historic epicentra1 informatlon, Hamilton, et ale (1969) 

recognized the high level of seismic activity within the Santa Barbara 

Channel. Since 1900, two earthquakes exceeding magnitude 6.0 have 

occurred within the channel, and historical information exists for an 

earthquake that occurred within this channel in 1812 that may have 

exceeded a magnitude 7.0. These researchers concluded, based on this 

frequency of occurrence, that seismic shocks of at least a magnitude 

6.0 can be expected in the future. 

High seismic activity near Santa Barbara was also evident in the 

plot made by A1germissen (1969) of maximum Merca1li intensity, 

reproduced in Figure 2.37. The coast of California adjacent to the 

Santa Barbara Channel is shown to be particularly active. In spite of 
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Figure 2.37 Plot of maximum recorded modified Mercalli 
intensity (Algermissen, 1969). 
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this the seismic hazard map used by the Applied Technology Council, 

shown in Figure 2.38, downplays the seismicity of the Santa Barbara 

Channel in favor of the potential activity along the San Andreas 

fault. The regionalized variables model, however, associated a rather 

low hazard with a considerable portion of the San Andreas fault. It 

appears, then, that seismic hazard computed using historical data is 

realistic, moreover unbiased. 

2.6.2 Validity of a Mlcrozonation Based on Historical Data 

In Chapter 1, the state-of-the-art for seismic hazard assessment 

was reviewed. It was concluded, based on this review, that the only 

realistic approach to micro zonation was through full incorporation of 

available, historic information of seismicity into a model to assess 

siesmic hazard. To this end, treatment of MMI data as a regionalized 

variable showed this data to be spatially regionalized, hence accentu-

ating its utilization. 

There are several advantages to relying on historical data for 

microzonation. First, directional attenuation characteristics are 

implicitly included. This is easily apparent when the kriged isoseis-

mal map for the 11 March 1933 Long Beach earthquake is compared to 

that for the 21 July 1952 Kern County earthquake, Figure 2.39. A 

rapid, northeast attenuation is evident for the Long Beach earthquake, 

whereas no clear attenuation trend is evident for the Kern Country 

earthquake. Attenuation characteristics are unique for each earth-

quake and, relative to this comparison, can be markedly different. 



Figure 2.38 Seismic zonation of the United States 
(Applied Technology Council, 1978). 
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In addition to directional affects, local spatial variability in 

ground motion is also accounted for. This is implicit in the kriging 

technique which relies on a random function describing a dichotomous, 

regionalized variable. Local, sit~-specific behavior is accounted for 

by using nearest, neighboring samples in this random function. This 

is better than a point source-attenuation approach, a regression 

analysis, which can only account for regional ground motion character

istics and is incapable of examining near-field effects. 

As examples, Barosh (1969) discussed-tntensity-epicentral 

distance curves useful for predicting intensities on.the basis of 

spatial location and earthquake magnitude. In addition, the principal 

controlling factor governing ground motion intensity at a location was 

considered to be the geologic environment. Other research that 

supplements this approach is Anderson (1978) and Everndon, et ale 

(1981). Each of these examples is a regression and none accounts for 

actual local variations in seismicity. The regionalized variables 

model for seismic zonation includes these features implicitly 

(distance attenuation, geologic control, and magnitude, for example) 

yet is not biased by assuming any of these aspects. 

2.7 Earthquake Microzonation Based on Instrument Data 

Modified Mercalli intensity data are the most easily accessible 

historical information available for use in seismic hazard studies 

(for example, these data are obtained in U.S. Earthquakes, U.S. 

Department of Commerce). Moreover, these data were used to develop 

the regionalized variables model for seismic zonation. This does not 
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imply, however, that other earthquake ground motion data, instrument 

recordings for example, cannot be treated as regionalized variables 

and incorporated into a similar model. 

Instrumentation is most extensive for southern California (Maley 

and Cloud, 1973). As a result, considerable instrument data was 

collected during the 9 February 1971 San Fernando earthquke (Trifunac, 

et a1., 1973). These data were used to test the applicability of the 

theory of regionalized variables to other types of ground motion 

measurements. 

Specifically, peak values of acceleration, velocity, and 

displacement, recorded during the San Fernando earthquake, were 

used. The locations of these instruments are listed in Appendix A. A 

significant aspect of these instrument data is the large number or 

recordings within the city of Los Angeles, also listed in Appendix 

A. The MMI data associated with this earthquake, on the other hand, 

only contained one observation for this city. The amount of data 

available for the city of Los Angeles allows both a regiona1ization of 

southern California and a microzonation of Los Angeles to be made. 

Variograms computed for peak instrument values, at both a 

regional and a local scale, are shown in Figures 2.40 through 2.45. 

These veriograms verified that instrument data is spatially 

structured, moreover stationary in a global sense. The shape of each 

of these variograms differed, however. For peak displacement and 

velocity data, the variograms were concave at the origin, indicative 

of a regular spatial structure, whereas the variogram for peak 
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acceleration was linear at the origin. This is not unexpected. 

Velocity and displacement are low frequency phenomena, hence more 

regular in occurrence, whereas acceleration is a high frequency, 

erratic phenomenon. Despite the difference in the shape of the 

variogram, each type of instrument data was verified as a regionalized 

variable which allowed these data to be estimated using kriging. 

Because the availability of instrument data is limited, at least 

relative to MMI data, a microzonation study as far-reaching as that 

described using MMI data is, perhaps, unwarranted at present. The 

objective here, nevertheless, is to demonstrate that the regionalized 

variables technique used previously for micro zonation is not 

restricted to any particular ground motion data. As instrument 

recordings become more extensive, use of these data for future micro

zonations will be warranted. 

Examples of kriged isoseismal maps for peak values of 

acceleration, velocity, and displacement are presented in Figures 2.46 

through 2.48, for the southern Califor.nia region as affected by the 9 

February 1971 San Fernando earthquake. In Figures 2.49 through 2.51, 

the results of the estimation for the local scale of Los Angeles are 

presented. Estimation using kriging, therefore, is not limited by 

scale considerations, provided this scale is compatible with the 

sample data. 

A more detailed analysis of the spatial distribution of peak 

instrument values resulted from the regionalized variables approach to 

ground motion estimation. As an example, Figure 2.52 compares a 
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Figure 2.49 Kriging results, peak acceleration data, Los Angeles, 
9 February 1971 San Fernando earthquake. The upper 
left corner has coordinates: 34.22°N, 11S.48°Wj the 
lower left corner is: 34.00oN, 118.48°W; the upper 
right corner is: 34.22°N, 118.22°W. 
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previously published contour map of peak acceleration for the 9 

February 1971 San Fernando earthquake to that estimated by kriging. 

Previous studies have relied on regression analyses which result in 

smooth, elliptical contours. The kriged result shows, however, that 

the spatial distribution of peak acceleration is quite variable and is 

not smooth with regular contours. 

The regionalized variables model for earthquake microzonation, as 

a result of this brief treatment of instrument data, is not limited to 

any particular type of earthquake spatial~ata. For an extensive and 

thorough study of seismic hazard, however, it is necessary to use the 

most complete, historic record available. At the present time, this 

warrants the use of modified Mercalli intensity data for seismic 

hazard assessment. 



CHAPTER THREE 

A REGIONALIZED VARIABLES APPROACH TO MODELING EARTHQUAKE SPECTRA 

3.1 Estimation of Velocity Response Spectra Using Kriging 

In the preceding chapter, an application of the theory of 

regionalized variables to the estimation of peak ground response 

values (acceleration, velocity, and displacement) was described. To 
~ 

rely solely on this approach for earthquake resistant design, however, 

assumes that knowledge of peak values is significantly more important 

than knowing the frequency character~stics of ground response 

values. In fact, estimating only peak ground response values excludes 

frequency information, and the use of this technique may lead to an 

incomplete design of structures. 

A more detailed design approach includes frequency information in 

the form of either the Fourier spectrum or the response spectrum. A 

Fourier spectrum is computed using input ground motion as 

F(w) 
+00 

J f(t)e-iwt dt (3.1) 

where f(t) is the input ground motion, such as acceleration, and is a 

function of time, t; frequency is obtained as w (Cherry, 1974). 

As an alternative, the response spectrum is constructed as a plot 

of maximum response to an input ground motion of linear, single degree 
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of freedom systems each having an unique natural frequency. This 

concept is shown in Figure 3.1, adapted from Cherry (1974). A 

response spectrum (also the Fourier spectrum) is intended to display 

the frequency characteristics of ground motion. 

An example of a relative velocity response spectrum is presented 

in Figure 3.2, and shows the frequency components of ground motion 

during the 9 February 1971 San Fernando earthquake. Given a response 

spectrum, and knowing the frequency characteristics of a proposed 

building or soil type, this plot can be used to determine the response 

induced by a selected level of ground motion (the level of ground 

motion responsible for the particular response spectrum used). If a 

peak response occurs at the natural frequency of the building or soil, 

then a peak value approach to earthquake resistant design, as 

described earlier, is warranted. On the other hand, if a trough 

occurs at this frequency, a peak value approach is inappropriate 

because it significantly overestimates response to ground motion. 

3.1.1 Frequency Characteristics of Buildings and Soils 

For a particular type of foundation material, or for a man-made 

structure, the undamped natural frequency (w N) of the system is given 

as 

(radians/second) (3.2) 

in which k is the system stiffness and m is the mass of the system. 

After scaling this value by 1/21T, the undamped natural frequency is 

obtained in terms of hertz, 
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Figure 3.2 An example of a relative velocity response spectrum. 
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(cycles/second) (3.3) 

By inverting this value, the undamped natural period is obtained as 

(seconds/cycle) (3.4) 

In terms of the natural period, TN' a rough relationship exists 

between spectral velocity, displacement, and acceleration as (Newmark 

and Hall, 1969) 

? 
(A) (g) = wV = wD (3.5) 

where A is the maximum pseudo-acceleration and g is the acceleration 

due to gravity, V is the maximum pseudo-ve10city, D is the maximum 

displacement, and w is the frequency of vibration. In terms of 

spectral velocity, Sv' chosen as an example, this relationship can be 

used to develop 

S , spectral acceleration 
a 

Sd' spectral displacement 

(21f /TN)· Sv 

(T
N

/21f).Sv 

Because this relationship exists between these three values, a 

tripartite plot relating these values, as a function of period and 

damping, can be made. Such a plot of response to ground motion for 

the San Fernando earthquake, representing the same site as referenced 

for Figure 3.2, is shown in Figure 3.3. This figure, also a response 

spectrum, provides more information than supplied by Figure 3.2 

because three aspects of ground motion are shown. 
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3.1.2 Development of a Response Spectrum at an Uninstrumented Site 

Acknowledging the worth of having information that relates ground 

response to frequency, the task of developing a response spectrum at a 

site for which no historical response spectrum recordings exist i~ not 

trivial. Several methods, each quite different in approach, are 

currently accepted for use to accomplish this goal. 

One comparatively simple method for developing a response 

spectrum at a site first involves estimating peak ground response 

values of acceleration, velocity, and dispiacement (Newmark and Hall, 

1969). This technique forms a tripartite response spectrum analagous 

to Figure 3.3. On such a plot recorded during the 1940 E1 Centro 

earthquake, shown in Figure 3.4, it was observed that for frequencies 

beyond two cycles per second, the acceleration is practically constant 

and equal to the peak acceleration value for a particular degree of 

damping. For low frequencies, less than 0.3 cycles per second, 

displacement is nearly constant and equal to peak displacement for a 

particular degree of damping. With respect to midrange frequencies, 

0.3 to 2 cycles per second, velocity is essentially constant and equal 

to the peak value of velocity relative to the degree of damping. 

By observing these characteristics, a smoothed tripartite 

response spectrum can be formed simply by estimating peak ground 

response values. These observations, however, were made relative to 

one response spectrum shown in Figure 3.4 for the 1940 El Centro 

earthquake. These generalizations are not easily made for the tri

partite plot shown in Figure 3.3, for the San Fernando earthquake. 
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This simple approach to forming a response spectrum for a new site may 

not, therefore, have relevance to all earthquakes. Furthermore, this 

approach results in a significant smoothing of a response spectrum to 

achieve a rough approximation. 

An alternative approach that has gained wide acceptance for 

developing response spectra for soils was developd by Schnabel, 

Lysmer, and Seed (1972). This technique analyzes homogeneous, layered 

mediums of infinite horizontal extent in response to a selected input 

motion. This approach yields a theoretic~ analysis of response as a 

function of natural frequency and is based on the assumption that the 

frequency characteristics of the input motion are correct for 

analysis. The use of this technique, therefore, requires prior 

knowledge of site soil and subsurface properties and selection of 

input ground motion characteristics. 

These data, however, may not be readily available. Furthermore, 

using these data causes this theoretical analysis to be biased toward 

the assumption that these data control response spectra 

characteristics at a site. 

It should be noted that both methods, the peak value approach and 

the analytical technique, offer a straightforward means for computing 

response spectra at- sites not surrounded by locations for which 

historical recordings of response spectra exist. Using these 

techniques for sites in close proximity to locations for which 

historical information is available, however, ignores the implications 

these historical records have for assessing the expected ground motion 
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characteristics at a site of concern. Moreover, if surrounding data 

are used to compute a response spectrum at a site, there is no need to 

make assumptions concerning the characteristics of input ground motion 

to the system. 

One technique that relies on surrounding historical information 

is the averaging of response spectra, first described by Housner 

(1952), and reviewed by Donovan et al. (1975), who noted that an 

average response spectrum is adequate for use in the design of 

structures for seismic resistance. By averaging response spectra 

recorded during a previous event, or events, using spectra surrounding 

a site of interest, the spectrum that is the average has spectral 

characteristics that are an average of all input spectra. 

In forming such an average response spectrum, each historical 

response spectrum used as input contributes equally to the average. 

This process is identical to the concept of the numerical average 

f~ = ~ I 
N 

(3.7) 

here, f~ is the estimate of the response at natural period, T, and f¥ 

is the response of each of N known spectra at the same natural period. 

A slightly different, but somewhat related technique forms a 

maximum envelope spectrum. For this, equation 3.7 is modified to 

become 

(3.7a) 
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Such a computation yields the maximum response recorded for all 

surrounding sites corresponding to a specific natural period, T. This 

is a conservative approach that assumes the ground response at the 

site of interest for all natural periods will not exceed the maximum 

response for surrounding sites. This approach is somewhat related to 

the computation of an average spectrum because frequency information 

is included in the same manner; the maximum envelope spectrum, 

however, usually results in a significant overestimation of ground 

response. 

Nevertheless, the method of averaging response spectra, or 

forming a maximum envelope spectrum, ignores spatial variability of 

response spectra characteristics. The averaging technique assumes 

that the contribution of each surrounding site to the site of concern 

is inversely proportional to the total number of surrounding sites. 

For the maximum envelope technique, near site effects are disregarded 

in favor of a maximun response irrespective of the location at which 

the maximum response occurred. A more reliable technique for 

computing a response spectrum, though, would result if spatial 

characteristics of ground motion could be accounted for in the 

solution. 

3.1.3 An Approach to Defining the Spatial Characteristics of 
Response Spectra 

Recognition of the importance of determining the spatial 

characteristics of earthquake ground motion, with respect to response 

spectra, warranted the application of the theory of regionalized 



120 

variables (Matheron, 1963) to response spectra estimation. Testing 

the validity of this application first warranted the application of 

the concept of the variogram to define the spatial characteristics of 

these data. This first involved determining the independent variable 

to be used in computing variograms. 

Referring to Figure 3.2, one possibility is to co~sider period as 

the independent variable. Variograms computed on this assumption, 

however, displayed strong drift characteristics from the origin and 

could not, as a result, be modeled using crny of the currently accepted 

variogram or covariance functions. Furthermore, considering period as 

the independent variable limited the spatial analysis to one dimension 

and to the specific site at which the response spectrum was recorded. 

Because the spatial characteristics are strong functions of 

frequency, separate variograms were produced for discrete frequencies 

within the response spectra. Frequency discretization can be 

considered frequency "slicing". This is the approach used to solve 

equations 3.7 and 3.7a because each value, f, is a function of a 

particular period, T. To form a complete response spectrum involves 

the use of several data sets, each corresponding to a different period 

or frequency. The total number of data sets used depends on the 

desired resolution of the estimated spectrum; the more data sets, the 

more the estimate will resemble Figure 3.2. 

In this study, relative velocity spectra for 5% damping recorded 

during the 9 February 1971 San Fernando earthquake were used. Data 

from forty-six separate recordings were used. Accelerograms recorded 
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in buildings were restricted to basement or ground floor locations to 

minimize structural influence. In addition, only recordings 

representing response to vertical ground motion were used because 

measurement of the vertical component was common to all sites; 

directions of measured horizontal response were not consistent for all 

recordings. Sixteen discrete periods in the range from 0.125 

seconds/cycle to 10 seconds/cycle were used. Statistical aspects of 

these sixteen data sets are reviewed in Table 3.1. 

Although variograms were computed for-each of the sixteen data 

sets, only representative examples are included in Figures 3.5 through 

3.8. Statistical characteristics of variograms for each data set, 

however, are reviewed in Table 3.2 for all periods used in this 

study. As observed in Figures 3.5 to 3.8, and for variograms computed 

for each discrete period (as noted in Table 3.2) all variograms 

increased from the origin to the indicated sill value, attained at the 

range indicated, and displayed random behavior thereafter. Within the 

designated range, therefore, definite spatial relationships were 

defined for all discrete periods used in this study, validating the 

treatment of ground motion as a regionalized variable. 

3.1.4 Variogram Characteristics 

As can be concluded after reviewing Table 3.2, and after 

observing Figures 3.5 through 3.8, variogram characteristics differ 

for each discrete natural period considered, supporting the frequency 

discretization concept. Figure 3.1 shows that a response spectrum is 

computed by recording the response of a number of single degree of 
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Table 3.1 Statistical Aspects of Relative Velocity Response 
Spectra, Frequency Discretization Approach, 
9 February 1971 San Fernando Earthquake 

Period Mean Standard No. of 
(sec/cycle) (in/sec) Variance Deviation Samples 

0.125 1.050 0.147 0.384 46 

0.250 2.090 1.350 1.160 46 

0.375 2.820 1.610 - 1.270 46 

0.500 3.040 1.020 1.010 46 

0.625 3.350 3.300 1.820 46 

0.750 3.670 4.730 2.170 46 

1.000 4.930 8.630 2.940 46 

1.250 5.080 6.900 2.630 46 

1.500 5.630 6.130 2.480 46 

1.750 5.430 11. 700 3.420 46 

2.000 5.870 15.300 3.910 46 

2.500 6.550 20.800 4.560 46 

3.000 6.870 11.100 3.330 46 

4.000 8.440 9.480 3.080 46 

7.000 4.290 2.290 1.510 46 

10.000 3.630 0.940 0.969 46 
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Table 3.2 Variogram Characteristics - Frequency 
Discretization Approach 

Period Range Model 
(sec/ cycle) Nugget Sill (km) Type 

0.125 0.100 0.135 12.000 spherical 

0.250 0.300 1.500 12.000 spherical 

0.375 0.600 1.700 12.000 spherical -
0.500 0.300 0.900 12.000 spherical 

0.625 0.600 3.000 16.000 spherical 

0.750 0.600 7.880 30.000 gaussian 

1.000 2.000 12.000 12.000 gaussian 

1. 250 1. 700 8.800 22.000 gaussian 

1.500 1.600 6.850 16.000 linear 

1.750 3.000 5.000 12.000 spherical 

2.000 3.300 10.500 16.000 spherical 

2.500 3.300 6.000 8.000 spherical 

3.000 2.300 12.000 30.000 gaussian 

4.000 2.200 11.000 20.000 gaussian 

7.000 0.400 4.120 16.000 gaussian 

lO.OOO 0.250 1.470 16.000 gaussian 
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freedom (SDOF) systems, each having an unique natural frequency, to an 

input ground motion. Variograms for this study show that the spatial 

characteristics of these SDOF systems are unique for each natural 

period. A valid approach to estimating response spectra, then, is to 

isolate the SDOF system corresponding to an unique natural frequency, 

at all sites, when estimating response spectra. 

Although variograms identified the spatial structure of ground 

motion, for all frequencies, a significant, frequency dependent random 

behavior was also present in all data setS: exemplified by the nugget 

value. In Figure 3.9, the nugget value is plotted as a function of 

frequency. It is apparent from this plot that considerable noise is 

present in the data for periods in the range of one to four 

seconds/cycle. This noise is particularly significant for periods 

between 2 and 2.5 seconds/cycle. 

Such frequency dependent noise has several important 

implications. First, because velocity response is quite variable for 

midrange frequencies, it implies that the peak value approach to 

forming a response spectrum, proposed by Newmark and Hall (1969), is 

not valid for the San Fernando earthquake. Second, and more important 

for this study, noise present in the data inhibits the accuracy of 

estimating a response spectrum for a site of concern. Nevertheless, a 

definite spatial component was present in all data sets used in this 

study. 
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3.1.5 A Cross-Validation Approach to Kriging of Response Spectra 

Of the existing techniques for estimating a response spectrum for 

a site, only averaging, or maximum envelope techniques, include 

historical information that automatically incorporates frequency. 

With these techniques, however, spatial characteristics of ground 

motion are neglected. Such neglect is correct only if a spatial 

pelationship does not exist fop pecopded spectpa. 

For the San Fernando earthquake, however, a spatial relationship 

is demonstrated to exist for all periods aSed in this investigation. 

Because spatial structure was identified for response spectra, 

averaging, which weights all points equally, is not a correct 

approach. A better approach, which guarantees maximum accuracy, 

utilizes the spatial structure for these data to estimate ground 

motion at unsampled locations. This justifies the application of 

kriging (Matheron, 1963) to the estimation of response spectra. 

In applying kriging to the estimation of response spec'tra, 

accuracy is of primary concern. Moreover, it was important to 

establish the worth of defining and utilizing the spatial structure 

which relates these data values in space. Because accuracy was an 

important consideration, cross-validation was used as the specific 

kriging technique. 

As described in Chapter 2, cross-validation involves eliminating 

a data value in a data set, then re-estimating this data value, using 

kriging, on the basis of N nearest samples. Cross-validation is 

useful in several ways. First, because the purpose of this study was 
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to demonstrate the utility of kriging for estimating response spectra, 

cross validation allows a direct comparison between the estimate and 

the actual value. After applying this technique to the sixteen data 

sets, an estimated response spectrum can therefore be compared 

directly to an actual spectrum. 

Cross validation also results in a summary of the mean square 

error of estimation. This value is computed as 

M.S.E. 
1 
N L 

N 

2 
[Actual - Estimated] 

---

where N is the total number of data points eliminated, then re-

(3.8) 

estimated. In this manner, estimation accuracy is averaged over all 

estimates. Table 3.3 reviews this accuracy, as measured by equation 

3.8, for all periods used in this study. 

Actual comparisons of the kriged estimate to the actual, 

averaged, and maximum envelope spectra are given in Figures 3.10 

through 3.14. Each of these figures shows the effect of increasing 

the range of influence used in the estimation process. For the first 

plot of each figure, the range of influence is four kilometers. For 

the second plot of each figure, the range of influence is infinite, 

and the ten closest samples were used for estimation. 

Qualitatively, this variance in the range of influence used for 

estimation has significant results. For a range of four kilometers, a 

highly restrictive limitation, kriged and averaged spectra were 

similar, albeit kriging was more accurate. Increasing the range of 

influence, however, has little effect on the kriged spectra because 



Table 3.3 Cross-Validation Results: Response Spectra 
Estimation - Frequency Discretization Approach 

Period Mean Square Average 
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(seconds/cycle) Error Kriging Variance 

0.125 0.144 0.106 

0.250 0.509 0.560 

0.375 0.610 0.638 --
0.500 0.389 0.326 

0.625 0.615 0.614 

0.750 0.408 0.445 

1.000 2.240 2.281 

1.250 1.525 1.593 

1.500 0.682 0.704 

1.750 2.618 2.685 

2.000 4.591 4.495 

2.500 4.796 4.296 

3.000 2.324 2.223 

4.000 2.199 2.282 

7.000 0.635 ·0.665 

10.000 0.334 0.301 
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greater weighting is given to the nearby points. The accuracy of 

averaged spectra, however, was seriously degraded because equal 

weighting is given to all points used for estimation. In all cases, 

regardless of, restrictions placed on the range of influence used for 

estimation, the maximum envelope technique significantly overestimates 

ground response. 

Estimation accuracy computed for all estimates using equation 3.8 

is reviewed in Table 3.4, for ten arbitrarily chosen locations. When 

the range of influence is limited to four-kilometers, the similarity 

between averaged and kriged spectra is apparent for periods less than 

1.5 seconds/cycle, and greater than 4 seconds/cycle. For midrange 

periods, where considerable noise was previously shown to be present, 

kriging yields more accurate results. As the range of influence is 

increased, the accuracy of kriging remains relatively unaffected, 

whereas the accuracy of the averaging and maximum envelope techniques 

is significantly degraded. The fact that distance variations used for 

estimation significantly affect the accuracy of averaging is further 

evidence of the existence of a spatial relationship among these 

data. These results support the application of kriging to the 

estimation of response spectra. 

3.1.6 Unusual Response Spectra 

In one instance, the accuracy of the averaging technique Was 

improved by increasing the range of influence of samples used for 

estimation, as shown in Figure 3.15. This unusual behavior is 

emphasized in Figure 3.16 for a recording made at 15910 Ventura 
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Table 3.4 Mean Square Error Summary. Comparison of Kriging 
to Average and Maximum Envelope. Frequency 
Discretization Approach. 

Period Range of Influence = 4 km Range of Influence = 00 

(sec/ 
cycle) Krig Avg Max Krig Avg Max 

0.125 0.245 0.264 0.760 

0.250 1.203 1.188 2.440 

0.375 1.138 1.132 2.813 

0.500 0.499 0.404 0.988 0.887 1.030 0.941 

0.625 0.950 0.734 1.383 0.736 1.393 1.923 

0.750 0.445 0.382 2.559 0.473 1. 261 3.023 

1.000 3.634 3.598 4.978 3.169 3.126 6.065 

1.250 2.187 2.150 2.709 2.335 3.309 5.115 

1.500 0.937 2.275 5.784 0.984 3.492 7.986 

1.750 5.613 7.369 29.851 3.173 3.779 44.230 

2.000 10.365 13.173 55.151 6.765 3.248 82.755 

2.500 12.601 15.119 86.236 7.058 4.671 124.930 

3.000 6.319 6.572 28.395 5.316 7.274 35.495 

4.000 5.197 5.323 17.391 6.136 6.336 21. 746 

7.000 1.298 1.310 5.641 

10.000 0.394 0.402 1.829 
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Boulevard, a site located within the San Fernando valley close to the 

epicenter of the San Fernando earthquake. Response spectra recorded 

north of this site, closer to the epicenter, show large responses for 

midrange frequencies whereas spectra recorded south of this site, near 

Los Angeles and farther from the epicenter, show lower responses for 

midrange frequencies. Because the number of response spectra recorded 

within Los Angeles exceeded the number recorded within the San 

Fernando valley, as shown in Figure 3.17, more Los Angeles locations 

were allowed to be used to estimate this ventura Boulevard spectrum, 

as the range of influence increased. 

This was rather inSignificant for kriging because locations 

within the San Fernando valley and closest to the 15910 Ventura 

Boulevard site were given greater weighting. For averaging, though, 

the estimate more closely resembled response spectra recorded within 

Los Angeles. 

This is a significant result for the 15910 Ventura Boulevard site 

because the response spectrum recorded for this site did not resemble 

spectra recorded elsewhere within the .San Fernando valley. Instead, 

the response spectrum for this site was more similar to spectra 

recorded within Los Angeles. Because the averaging technique included 

many spectra recorded at Los Angeles locations, it was a more accurate 

estimate fop this papti~ulap site. In fact, the improved accuracy of 

the averaging, relative to kriging, for midrange frequencies and an 

infinite range of influence, is completely attributable to the 15910 

Ventura Boulevard response spectrum. 
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In identifying unusually, or anomalously, high errors of 

estimation, a cross-validation approach using kriging is useful for 

isolating unusual response to ground motion. Used in this manner, 

kriging provides a method for isolating sites that warrant 

particularly detailed investigation of anamalous site-specific 

behavior during earthquakes. 

3.2 Discussion: Estimation, Using Kriging, of Response 
Spectra for the 9 February 1971 San Fernando Earthquake 

Figure 3.9 was previously introduced-to show the variance of 

noise as a function of frequency. This noise is, most probably, the 

result of frequency-dependent building, or structural, response. 

Many of the response spectra used in this study were recorded 

within buildings located in Los Angeles. This city passed an 

ordinance in 1965 that required three accelerographs to be placed in 

buildings taller than six stories; in 1970 this was incorporated in 

the Uniform Building Code (Maley and Cloud, 1973). There is, 

therefore, a strong bias toward building locations for instruments. 

Much of the noise present in these data, then, is thought to be 

attributable to the unpredictable spatial variability caused by 

building response. This variability remains a significant problem 

even through response spectra used in this study represented ground 

floor or basement locations. 

Information citing location of accelerographs within buildings or 

listing the height of the structure, was not available to allow an 

accurate assessment of possible structural influence on response to 



ground motion. With the published response spectra for the San 

Fernando earthquake used in this study (Trifunac, et al., 1973) no 

such information is given. Structural influence is, therefore, 

hypothesized. 
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Structural influence is only one possible contributor to random 

noise. Another possible contributor is the influence of geologic 

material, particularly soil. Seed and Idriss (1969) showed that, 

depending on foundation characteristics, the period at which peak 

response occurs can vary from 0.5 to 2.5 seconds/cycle. Without 

specific information defining the geology at each site for which a 

response spectrum was recorded, it is difficult to determine this 

geologic influence. Thus, relating random noise to unpredictable 

spatial variability of geologic materials is speculative. 

Despite the presence of noise in the data, a spatial component 

was quite apparent for all periods used in this study. If the 

behavior of both buildings and geology were spatially random, a 

completely random variogram would be expected; this was, however, not 

the case •. If buildings provided the regionalized behavior, the nugget 

value would be expected to decrease near the fundamental period of 

vibration of these structures. Figure 3.9, though, shows that the 

opposite is true. Most probably, therefore, geologic influences 

provide the spatial component whereas buildings contribute to the 

random noise present in these data. For this reason, it might be more 

beneficial to increase the number of free-field instrument locations 

to minimize the level of random noise. A study by Crouse (1978), 
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however, suggests that soil-structure interaction may not be 

significant enough to cause a difference between free field and 

structural measurements. The only way to verify this, of course, is 

through the use of an increased number of free field instrument 

locations. 

3.3 Conditional Simulation or Response Spectra 

As is evident when examining Figures 3.10 through 3.16, the 

kriged estimate, although accurate, yields a somewhat smoothed 

response spectrum. In the introductory section of this chapter, 

however, the point was made that the inclusion of frequency 

information in the analysis is important for showing periods that are 

susceptible to peak responses, and also periods that are susceptible 

to minimal responses, or troughs. 

Because kriging yields a smoothed response, instantaneous peaks 

and troughs are not always well defined. A better technique to use if 

the shape of the pesponse speetpum is a ppimapy goal is conditional 

simulation. This technique uses the spatial relationship defined by a 

variogram function to simulate outcomes of a particular random 

function. This simulation has the same data mean and variogram, as 

well as the same histogram as the original sample data. Kriging, 

because it results in smoothing of data, does not maintain the 

original data histogram. Simulation, therefore, better represents 

variability in data values. 

A conditional simulation was produced for each discrete period, 

from 0.5 to 4.0 seconds. Each of these simulations possess the same 



147 

histogram and variogram as the period for which they represent. 

Furthermore, because the variance of the conditional simulation is 

twice the kriging variance, simulations better represent the 

variability of response spectra. Conditioning was obtained using 

twelve known response spectra locations. To judge the utility of 

conditional simulation for the simulation of response spectra, ten 

locations were arbitrarily selected and the value of the simulation at 

each location was compared to the actual, measured response. 

Moreover, several random number seeds were-used for these simulations, 

which resulted in three simulated outcomes of the random function for 

each spectrum. 

Because conditional simulation maintains the variability of 

sample data, it more precisely reproduces peaks and troughs in 

simulated response spectra. Several examples of simulated response 

spectra are given in Figures 3.18 through 3.22. For these examples, 

the shape of the simulated spectrum resembles the shape of the actual 

spectrum more precisely than does kriging. 

3.4 Summary: Extension to Fourier and Tripartite Spectra 

Utilization of spatial relationships has been shown to be the 

best approach to computing a response spectrum at a site for which no 

historical information exists. For this type of ground motion, 

kriging and conditional simulation proved to be extremely useful for 

developing frequency characteristics of ground motion at unsampled 

locations. Although not formally investigated, an application of the 

theory of regionalized variables to the estimation of Fourier and 
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tripartite spectra should also be useful. For these applications, 

frequency discretization would be the logical approach. Such an 

application would provide several types of ground motion data at a 

site, rather than being limited to maximum values. 
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CHAPTER FOUR 

A NON-LINEAR ESTTIMATION TECHNIQUE FOR EARTHQUAKE 
PARAMETRIC ESTIMATION 

4.1 Introduction 

Kriging, a linear estimation technique, was previously used for 

earthquake parametric estimation. The linear behavior of this estima-

tor is implicit in its definition: -

(4.1) 

In using kriging, two values are obtained at each location chosen for 

* estimation: (i) an estimated value, z (xO)' and (ii) an estimation 

* variance, VAR[z (x) - z(x)]. 

The estimation variance is actually a measurement of estimation 

error and is analogous to the mean square error of estimation. In 

other words, 

* 1 * 2 VAR[z (x) - z(x)] = N L [z (x) - z(x)] 
N 

Although the variance is useful for defining the probability of the 

mean square error of the estimate, it does not relate to the probabil-

ity density of the variable, z(x). 
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For some applications, particularly for earthquake engineering, 

it is more useful to estimate not only a variable, z(x), but the 

probability density of z(x) as well. This probability density can be 

* used to define z (x), and can also be used to determine the probabil-

ity that a designated level of ground motion was exceeded at a site. 

Furthermore, for a particular point in space, the probability density 

is useful for judging the sensitivity of the probability of ground 

motion exceeding a particular threshold. 

A technique recently proposed by Mattteron (1975a), known as dis-

junctive kriging, has as its goal the estimation of the probability 

density of a variable at discrete points in space. From these 

estimates of the probability densities, an estimate of the value of a 

random function, z, can be made. Disjunctive kriging, then, incorpo-

rates the objectives of ordinary kriging along with estimating a 

probability density. 

In equation form, the disjunctive kriging estimator is 

N 
2 

i=1 
f.(z(x» 

1 

* In one form, z (xO) can be found as the probability density. 

(4.2) 

Equation 4.2 is similar to equation 4.1, except disjunctive kriging 

relies on a function of z(x), rather than a linear combination of the 

sample values. Only if f(z(x» is linear does equation 4.2 yield 

equation 4.1. For most applications, a nonlinear estimate of the form 

of equation 4.2 is better than one based on the assumption of 

linearity. 
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For this study, disjunctive kriging was applied to the estimation 

of ground response using instrument measurements recorded during the 9 

February 1971 San Fernando earthquake. Specifically, these measured 

data correspond to peak values of acceleration, velocity, and 

displacement. For each of these peak values, the utility of dis

junctive kriging for earthquake parametric estimation is demonstrated. 

4.2 Disjunctive Kriging Theory 

Disjunctive kriging has the following-objective for earthquake 

parametric studies: 

to estimate the probability density of a variable at a point 

and use this function to estimate the value of the variable and 

the probability that a specified amplitude of the variable has 

been exceeded. 

Ordinary punctual kriging provides only an estimate of a variable at a 

point. The additional objective of disjunctive kriging is to provide 

an estimate of the probability density. 

4.2.1 Probability Density for Multiple Variables 

If sample data such as 

are available, one approach to the disjunctive kriging problem is to 

find a function, the probability density, for the ensemble of N 

variables. This probability density for N variables is (Miller and 

Freund, 1965) 



If Zo is the variable to be estimated at location, 0, using the N 

variables, then the conditional expectation of Zo can be found as 

Zo f(zO,zl"",zN) 

f f(zl,z2, ••• ,zN) 

* The estimate, zo' is also the conditional-expectation; therefore, 

These equations establish the relationship between the value of a 
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(4.3) 

(4.4) 

(4.5) 

regionalized variable at a point and the probability density of that 

variable. 

4.2.2 Probability Density for Two Variables (Bivariate Density) 

A significant drawback, which inhibits the solution of equation 

* (4.5) for zo' is the need to know the probability density for N+l 

variables: 

An elemental approach to the disjunctive kriging problem involves the 

use of probability densities computed for two variables, bivariate 

densities to approximate the probability density for N+l variables. 

Knowledge of the bivariate densities, relative to the (N+l) variable 

densities, is a less risky assumption. 
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Disjunctive kriging is similar to correlation analysis in that 

correlation of a value to be estimated with surrounding values is 

established. Bivariate densities are commonly used for correlation 

analyses (Miller and Freund, 1965). Such an analysis assumes that a 

pair of data points, z(xi),z(Yi)' i = 1, ••• ,N, are random variables 

with a joint density defined as f(z(x),z(y)). This bivariate density 

can be defined in terms of a conditional density as 

f(z(x),z(y)) g(z(x))f(z(y)lz(x)) (4.6) 

where g(z(x)) is the marginal density of z(x) and f(z(y)lz(x)) is the 

probability density of the variable z(y) given z(x). 

Using the definition provided by equation 4.4, after modification 

to consider only two variables, the following series of conditional 

expectations exists (Matheron, 1975a): 

N 
E[ zolzl] L E[fi (zi)lz 1] 

i=l 
(4.7) 

N 
E[zOlzN] L E[fi(zi)lz N] • 

i=l 

This series of equations provides the core of disjunctive kriging, 

disjunctive because it depends on each known variable, zl, ••• ,zN' 

separately. To compute each of the conditional expectations of equa-

tion (4.7) requires knowing only the bivariate densities, 



and 

fOi (zO,zi) 

fi.(z. ,z.) 
J 1. J 

i 

i 
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1, ••• ,N 
(4.8) 

1, ••• ,N 

The first step in disjunctive kriging consists of solving for the 

bivariate densities of equation 4.8. 

4.2.3 Derivation of the Bivariate Densities 

For two independent random variables, x and y, assume that the 

bivariate density function is of the form--

f(x,y) = W(x,y) G(x) G(y) (4.9) 

where G(x) and G(y) are marginal densities of x and y. These marginal 

densities are known, computed as 

G(A) (4.10) 

The function W describes the degree'of inde.pendence between two random 

variables, x and y. By definition, W(x,y) = 1 if x and yare indepen-

dent. By further definition, the function, W, is square integrable, 

which means 

2 J J IW(x,y)1 G(x) G(y) dxdy < m (4.11) 

Both of these characteristics allow the function, W, to be 

expanded in terms of orthogonal polynomials. This expansion results 

in 
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W(x,y) (4.'12) 

where A is a function of coefficients and Pc and Pd are orthogonal 

polynomials. This orthogonal polynomial system is of the form 

for c '" d 

(4.13) 

for c = d 

where AN is a weight function. Furthermore, 

-J J W(x,y) Pe(x) Pf(y) G(x) G(y) dxdy A(e,f) (4.14) 

Using this orthogonal polynomial expansion equation 4.9 becomes 

f(x,y) = L L A(c,d) Pc(x) Pd(y) G(x) G(y) (4.15) 

It is convenient to express the orthogonal polynomial, P, in terms of 

Hermite polynomials, X. These polynomials have, as weighting 

fun'ctions, 

a(x) 

which are similar to equation 4.11 defining the marginal densities. 

Equation 4.15 now becomes 

co co 

f(x,y) l L L T(M,N) XM(x) XN(y)J G(x) G(y) 
M=O N=O 

(4.16) 

where the Hermite polynomials, X' are defined as 
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1 / N 2 
x (c) = -=- EXP(-) ...!L EXP(.::£...) , N 

N VN! 2 dcN 2 
0,1,2, •••• (4.17) 

Note that the weighting function of the orthogonal polynomial has been 

incorporated into TN' Equation 4.16 provides the derivation of the 

bivariate density in termS of two marginal densities and an orthogonal 

polynomial system. The weighting system for this equation, TN' is 

defined as (Kim, et al., 1977) 

The disjunctive kriging procedure involves solving for TN' Once these" 

are known, the probability density is known. 

4.2.4 The Hermitian Model 

Equation 4.16 provides a description of the probability density 

in terms of orthogonal polynomials, but in itself it is not sufficient 

for solving for TN' A straightforward solution for TN is obtained if 

the sample data are normally distributed with a mean of zero, and a 

variance of one. A transformation can be applied to any data distri-

bution to yield such a normal distribution. 

This transformation can be described in equation form as 

(Matheron, 1975b) 

y(x) = cp(z(x» (4.19) 

where y is the normalized analog of z. The transformation function, 

~, is formed by computing 
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</> (x) = I cN xN(x) 
N 

(4.20) 

where, as before, X is the Hermite polynomial evaluated for x, and CN 

is a collection of weights applied to XN. The vector, y(x), is the 

normalized equivalent of the vector, z(x). 

If the data are normally distributed, the bivariate density 

function becomes 

f(x,y) 
2 2 

1 exp( _ x - 2pxy + y 
/ 2 - 2(1 _ p2) 

2rr\l-p 

(4.21) 

where p is the correlation coefficient. 

The characteristic function of equation 4.20 is (Matheron, 1975a) 

or 

h(u,v) u
2 

+ v
2

2 
+ 2puv ) exp ( - ----=---'--

h(u,v) 
2 2 

exp(-u /2) exp(-v /2) exp(-puv) 

( 4.22) 

If EXP(-puv) is expanded using the exponential series expansion, 

equation 4.22 can be rewritten as 

m N N N N 2 2 
h(u,v) I [p (-~~ uv ] [e-U /2] [e-V /2] 

N=O 

Furthermore, because -1 i 2, 

m 
eN(iu)N(iv)N 2 2 

h(u,v) I [e-U /2] [e-V /2] (4.23) 
N=O N! 
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If Ipl < 1, which it is for normally distributed data with a 

variance of one, then the reciprocal Fourier transform can be taken 

term by term to yield 

~ N N 2 N 2 
f(x,y) 1 I L ~ e -x /2 ~ e -y /2 

= 271 N=O N! dxN dyN 
(4.24) 

Using equation 4.17, and the knowledge that 

[EXP(a)][EXP(-a)] = 1 -
then the first part of the right side of equation 4.24 can be multi-

plied by 

[EXP(x
2
/2)] [EXP(-x

2
/2)] , 

and the second part of the right side of equation 4.24 multiplied by 

to yield 

co 

f(x,y) 
N 1 2 1 2 I P xN(x) xN(y) ~ EXP( -x /2) --::::- EXP( -y /2) 

N=O V 2rr V2rr 
(4.25) 

by segregating 1/271 to yield [1/~][1/~]. This equation is a 

specific form of equation 4.16, where T = pN. Equation 4.25 is known 

as the Hermitian model (Matheron, 1975a). 

For this model, equation 4.16 was attained by first assuming the 

regionalized variables to be jointly normally distributed. Orthogonal 
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polynomials, in this case, Hermite polynomials, were introduced to 

yield equation 4.25 on the basis of this assumption, independent of 

the rationale used in introducing orthogonal polynomials to yield 

equation 4.16. Using jointly normal data of the form (0,1) greatly 

simplifies the disjunctive kriging procedure, because it yields an 

estimate of f in the form of equation 4.16, yet the coefficients, TN' 

are more easily obtainable as pN, the correlation coefficient. 

4.2.5 The Disjunctive Kriging Estimate of the Probability Density -
In practice, equation 4.25 is not solved directly, but is 

estimated by the disjunctive kriging procedure. Given an arbitrary 

function of the form 

the disjunctive kriging estimate of this function is 

00 

where the Hermite polynomial for the original sample data is related 

to that for the normalized data by 

L (4.26) 
B 

The function, P(x), can be rewritten as 

J P(y) fDK(y) dy , 
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where fnK is the density, and is defined as 

g(y) [1 + L XN(y) 
N=1 

L 
B 

(4.27) 

where g is the density of the normalized data. 

4.2.6 The Disjunctive Kriging EStimator 

Once the probability density has been defined at a point, an 

estimate of the value of a regionalized variable can be made. This 

was specifically defined by equation 4.2: 

N 

L fi(z(x)). 
i=1 

To obtain the probability density as specified by equation 4.27, it is 

necessary to solve only for the weights, AN" These are obtained by 

solving 

(4.28) 

The correlation coefficient, p, can be obtained from the variogram 

computed using the normalized data, y, as 

p(h) 
1 _ y(h) 

2 a 
(4.29) 
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where 0
2 is the variance of the sample data, equal to one, and y(h) is 

the variogram value computed using equation (2.6). Actually, 0
2 can 

also be obtained from the variogram of the normalized data as the sill 

value. Thus, equation 4.29 can also be written as 

p(h) 
y(h) 

1 - sill (4.29a) 

With disjunctive kriging, Equation 4.28 is analogous to equation 

(2.27), used for punctual kriging, and is of the classic form, Ax = 

B. For disjunctive kriging, however, equation 4.28 is solved B times, 

where B is the number of data samples, rather than only once for punc-

tual kriging. Despite this additional computation, the solution of 

equation 4.28 is less complicated than the solution of equation 

(2.27), because there is no requirement that the sum of the weights, 

A, be equal to one. The disjunctive kriging estimate, therefore, is 

not unbiased. 

Because the disjunctive kriging estimator is biased, it may 

result in a shift in the sample mean. This shift, however, is usually 

insignificant. It is important for ordinary kriging weights, A, to 

sum to one, because these weights are applied directly to the sample 

* values to obtain Z (equation 4.1). In disjunctive kriging, however, 

these weights are applied to Hermite polynomials computed for the data 

values. They are used as constant multipliers in a non-linear system 

of equations and are not scaling values applied directly to sample 

data to obtain an estimate. Thus, the constraint that the sum of the 

weights total one is not important. 
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Once the weights, A, are known, the probability density in terms 

of the normalized data is also known. * The estimate, Z , can be found 

as this probability density. Beginning with this premise, 

Then, by acknowledging that 

lim L 
f.x+O i 

this allows 

* 

f(x) dx (Salas and Hille, 1974), -

z (x) 

or, using normalized data 

* z (x) J ~y fey) dy 

(4.30) 

(4.30a) 

where ~y is the transformation function that yields an estimate in 

terms of the original data distribution. 

From equations 4.27 and 4.30a, 

* z (x) 
B 

J ~yg(y)dy + L J ~yg(Y)XN(Y)dY [L ANXN(YB)] 
N B 

B 
= L CN L Alf'N(YB) 

N B 
(4.31) 

because 

CN = f ~yg(Y)XN(Y) dy (Matheron, 1975b). 
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The coefficients, CN, were used previously in equation 4.19. Equation 

* 4.31 is the disjunctive kriging estimator for z • 

4.2.7 Conditional Probability 

Equation 4.31 only partially satisfies the goals of disjunctive 

kriging by providing an estimate of a regionalized variable using a 

nonlinear estimation technique. An additional goal involves defining 

the probability of exceeding a specified threshold value. This can be 

obtained as the conditional probability, -
* P(z (x) > x 

- 0 
(4.32) 

This probability can be derived using equation 4.31, by changing the 

limits of integration: 

Yo 
P J fDK(y) dy (4.33) 

-co 

G(y ) - g(y ) L 
XN- 1 (Yo) 

L B 
AN XN(YB) o 0 N N! B 

where Yo is the normalized analog of xo. Then, the probability of 

exceeding Yo is (1 - P) or 

1 - G(y ) + g(y ) L 
o 0 N (4.34) 

Equation 4.34 yields the probability of exceeding a threshold value, 

given the sample data. 



4.3 Application of Disjunctive Kriging to Earthquake 
Parametric Estimation 
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To enable the value of disjunctive kriging to be evaluated for 

earthquake parametric estimation, peak values of acceleration, 

velocity, and displacement, as recorded by accelerographs during the 9 

February 1971 San Fernando earthquake, were chosen as data samples for 

estimation. Disjunctive kriging was used as a nonlinear estimation 

technique to use a spatially irregular distribution of samples to 

estimate a spatially regular set of samples at locations where no 

instruments exist. Results obtained earlier using punctual kriging 

will serve as comparators in qualitatively judging the accuracy of 

disjunctive kriging for earthquake parametric estimation. 

4.3.1 Variogram Modeling Using Normalized Data 

In the discussion of disjunctive kriging theory, the Hermitian 

model was shown to be particularly useful. Utilizing this model, 

however, requires a transformation of the original sample data to 

yield data that are normally distributed with mean of zero, and 

variance of one. This data transformation, 

y(x) 4>(z(x)) , (4.18) 

was described previously (equation 4.18) and Table 4.1 lists the 

results. 

Variograms for use with disjunctive kriging were computed using 

the y(x) normalized data and equation (2.6). Because y(x) has a 
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Table 4.1 Results of Data Transformation (Condensed 
Data Set) 

Peak Acceleration Peak Velocity Peak Displacement 

ORIG NORM ORIG NORM ORIG NORM 
9.3 -1.598 1.0 -2.301 0.5 -2.183 

17.9 -1.137 2.3 -1.079 1.6 -1.016 
26.5 -0.801 3.6 -0.645 2.0 -0.660 

Data 42.5 -0.245 5.0 -0.275 2.5 -0.282 
Values 51.7 0.058 6.1 0.014 2.9 -0.017 

60.9 0.344 7.1 0.307 3.5 0.346 
73.1 0.685 7.8 cr. 556 4.0 0.633 
94.5 1.187 9.6 1.377 5.1 1.282 

153.3 2.460 18.1 2.741 7.0 2.885 

Mean 54.7 0.031 .. 0.0 6.1 0.039 .. 0.0 3.1 0.039 .. 0.0 
Vari-
ace 1105.1 0.927 .. 1.0 10.3 1.001 '" 1.0 2.1 0.985 '" 1.0 

54.232 5.94 3.078 
31.652 2.978 1. 416 
4.524 0.243 0.096 

Tranformation 0.733 -0.031 -0.045 
Coefficients, -0.269 0.043 -0.012 

CN -0.096 0.005 -0.300 E-03 
-0.035 -0.010 0.450 E-03 

0.007 -0.003 -0.282 E-03 
0.005 0.001 -0.129 E-03 

-0.001 0.252 E-03 0.115 E-04 

Transformation Process: NORM = (~)(ORIG) 

~ = L CNXN(ORIG) N = 10 
N 
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variance of one, and the sill of the variogram describes the variance 

of the data samples, the sill of the variograms computed for the 

normalized data is approximately one. These variograms are shown in 

Figures 4.1 through 4.3. 

The differences in the range of the variograms computed using 

normalized data relative to the range for those computed using the 

original data can be seen by comparing Figures 4.1 through 4.3 with 

Figures 2.40 through 2.42. This is evident by visually compnring the 

variograms, but is also evident by comparfflg the model variogram 

equations shown in Table 4.2. A greater range in the variogram, up to 

a ten kilometer increase, was achieved for all normalized data 

types. This extension in the range woudl allow estimates to be made 

over a larger area for disjunctive kriging. Yet, in the examples 

included, estimates were made over a smaller area to minimize computa-

tional costs. Estimates were made using a DEC-IO computer and the 

cost of each program execution was ten dollars. 

For this par.ticular application of disjunctive kriging, only a 

spherical variogram model was used. Although a gaussian model may 

have been more appropriate for the velocity and displacement data, the 

model fit yielded by the spherical function for these data was 

adequate and is shown in Figures 4.1 through 4.3. 

4.3.2 Nonlinear Estimation of Earthquake Data Using 
Disjunctive Kriging 

Computation of variograms using normalized data, just described, 

provides the data needed to compute the correlation coefficient, pN. 
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Table 4.2 Model Variogram Equations 

Normalized 

Peak Acceleration y(h) 0.25 + 0.75( 3h h
3 

) . h < 40 80 -
2(40)3 

y(h) 1.0 h ~ 40 

Peak Velocity y(h) 0.2 + 0.8( 
3h h

3 
h < 40 

80 =-2(40)3 

y(h) 1.0 h ~ 40 

Peak Displacement y(h) 0.3 + 0.6( 3h h
3 

h < 35 80 -
2(35)3 

y(h) 0.90 h > 35 

Summary 

Normalized Unnormalized 

Range Sill 0
2 Range Sill 0

2 

Peak 
Acceleration 40 km 1.0 1.0 30 km 1200.0 1105.1 

Peak 
Velocity 40 km 1.0 1.0 35 km 10.5 10.3 

Peak 
Displacement 35 km 0.9 1.0 25 km 1.6 2.1 
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Specifically, these variograms were used to solve, at each estimation 

point, 

L 
j 

to obtain the solution for AN needed to solve equation 4.31 for 

(4.28) 

* * zDK(xo ). Once zDK(xo ) is computed, it is compared to the estimated 

* vector, zPK(x), obtained previously using punctual kriging. 

Figures 4.4 through 4.6 provide this comparison. Such a visual 

comparison is qualitative, but useful for~udging the performance of 

disjunctive kriging relative to kriging. There are subtle differences 

to note in these contour piots, yet overall, the estimates obtained 

.using disjunctive kriging are not significantly different from those 

obtained using punctual kriging. 

Although estimation accuracy was assessed through cross valida-

tion in previous sections of this report, the accuracy of disjunctive 

kriging is judged by visual means. There are two reasons for this. 

First, cross validation has never been used in conjunction with dis-

junctive kriging for these or any other types of data. Second, dis-

junctive kriging is a biased estimator and, for a cross validation 

technique to be effective, the bias must be defined, which is 

difficult. There is some uncertainty, then, involved in quantitative-

ly assessing the accuracy of disjunctive kriging. 

Although disjunctive kriging is computationally more expensive 

than, ordinary kriging, these visual comparisons show, furthermore, 

that the increased cost for computation does not yield results that 
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differ significantly from those obtained using ordinary kriging. 

Because disjunctive kriging is more expensive than ordinary kriging 

and yields similar results, it is not an economical method if it is to 

be used solely as an estimator, unless a nonlinear estimate is 

specifically desired. 

Actually, the important point to be made here is the similarity 

of the disjunctive and punctual kriging estimates for these earthquake 

data. This is important because the disjunctive kriging procedure has 

two objectives, where the second objective-transcends the objective of 

punctual kriging to yield an estimate of the probability density at a 

point. Thus, for these earthquake data, more valuable information can 

be obtained (the probability densities) without degrading the quality 

* of the estimated data, z (x). 

For earthquake engineering applications, knowledge of the proba-

bility density of ground motion at a site for a given design earth-

quake is important. As an example, the design earthquake at a remote 

site may be the 9 February 1971 San Fernando earthquake. The estimate 

of the probability density can be used to determine either the proba-

bility of exceeding a given threshold level of ground shaking at the 

site or the level of ground motion corresponding to a particular 

probability value. 

To illustrate this aspect of disjunctive kriging, Figures 4.7 

through 4.18. display contour maps of conditional probability for four 

specific base levels of ground motion. To enhance these figures, the 

probability density is depicted in Figures 4.19 through 4.30 for 
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Figure 4.17 Conditional probability that peak displacement 
exceeds 4 cm; 9 February 1971 San Fernando 
earthquake. 
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discrete portions of these contour maps. As expected, the probability 

of ground motion exceeding a given threshold value decreases as the 

threshold is increased, except in the vicinity of the maximum recorded 

level of ground motion (near the epicenter). Here, the probability of 

exceedance was insensitive to variations in threshold. To supplement 

these figures, Table 4.3 shows the magnitude of the threshold levels 

of ground motion relative to the maximum recorded value. l 

Given these results, disjunctive kriging is ideally suited for 

earthquake engineering studies. 

lpacoima Dam data was not included in this study because there is 
some doubt about the reliability of these data. 
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Table 4.3 Magnitude of Threshold Levels of Ground Motion 
Relative to Maximum Recorded Values 

Peak Acceleration 
(em/sec/sec) 

Threshold 
Values 

* maximum values 

20 

40 

60 

80 

153.3 

* Does not include Pacoima Dam. 

Peak Velocity 
(em/sec) 

2 

4 

8 

18.1 

Peak Displacement 
(em) 

2 

3 

4 

5 

7.0 



CHAPTER FIVE 

APPLICATION OF ADVANCED GEOSTATISTICAL METHODS 

TO EARTHQUAKE MICROZONATION 

In the preceeding chapters, the geostatistical technique of 

regionalized variables was successfully applied to a variety of 

earthquake parametric estimation problems. Kriging, for example, was 
~ 

shown to be effective for earthquake microzonation and response 

spectra estimation. Disjunctive kriging and conditional simulation, 

both advanced geostatistical techniques, were also shown to be 

valuable supplementary techniques in refining the application of 

regionalized variables ~o earthquake parametric estimation. 

With respect to earthquake microzonation, several of the 

advanced, supplementary geostatistical techniques might be useful. 

For example, it was acknowledged earlier that the historic record, 

1930-1971, used to microzone southern California did not include a 

maximum, probable San Andreas seismic event, such as the 1857 Fort 

Tejon earthquake. It was cautioned, however, that to correctly 

include this earthquake in the microzonation model would require all 

data for the time period, 1857-1971. Incorporating this historic 

record in the microzonation model presented in Chapter Two, however, 

is not straightforward because data for earthquakes pre-dating 1930 

are, in some instances, sparse. 
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A technique to develop adequate isoseismal maps on the basis of 

sparse data would be quite useful for this application. As a 

supplement, a technique to define the probabilistic aspects of the 

microzonation would be beneficial as well. Moreover, the 

microzonation model developed in Chapter Two can be enhanced by 

including more than one type of data in the assessment of seismic 

hazard. There are several advanced geostatistical techniques 

envisioned to be useful for these applications. 

5.1 Conditional Simulation of Earthquake Intensity Isoseismals 

Several techniques were reviewed in Chapter One which estimated 

intensity or acceleration values on the ba~is of source-distance and 

magnitude. Nonetheless, these techniques are regressions, hence they 

produce smooth circular or elliptical isoseismal contours. None of 

the earthquake isoseismal maps reproduced in Chapter Two, however, is 

circular or elliptical. In light of this, even though regressions are 

useful for simulating the ground motion distribution on the basis of 

fault geometry and magnitude alone, their accuracy is questionable. 

It is more realistic to preserve the spatial structure exhibited by 

historical earthquakes, incorporated in a random function, to simulate 

earthquake isoseisma1 distributions. This would be particularly 

useful with earthquakes for which only sparse data is associated. 

A technique developed for this type of application is conditional 

simulation, introduced in Chapter Three for the simulation of the 

shape or response spectra. As was mentioned previously, conditional 

simulation uses random numbers to simulate the realizations of a 
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random function in space, constrained such that the simulation has the 

same variogram, mean, variance, and histogram as an actual, observed 

phenomenon. Furthermore, the simulation is conditioned to assume 

actual, observed values at known, sampled locations. This orients the 

simulation in space. 

In a specific example, conditional simulation was used to 

simulate the distribution of isoseismals for the 9 February 1971 San 

Fernando earthquake, using various levels of conditioning. The result 

-" of this application is developed through a series of illustrations, 

Figures 5.1 through 5.4. In the first of these figures, the kriged 

isoseismal map is compared to a simulation developed using equation 

1.1, a regression. The remaining figures compare the kriged 

isoseismal map to several conditional simulations. 

This comparison shows that utilizing spatial structure 

information yields a more realistic isoseismal simulation than does a 

regression. For earthquakes associated with sparse observations, a 

spatial structure can be assumed on the basis of other historical 

earthquakes and a simulation made, conditioned to whatever actual data 

are available. In this manner, an historic record can be developed, 

such as the historic record, 1857-1971, for southern California, and a 

realistic microzonation developed using the technique described in 

Chapter Two. 

5.2 Earthquake Microzonation Using Disjunctive Kriging 

Disjunctive kriging transcends ordinary kriging to yield an 

estimate of the probability density. In Chapter Four, using the 
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estimate for the probability density, a series of figures was produced 

which depicted the spatial distribution of the probability that ground 

motion would exceed a particular threshold, as a function of 

threshold. As an alternative, the threshold associated with a 

particular probability can be determined using disjunctive kriging. 

If the latter approach is used, a spatiaZ probabilistic approach 

to microzonation can be developed. In Chapter Two, the microzonation 

technique that was developed relied on kriging, a linear estimator. 

This technique did not yield information defining the probability 

density of modified Mercalli intensity data in space. Instead, a 

specific estimate was determined and considered to be representative 

of actual ground motion. Moreover, the accuracy of these estimates 

was defined. 

Kriging does not provide the sensitivity of the microzonation to 

various probabilities that ground motion is above a particular 

threshold. For this application, disjunctive kriging is well 

suited. This geostatistical technique has been demonstrated, in 

Chapter Four, to be useful for estimating earthquake data. Moreover, 

other types of earthquake data have been shown to be spatially 

structured and should be compatible with disjunctive kriging. 

5.3 Application of Co·-kriging and Co-simulation to 
Earthquake Parametric EStimation 

Acknowledging that Some types of earthquake data are undersampled 

relative to others, instrument data versus modified Mercalli intensity 

data, for example, it is worthwhile to find a technique which can 
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relate undersampled data to well-sampled data~ hence equating the 

resolution of each. One such technique was described by Trifunac and 

Brady (1975). The objective of this discussion is to describe a 

technique which relies not only on the relationship between several 

variables, but also on their spatial structure. 

Such a technique is provided by co-kri.ging (Journel and 

Huijbregts, 1978; Myers, 1982). This technique, similar to ordinary 

kriging in operation, relies on inter-variable relationships as well 

as spatial structure information for each~ariable to estimate several 

variables at unsampled locations. In this manner, the resolution of 

these variables will be equated, which would, in one example, be 

beneficial for instrument data relative to modified Mercalli intensity 

data. Co-kriging is useful for these applications, provided all 

variables are sampled. 

Nevertheless, there are applications in which it would be useful 

to develop a set of data, not sampled, on the basis of another sampled 

data set. One example would be the development of instrument data for 

the 11 March 1933 Long Beach earthquake, on the basis of modified 

Mercalli intensity data, even though instrument data was not 

collected. A technique useful for this would be co-simulation. This 

is similar to conditional simulation, except several variables are 

simultaneously simulated, and the simulation is conditioned to only 

one of these variables. 

An application of co-kriging to the estimation of peak velocity 

and modified Mercalli intensity data for the 9 February 1971 San 



210 

Fernando earthquake has been made (Carr et a1., 1983). Figure 5.5 

depicts the cross-variogram that relates peak velocity and intensity 

data. Table 5.1 reviews the variogram and cross-variogram model 

parameters used as input to the co-kriging process. On the basis of 

these data, co-kriging yielded the results listed in Table 5.2. These 

results show co-kriging to be highly useful for the joint estimation 

of earthquake data. A technique that relies on both spatial and 

intervariable information for estimation enhances the estimation 

accuracy of both variables. 
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Table 5.1 Variogram and Cross-Variogram Parameters for Joint 
EStimation of Peak Velocity and Intensity Data 

Peak Velocity 

Intensity 

Peak Velocity / 
Intensity 

Nugget 

1.500 

0.500 

Nugget 

0.100 

Variogram Parameters 
Sill Range Model 

12.000 30.000 Gaussian 

1.800 80.000 Linear 

Cross-Vaptogram Parameters 
Sill Range Model 

4.000 90.000 Gaussian 

1These parameters are not what is suggested by Figure 5.5. The 
cross variogram model must satisfy: 
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Table 5.2 Co-Kriging Results: Peak Velocity and Intensity 
9 February 1971 San Fernando Earthquake 

Selected Input Data 

x-Coordinate y-Coordinate Peak VE!loci ty Intensi ty 

132.360 91.170 10.20 7.00 

71.850 182.890 1.000 5.000 

141.490 94.500 8.200 7.000 

119.210 92.610 _ 5.100 7.000 

169.670 58.920 3.900 5.000 

132.550 63.370 6.100 5.000 

Selected Co-Kriging Estimates 

Peak Kriging 
x-Coordinate y-Coordinate Velocity Intensity Variance 

70.525 184.025 2.101 5.245 3.413 

143.075 93.025 10.442 7.002 4.092 

124.875 93.025 8.733 6.977 3.678 

133.975 93.025 10.138 7.002 3.298 

170.625 61.175 3.134 5.805 2.592 

156.975 65.725 5.947 5.545 7.855 
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Table A.l Southern California Earthquakes, 1930-1971, Associated with at Least 
Ten Modified Mercalli Intensity Observations Recorded within a 100 km 
Radius around San Fernando 

Epicenter /I Variogram Characeristics 
Date N-Lat W-Long Magnitude Obs Structured Random 

1/16/30 34.20 116.90 5.3 22 X 

8/31/30 33.90 118.60 5.2 132 X 

4/24/31* 33.77 118.48 8 X 

11/01/32 34.00 117.25 11 X 

12/21/32 38.73 117.82 7.3 12 X 

3/11/33 33.58 117.98 6.3 112 X 

10/02/33 33.78 118.13 5.4 51 X 

10/25/33 33.95 U8.l3 17 X 

1/9/34 34.10 117.67 24 X 

6/8/34 35.97 120.48 12 \ X 

10/17/34 33.60 118.40 13 X 

12/30/34 32.20 115.50 6.5 12 X 

12/31/34 31.80 115.10 7.1 31 X 

6/19/35 33.72 117.52 17 X 

7/13/35 34.17 117.87 71 X 

9/16/35 33.75 117.92 10 X 

10/24/35 34.10 116.88 5.1 14 X 

12/25/35 33.60 118.02 11 X N ..... 
Ln 



Table A.l Southern California Earthquakes, 1930-1971, Associated with at Least 
Ten Modified Mercalli Intensity Observations Recorded within a 100 km 
Radius around San Fernando--Continued 

Epicenter II Variogram Characeristics 
Date N-Lat W-Long Magnitude Obs Structured Random 

2/23/36 34.12 117.42 26 X 

3/01/36 33.98 118.30 10 X 

8/22/36 33.77 117.82 14 X 

3/25/37 33.41 116.58 6.0 63 X 

7/07/37 33.57 117.98 10 X 

8/17/37 33.78 118.13 19 X 

9/01/37 34.12 117.58 25 X 

5/31/38 33.68 117.53 5.3 91 X 

8/31/38 33.80 118.23 66 X 

12/27/39 33.78 118.13 4.5 52 \ X 

5/19/40 32.73 115.45 7.1 13 

10/11/40 33.78 118.42 4.7 52 X 

7/01/41 34~33 119.58 5.9 71 X 

9/21/41 34.57 118.73 5.2 30 X 

10/22/41 33.82 118.22 4.9 66 X 

11/14/41 33.78 118.25 5.4 74 X 

10/21/42 32.97 116.00 6.5 38 X 

8/29/43 34.27 116.97 5.5 32 X 
N 
f-' 

'" 



Table A.l Southern California Earthquakes, 1930-1971, Associated with at Least 
Ten Modified Mercalli Intensity Observations Recorded within a 100 km 
Radius around San Fernando--Continued 

Epicenter /I Variogram Characerlstics 
Date N-Lat W-Long Magnitude Obs Structured Random 

6/12/44 33.97 116.75 5.3 44 X 

6/19/44 33.87 118.22 4.5 32 X 

8/15/45 33.22 116.13 5.7 13 X 

3/15/46 35.73 118.04 6.3 73 X 

7/18/46 34.53 115.98 5.8 14 X 

9/28/46 33.95 116.85 5.0 16 X 

4/10/47 34.97 116.53 6.4 86 X 

7/24/47 34.02 116.50 5.5 29 X 

2/20/48 33.92 118.22 26 X 

3/01/48 34.17 117.53 51 \ X 

4/16/48 34.02 118.97 38 X 

12/04/48 33.88 116.33 6.S 76 X 

5/13/49 34.02 118.25 13 X 

9/19/49 34.00 118.28 14 X 

1/11/50 33.95 118.20 15 X 

2/26/50 34.62 119.08 4.7 22 X 

9/05/50 33.65 116.75 4.8 10 X 

12/26/51 32.82 118.35 5.9 55 X N 
t-' 
'-l 



Table A.1 Southern California Earthquakes, 1930-1971, Associated with at Least 
Ten Modified Mercalli Intensity Observations Recorded within a 100 km 
Radius around San Fernando--Continued 

Epicenter II Variogram Characeristics 
Date N-Lat W-Long Magnitude Obs Structured Random 

7/10/52 33.55 118.11 20 X 

7/21/52 35.00 119.03 7.7 151 X 

8/22/52 35.33 118.92 5.8 20 X 

8/23/52 34.50 118.22 5.0 42 X 

11/22/52 35.83 121.17 6.0 13 X 

5/02/53* 34.10 117.63 9 X 

1/12/54 35.00 119.02 5.9 71 X 

1/27/54 35.15 118.63 5.0 24 X 

3/19/54 33.28 116.18 5.2 37 X 

5/23/54 34.98 118.98 16 \ X 

12/16/54 39.32 118.20 7.1 14 X 

9/14/55* 33.45 118.19 9 X 

1/03/56 33.75 117.50 4.7 63 X 

2/07/56 34.58 118.60 4.6 36 X 

2/09/56 31.75 115.92 6.8 47 X 

5/11/56 34.27 116.75 4.7 11 X 

3/18/57 34.10 119.17 4.7 14 X 

7/14/58 34.35 119.48 4.7 20 X 
N 
i-' 
(Xl 



Table A.1 Southern California Earthquakes, 1930-1971, Associated with at Least 
Ten Modified Mercalli Intensity Observations Recorded within a 100 km 
Radius around San Fernando--Continued 

Epicenter II Variogram Characeristics 
Date N-Lat W-Long Magnitude Obs Structured Random 

10/15/58 33.90 118.13 3.2 17 X 

7/01/59* 35.20 119.05 4.7 5 X 

8/26/59 34.05 116.55 4.3 14 X 

10/01/59* 34.43 120.57 4.5 8 X 

6/28/60* 34.14 117.49 4.1 8 X 

10/20/61 33.65 118.00 4.3 38 X 

11/15/61 34.93 118.98 5.0 42 X 

10/29/62 34.33 116.87 4.8 33 X 

3/01/63 34.93 118.98 5.0 34 X 

5/07/63 33.90 118.38 12 \ X 

9/23/63 33.83 117.00 5.3 32 X 

8/30/64 34.25 118.47 4.0 14 X 

12/22/64 31.93 117.15 5.6 10 X 

1/01/65 34.00 117.60 4.5 34 X 

4/15/65 34.10 117.50 4.5 23 X 

7/16/65 3/~.40 118.60 4.5 21 X 

7/30/65* 33.50 119.70 4.3 6 X 

9/25/65 34.72 116.50 5.3 22 X N 
i-' 
\D 



Table A.l Southern California Earthquakes. 1930-1971. Associated with at Least 
Ten Modified Mercalli Intensity Observations Recorded within a 100 km 
Radius around San Fernando--Continued 

Epicenter II Variogram Characeristics 
Date N-Lat W-Long Magnitude Obs Structured Random 

9/26/65 34.72 116.52 5.0 12 X 

lO/10i65 34.13 117.45 3.7 23 X 

11/12/65 34.00 118.20 3.0 13 X 

2/16/66* 33.81 118.06 2.9 7 X 

10/02/66 33.97 118.33 3.5 29 X 

1/08/67 33.50 118.30 3.5 10 X 

5/21/67 33.51 116.58 4.7 15 X 

6/15/67 33.99 117.97 4.1 68 X 

7/12/67 34.49 117.95 3.5 10 X 

4/09/68 33.20 116.11 6.5 90 \ X 

7/05/68 34.12 119.70 5.2 49 X 

2/28/69 34.57 118.12 4.3 38 X 

4/28/69 33.35 116.35 5.9 43 X 

10/27/69 33.59 117.81 4.5 39 X 

9/12/70 34.27 117.54 5.4 114 X 

1/05/71 34.04 117.94 3.6 36 X 

2/09/71 34.41 118.40 6.4 207 X 

* N Fewer than ten observations exist for these earthquakes. but were used to ensure having at N 

least one event for each year. 1930-1971. 0 
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Table A.2 Cross-Validation Results for Modified Mercalli 
Intensity Observations, 1930-1971 

A B 
Mean Square Kriging Covariance 

Date Error Variance IA - BI Model 

8/31/30 0.69 0.79 0.10 spher:J.cal 

4/24/31 0.32 0.30 0.02 non-linear 

11/01/321 1.22 0.12 1.10 linear 

3/11/33 1.46 1.57 - 0.11 spherical 

10/02/33 0.45 0.44 0.01 spherical 

12/30/34 0.28 0.33 0.05 gaussian 

6/19/35 0.62 0.67 0.05 linear 

7/13/35 0.39 0.32 0.07 spherical 

12/25/35 0.26 0.22 0.04 non-linear 

2/23/36 0.36 0.35 0.01 mod. gauss. 

3/25/37 0.47 0.39 0.08 mod. gauss. 

7/07/37 0.56 0.42 0.14 linear 

8/17/37 0.51 0.53 0.02 linear 

9/01/37 0.19 0.15 0.04 spherical 

5/31/38 0.40 0.50 0.10 mod. gauss. 

8/31/38 0.74 1.00 0.26 mod. gauss. 

12/27/39 0.47 0.44 0.03 non-linear 

10/11/40 0.54 0.67 0.13 mod. gauss. 

7/01/41 0.52 0.38 0.14 gaussian 

10/22/41 0.94 1.09 0.15 mod. gauss. 

11/14/41 0.58 0.90 0.32 mod. gauss. 

10/21/42 0.54 0.42 0.12 spherical 

8/29/43 0.55 0.43 0.12 linear 

6/12/44 0.37 0.30 0.07 non-linear 

6/19/44 1.05 0.39 0.66 linear 

8/15/452 4.25 0.15 4.10 non-linear 
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Table A.2 Cross-Validation Results for Modified Mercalli 
Intensity Observations, 1930-1971--Continued 

A B 
Mean Square Kriging Covariance 

Date Error Variance IA - BI Model 

3/15/46 0.34 0.19 0.15 linear 

9/28/46 0.16 0.20 0.04 non-linear 

4/10/47 0.73 0.63 0.10 gaussian 

7/24/47 0.47 0.41 0.06 non-linear 

2/20/48 1.03 0.92 0.11 non-linear 

3/01/48 0.68 0.72 - 0.04 non-linear 

4/16/48 0.48 0.53 0.05 spherical 

12/04/48 0.71 0.71 0.00 mod. gauss. 

5/13/49 0.14 0.11 0.03 non-linear 

9/19/49 1.26 0.87 0.39 spherical 

2/26/50 0.57 0.81 0.34 gaussian 

9/05/50 0.32 0.33 0.01 non-linear 

12/26/51 0.64 0.64 0.00 mod. gauss. 

7/10/52 0.75 0.81 0.06 non-linear 

7/21/52 0.33 0.31 0.02 non-linear 

8/23/52 0.82 0.72 0.10 mod. gauss. 

5/02/53 1,2 0.61 0.14 0.47 linear 

1/ 12/ 54 0.78 0.65 0.13 non-linear 

1/27/54 1.29 1.11 0.18 guassian 

3/19/54 0.37 0.37 0.00 non-linear 

5/23/54 1,2 0.01 0.15 0.14 spherical 

12/16/54 0.37 0.34 0.03 linear 

9/14/551 0.12 0.12 0.00 linear 

1/03/56 0.52 0.59 0.07 mod. gauss. 

2/07/56 0.63 0.69 0.06 mod. guass. 

2/09/56 0.48 0.43 0.05 linear 

3/18/57 1 0.35 0.56 0.21 linear 

7/14/58 0.43 0.60 0.17 mod. gauss. 
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Table A.2 Cross-Valida~ion Results for Modified Mercalli 
Intensity Observations, 1930-1971--Continued 

A B 
Mean Square Kriging Covariance 

Date Error Variance IA - BI Model 

10/15/58 0.44 0.44 0.00 non-linear 

8/26/59 0.13 0.23 0.10 non-linear 

10/01/592 0.01 0.03 0.02 non-linear 

6/28/601 0.45 0.17 0.28 linear 

10/20/61 0.87 0.82 0.05 spherical 

11/15/61 1 0.55 0.38 -- 0.17 spherical 

10/29/621 0.38 0.20 0.18 spherical 

3/01/63 0.51 0.28 0.23 mod. gauss. 

9/23/63 0.48 0.39 0.09 non-linear 

8/30/64 0.25 0.24 0.01 spherical 

12/20/64 0.25 0.31 0.06 non-linear 

1/01/65 0.45 0.44 0.01 non-linear 

4/15/65 0.66 0.79 0.13 non-linear 

7/16/65 0.51 0.59 0.08 guassian 

9/25/65 0.33 0.27 0.06 non-linear 

9/26/65 1 0.10 0.00 0.10 non-linear 

10/10/65 0.47 0.38 0.09 mod. gauss. 

10/02/66 0.71 0.54 0.17 linear 

1/08/67 0.17 0.24 0.07 non-linear 

5/21/67 0.60 0.50 0.10 non-linear 

6/15/67 0.52 0.57 0.05 gaussian 

7/12/67 0.42 0.41 0.01 mod. gauss. 

4/09/68 0.54 0.58 0.04 mod. gauss. 

7/05/68 0.37 0.30 0.07 spherical 

2/28/69 0.36 0.42 0.06 non-linear 

4/28/69 0.34 0.33 0.01 non-linear 

10/27/69 0.44 0.36 0.08 spherical 

9/12/70 0.35 0.35 0.00 non-linear 
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Table A.2 Cross-Validation Results for Modified Mercalli 
Intensity Observations, 1930-1971--Continued 

Date 

1/05/71 

2/09/71 

A 
Mean Square 

Error 

0.53 

0.53 

INugget value is zero 

B 
Kriging 
Variance 

0.52 

0.60 

IA - BI 

0.01 

0.07 

2Total number of samples is less than Gix. 

-

Covariance 
,Model 

non-linear 

linear 
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Table A.3 Variogram Parameters: Modified Mercalli Intensity 
Data. Earthquakes designated by date. 

Variogram Parameters Covariance 
Date Nugget Sill Range (km) N Model 

8/31/30 0.700 0.984 40.000 spherical 

4/24/31 0.250 0.333 45.000 2 non-linear 

11/01/32 0.000 0.500 45.000 linear 

3/11/33 1.030 2.900 60.000 spherical 

10/02/33 0.350 0.710 ---60.000 spherical 

12/30/34 0.160 0.300 90.000 gaussian 

6/19/35 0.540 0.663 45.000 linear 

7/ l3/35 0.206 0.430 45.000 spherical 

12/25/35 0.180 0.714 60.000 3 non-linear 

2/23/36 0.310 0.353 75.000 3 mod. gauss. 

3/25/37 0.360 0.555 150.000 3 mod. gauss. 

7/07/37 0.250 0.500 30.000 linear 

8/17/37 0.450 0.500 30.000 linear 

9/01/37 0.117 0.167 60.000 spherical 

5/31/38 0.500 2.000 135.000 4 mod. gauss. 

8/31/38 0.900 2.770 75.000 3 mod. gauss. 

12/27/39 0.400 0.516 75.000 3 non-linear 

10/11/40 0.600 1.100 60.000 3 mod. gauss. 

7/01/41 0.320 1.640 180.000 gaussian 

10/22/41 0.960 2.000 45.000 3 mod. gauss. 

11/14/41 0.800 2.200 60.000 3 mod. gauss. 

10/21/42 0.300 0.512 45.000 spherical 

8/29/43 0.400 0.452 30.000 linear 

6/12/44 0.270 0.434 90.000 2 non-linear 

6/19/44 0.080 1.080 30.000 linear 

8/15/45 0.100 1.250 45.000 2 non-linear 
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Table A.3 Variogram Parameters: Modified Mercalli Intensity 
Data. Earthquakes designated by date--Continued 

Variogram Parameters Covariance 
Date Nugget Sill Range (km) N Model 

3/15/46 0.110 0.845 135.000 linear 

9/28/46 0.165 0.259 60.000 3 non-linear 

4/10/47 0.575 0.925 180.000 guassian 

7/24/47 0.333 0.500 75.000 2 non-linear 

2/20/48 0.800 1.500 60.000 2 non-linear 

3/01/48 0.650 1.040 90.000 5 non-linear 

4/16/48 0.370 0.700 60.000 spherical 

12/04/48 0.650 1.420 135.000 5 mod. gauss. 

5/13/49 0.100 0.500 75.000 3 non-linear 

9/19/49 0.625 1.000 45.000 spherical 

2/26/50 0.588 2.320 120.000 guassian 

9/05/50 0.250 0.333 45.000 2 non-linear 

12/26/51 0.580 0.781 120.000 3 mod. gauss. 

7/10/52 0.720 1.420 60.000 3 non-linear 

7/21/52 0.290 0.400 75.000 3 non-linear 

8/23/52 0.650 1.100 150.000 4 mod. gauss. 

5/02/53 0.000 0.500 45.000 linear 

1/12/54 0.600 1.400 165.000 2 non-linear 

1/27/54 0.050 0.944 60.000 gaussian 

3/19/54 0.300 2.000 180.000 2 non-linear 

5/23/54 0.000 0.229 30.000 spherical 

12/16/54 0.150 0.643 45.000 linear 

9/14/55 0.000 0.500 30.000 linear 

1/03/56 0.530 1.400 120.000 3 mod. gauss. 

2/07/56 0.600 0.805 60.000 5 mod. gauss. 

2/09/56 0.350 0.700 150.000 linear 

3/18/57 0.000 2.630 60.000 linear 

7/14/58 0.550 2.000 120.000 4 mod. gauss. 
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Table A.3 Variogram Parameters: Modified Mercalli Intensity 
Data. Earthquakes designated by date.--Continued 

Variogram Parameters Covariance 
Date Nugget Sill Range (km) N Model 

10/15/58 0.390 2.000 45.000 3 non-linear 

8/26/59 0.180 0.781 60.000 4 non-linear 

10/01/59 0.025 0.500 60.000 4 non-linear 

6/28/60 0.000 0.500 30.000 linear 

10/20/61 0.620 1.240 60.000 spherical 

11/15/61 0.000 0.500 30.000 spherical -10/29/62 0.000 0.435 45.000 spherical 

3/01/63 0.250 1.810 75.000 3 mod. gauss. 

9/23/63 0.350 0.545 105.000 3 non-linear 

8/30/64 0.175 0.250 45.000 spherical 

12/20/64 0.250 0.333 105.000 2 non-linear 

1/01/65 0.370 0.964 75.000 2 non-linear 

4/15/65 0.700 1.110 90.000 3 no-linear 

7/16/65 0.400 0.550 75.000 gaussian 

9/25/65 0.220 0.735 75.000 2 non-linear 

9/26/65 1.120 1.1~0 60.000 2 non-linear 

10/10/65 0.330 0.936 105.000 3 mod. gauss. 

10/02/66 0.450 0.600 45.000 linear 

1/08/67 0.200 2.000 60.000 3 non-linear 

5/21/67 0.390 0.643 45.000 2 non-linear 

6/15/67 0.510 0.610 60.00 gaussian 

7/12/67 0.380 1.250 75.000 4 mod. gauss. 

4/09/68 0.530 0.905 150.000 5 mod. gauss. 

7/05/68 0.175 0.495 60.000 spherical 

2/28/69 0.340 0.990 60.000 2 non-linear 

4/28/69 0.290 0.358 60.000 2 non-linear 

10/27/69 0.225 0.588 60.000 spherical 

9/12/70 0.330 0.677 90.000 2 non-linear 



228 

Table A.3 Variogram Parameters: Modified Merca11i Intensity 
Data. Earthquakes designated by date.--Continued 

Date 

1/0S/71 

2/09/71 

Variogram Parameters 
Nugget Sill Range (km) 

O.SOO 

0.470 

0.731 

1.340 

60.000 

80.000 

N 

5 

Covariance 
Model 

non-linear 

linear 



Table A.4 Instrument Locations for which Peak Vertical Ground Response Values 
Are Associated, 9 February 1971 San Fernando Earthquake 

Location 

* 205 E. First 

* 445 Figueroa 

Castaic 

1901 Ave. of the Stars* 

* 1640 S. Marengo 

3710 Wilshire Blvd* 

7080 Hollywood Blvd 

Wheeler Ridge 

* 4680 Wilshire Blvd 

3470 Wilshire Blvd* 

* 

* L.A. Water and Power Bldg 

3407 6th Street* 

Vernon 

Santa Ana 

* 633 E. Broadway, Glendale 

808 S. Olive * 

2011 Zonal * 

Coordinates 
N-Lat W-Long 

34.10 

34.06 

34.50 

34.06 

34.06 

34.07 

34.10 

35.00 

34.07 

34.07 

34.05 

34.06 

34.00 

33.75 

34.15 

34.04 

34.06 

118.23 

1.18.26 

118.62 

118.42 

118.24 

118.30 

118.34 

118.95 

118.32 

118.30 

118.25 

118.30 

118.22 

117.88 

118.24 

118.26 

118.24 

Acceleration 
(em/sec/sec) 

48.00 

51.70 

153.30 

66.70 

74.60 

73.10 

57.20 

13.00 

64.80' 

47.30 

67.20 

55.50 

42.70 

16.70 

131.50 

75.30 

48.70 

Peak Values 
Velocity 
(em/sec) 

7.80 

10.70 

6.20 

4.80 

9.00 

9.00 

5.60 

2.40 

6.90 

7.30 

10.20 

8.80 

6.70 

2.40 

15.60 

9.90 

7.10 

Displacement 
(em) 

5.80 

5.10 

3.50 

2.50 

4.10 

4.90 

4.20 

3.30 

3.20 

3.90 

6.40 

4.40 

4.00 

1.70 

5.60 

6.00 

3.80 N 
N 
\0 



Table A.4 Instrument Locations for which Peak Vertical Ground Response Values 
Are Associated, 9 February 1971 San Fernando Earthquake--Continued 

Location 

* 120 N. Robertson 

646 S. Olive 

Colton 

Ft. Tejon 

Pear G1ossom 

Gorman 

* UCLA 

* Cal Tech 

* 

Jet Propulsion lab 

611 W. 6th Street 

Palmdale 

* 15250 Ventura Blvd 

* 900 S. Fremont, Alhambra 

Fullerton 

* 435 N. Oakhurst 

420 N. Roxbury 

* 1800 Century Park, E. 

Coordinates 
N- lat W-Long 

34.08 

34.05 

34.07 

34.88 

34.50 

34.79 

34.07 

34.13 

34.13 

34.09 

34.60 

34.15 

34.08 

33.88 

34.06 

34.06 

34.06 

118.38 

118.25 

117.33 

118.90 

117.90 

118.85 

118.44 

118.13 

118.12 

118.25 

118.13 

118.47 

118 .. 15 

117.88 

118.39 

118.39 

118.42 

Acceleration 
(em/sec/sec) 

26.50 

69.20 

19.70 

15.30 

47.40 

35.50 

67.10 

83.50 

126.3d 

53.20 

86.60 

94.50 

79.20 

14.70 

36.40 

37.20 

62.50 

Peak Values 
Velocity 
(em/sec) 

6.20 

9.60 

1.50 

1.00 

2.30 

3.80 

4.50 

5.70 

5.70 

9.90 

7.60 

9.40 

8.20 

2.30 

5.80 

4.50 

5.70 

Displacement 
(em) 

3.90 

5.30 

1.40 

0.50 

1.70 

1.20 

2.90 

2.30 

2.60 

5.20 

2.40 

4.30 

3.40 

1.90 

2.30 

2.30 

2.50 N 
W 
o 



Table A.4 Instrument Locations for which Peak Vertical Ground Response Values 
Are Associated, 9 February 1971 San Fernando Earthquake--Continued 

Peak Values 
Coordinates Acceleration Velocity Displacement 

Location N-Lat W-Long (em/sec/sec) (em/sec) (em) 

15910 Ventura Blvd * 34.16 118.47 99.90 7.90 2.60 

Lake Hughes 34.70 118.50 93.30 11.70 2.90 

15107 Van owen * 34.19 118.47 106.40 18.10 7.00 

616 S. Normandie * 34.06 118.29 51.60 6.70 3.40 

3828 Lankershim Blvd * 34.15 118.37 69.70 5.00 2.40 

San Onofre 33.40 117.59 10.30 1.50 2.00 

Grapevine 34.90 118.90 38.50 2.00 1.20 

4000 N. Chapman, Orange 33.76 117.85 18.20 3.90 2.50 

Wrightwood 34.40 117.63 22.96 2.00 1.20 

Brea 33.90 117.85 41.50 2.50 1.60 

Whittier Narrows Dam 33.87 118.00 58.60 3.60 2.30 

San Antonio Dam, Upland 34.12 117.63 28.30 1.50 0.80 

1880 Century Park, E. * 34.06 118.42 62.50 5.00 2.40 

Palos Verdes Estates 33.80 118.27 18.90 2.20 1.40 

2500 Wilshire Blvd* 34.07 118.29 42.50 7.70 3.30 

San Juan Capistrano 33.50 117.65 21.00 3.40 1.60 

Long Beach Stae College 33.75 118.24 25.80 4.90 3.80 N 
w 
f-' 



Table A.4 Instrument Locations for which Peak Vertical Ground Response Values 
Are Associated, 9 February 1971 San Fernando Earthquake--Cbntinued 

Peak Values 
Cbordinates Acceleration Velocity Displacement 

location N-Iat W-Long (cm/sec/sec) (cm/sec) (cm) 

Griffith Park Observatory * 34.12 118.29 120.30 7.30 3.40 

1625 Olympic Blvd * 34.04 118.27 148.20 10.30 5.70 

215 W. Broadway, Long Beach * 33.80 118.25 12.30 6.10 3.60 

* 33.75 118.24 16.20 4.20 2.80 Terminal Island, Long Beach 

San Bernardino 34.07 117.30 18.50 1.50 0.80 

Fairmont Reservoir 34.43 118.26 32.90 3.40 1.70 

Univ. of Calif., Santa Barbara 34.45 119.68 11.00 1. 70 1.40 

Hemet 33.75 117.00 25.10 2.30 1.20 

4867 Sunset Blvd * 34.10 118.27 ll5.70' 9.80 5.20 

3345 Wilshire Blvd * 34.07 118.28 60.20 7.10 4.60 

666 W. 6th, Costa Mesa 33.63 ll8.90 9.30 3.50 2.30 

Santa Ani ta Reservoir 34.17 118.00 47.60 4.50 2.50 

Port Hueneme 34.12 119.20 10.50 3.20 2.20 

Pudding Stone Reservoir 34.08 117.80 37.80 2.10 1.80 

9841 Airport Blvd * 33.95 118.38 17.90 5.70 3.50 

14724 Ventura Blvd * 34.15 118.46 96.80 9.50 3.80 

* 34.12 118.33 73.20 7.50 1.90 N 1760 N. Orchid w 
N 



Table A.4 Instrument Locations for which Peak Vertical Ground Response Values 
Are Associated, 9 February 1971 San Fernando Earthquake--Continued 

Peak Values 
Coordinates Acceleration Velocity 

Ulcation N-Iat W-Long (cm/sec/sec) (cm/sec) 

9100 Wilshire Blvd * 34.07 118.38 40.50 7.20 

800 W. First * 34.11 118.24 60.90 8.70 

222 Figueroa * 34.07 118.26 43.20 8.50 

6464 Sunset Blvd * 34.10 118.33 74.20 7.10 

6430 Sunset Blvd * 34.10 118.33 88.90 6.30 

1900 Ave of the Stars * 34.06 118.42 57.40 4.60 

234 Figueroa * 34.07 118.26 67.50 7.80 

6200 Wilshire Blvd * 34.07 118.35 46.80 5.20 

3440 University Ave * 34.02 118.28 54.60' 7.10 

3435 Wilshire Blvd * 34.07 118.30 53.80 6.80 

3550 Wilshire Blvd * 34.07 118.31 54.30 7.10 

5260 Century Blvd 33.95 118.38 25.50 5.40 

* Locations used to microzone Los Angeles. 

Data SJurce: Trifunac, et a1., 1973. 

Displacement 
(cm) 

2.90 

5.10 

4.30 

2.00 

2.70 

2.00 

4.70 

2.70 

3.50 

3.60 

3.20 

3.60 

N 
W 
W 



Table A.5 Variogram Characteristics: Instrument Data, 
9 Fe·bruary 1971 San Fernando Earthquake 

0'2 
Variogram Characteristics 

Peak Response Values Nugget Sill Range (km) 

Acceleration, Regional 1100.0 220.0 1200.0 30.0 

Velocity, Regional 10.1 3.2 11.0 32.0 

Displacement, Regional 2.1 0.7 1.7 20.0 

Acceleration, Los Angeles 800.0 100.0 650.0 12.0 

Velocity, Los Angeles 7.0 1.5 12.0 14.0 

Displacement, Los Angeles 1.6 0.7 2.8 14.0 

N 

3 

3 

3 

Model 

spherical 

mod. gauss. 

gaussian 

spherical 

non-linear 

non-linear 

Cross-Val~dation Results 

Peak Response Values 

Acceleration, Regional 

Velocity, Regional 

Displacement, Regional 

Acceleration, Los Angeles 

Velocity, Los Angeles 

Displacement, Los Angeles 

Mean Square Error 

451.3 

3.9 

0.9 

169.0 

1.7 

0.7 

Kriging Variance 

451.3 

3.8 

0.9 

189.0 

1.6 

0.8 

N 
W 
~ 
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Table A.6 Locations at which Response Spectra are Associated. 
Selected Locations Used in this Study; 9 February 1971 
San Fernando Earthquake. 

Coordinates 
Location N-Lat W-Long Component 

250 E. First 34.10 118.23 Vertical 

445 Figueroa 34.06 118.26 Vertical 

1901 Ave of the Stars 34.06 118.42 Vertical 

1640 S. Marengo 34.06 - 118.24 Vertical 

3710 Wilshire Blvd 34.07 118.30 Vertical 

7080 Hollywood Blvd 34.10 118.34 Vertical 

4680 Wilshire Blvd 34.07 118.32 Vertical 

3470 Wilshire Blvd 34.07 118.30 Vertical 

L.A. Water and Power Bldg 34.05 118.25 Vertical 

3407 6th Street 34.06 118.30 Vertical 

633 E. Broadway, Glendale 34.15 118.24 Vertical 

808 S. Olive 34.04 118.26 Vertical 

2011 Zonal 34.06 118.24 Vertical 

120 N. Robertson 34.08 118.38 Vertical 

646 S. Olive 34.05 118.25 Vertical 

U.C.L.A. 34.07 118.44 Vertical 

Cal. Tech. 34.13 118.13 Vertical 

15250 Ventura Blvd 34.15 118.47 Vertical 

900 S. Fremont, Alhambra 34.08 118.15 Vertical 

435 N. Oakhurst 34.06 118.39 Vertical 

420 N. Roxbury 34.06 118.39 Vertical 

1800 Century Park, E 34.06 118.42 Vertical 

15910 Ventura Blvd 34.16 118.47 Vertical 

15107 Van owen 34.19 118.47 Vertical 

616 S. Normandie 34.06 118.29 Vertical 

3838 Lankenshim Blvd 34.15 ll8.37 Vertical 
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Table A.6 Locations at which Response Spectra are Associated. 
Selected Locations Used in this Study; 9 February 1971 
San Fernando Earthquake.--Continued 

Coordinates 
Location N-Lat W-Long Component 

1880 Century Park, E 34.06 118.42 Vertical 

2500 Wilshire Blvd 34.07 118.29 Vertical 

Griffith Park Observatory 34.12 118.29 Vertical 

215 W. Broadway, Long Beach 33.80 118.25 Vertical 

Terminal Island, Long Beach 33.75 118.24 Vertical 

4867 Sunset Blvd 34.10 - 118.27 Vertical 

3345 Wilshire Blvd 34.07 118.28 Vertical 

9841 Ai rport Blvd 33.95 118.38 Vertical 

14724 Ventura Blvd 34.15 118.46 Vertical 

1760 N. Orchid 34.12 118.33 Vertical 

9100 Wilshire Blvd 34.07 118.38 Vertical 

800 W. First 34.11 118.24 Vertical 

222 Figueroa 34.07 118.26 Vertical 

6464 Sunset Blvd 34.10 118.33 Vertical 

6430 Sunset Blvd 34.10 118.33 Vertical 

1900 Ave of the Stars 34.06 118.42 Vertical 

234 Figueroa 34.07 118.26 Vertical 

6200 Wilshire Blvd 34.07 118.35 Vertical 

3440 University Ave 34.02 118.28 Vertical 

3550 Wilshire Blvd 34.07 118.31 Vertical 

For each of these locations, the response spectrum for the lowest 
building elevation was used, either sub-basement, basement, ground 
floor, or first floor. Coordinate locations were assigned using USGS 
7 1/2 minute quadrangle sheets. 



APPENDIX B 

MODIFIED MERCALLI INTENSITY SCALE OF 1931 
(Adapted from Barosh, 1969) 

Modified Mercalli intensity describes the effects of an 

earthquake at a specific location. This intensity comprises a scale 

of integer values, ranging from I (not felt) to XII (total damage). 

The exact way in which these intensity va-rues are assigned is 

described below. 

Modified Mercalli Intensity Scale of 1931 (Barosh, 1969) 

I. Not felt - or, except rarely under especially favorable 
circumstances. Under certain conditions, at and outside the 
boundary of the area in which a great shock is felt: 

sometimes birds, animals reported uneasy or disturbed; 
sometimes dizziness or nausea experienced; 
sometimes trees, structures, liquid, bodies of water, may sway 

doors may swing, very slowly 

II. Felt indoors by few, especially on upper floors, or by sensitive 
or nervous persons. 

Also, as in grade I, but often more noticeably: 
sometimes hanging objects may swing, especially when delicately 

suspended; 
sometimes trees, structures, liquids, bodies of water may sway, 

doors may swing, very slowly; 
sometimes birds, animals reported uneasy or disturbed; 
sometimes dizziness or nausea experienced 

III. Felt indoors by several, motion usually rapid vibration. 
Sometimes not recognized to be an earthquake at first. 
Duration estimated in some cases. 
Vibration like that due to passing of light, or lightly loaded 

trucks some distance away. 
Hanging objects may swing slightly. 
Movements may be appreciable on upper levels of tall structures. 
Rocked standing motor cars slightly. 
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IV. Felt indoors by many, outdoors by few. 
Awakened few, especially light sleepers. 
Frightend no one, unless apprehensive from previous experience. 
Vibration like that due to passing of heavy, or heavily loaded 

trucks. 
Sensation like heavy body striking building, or falling of heavy 

objects inside. 
Rattling of dishes, windows, doors; glassware and crockery clink 

and clash. 
Creaking of walls, frame, especially in the upper range of this 

grade. 
Hanging objects swung, in numerous instances. 
Disturbed liquids in open vessels slightly. 
Rocked standing motor cars noticeably. 

V. Felt indoors by practically all, outdoors by many or most: 
outdoors direction estimation. -

Awakened many, or most. 
Frightened few - slight excitement, a few ran outdoors. 
Buildings trembled throughout. 
Broke dishes, glassware, to some extent. 
Cracked windows - in some cases, but not generally. 
Overturned vases, small or unstable objects, in many 

instances, with occasional fall. 
Hanging objects, doors, swing generally or considerably. 
Knocked pictures against walls, or swung them out of place. 
Opened, or closed, doors, shutters, abruptly. 
Pendulum clocks stopped, started, or ran fast, or slow. 
Moved small objects, furnishings, the la~t~r to slight extent. 
Spilled liquids in small amounts from well-filled open 

containers. 
Trees, bushes, shaken slightly. 

VI. Felt by all, indoors and outdoors. 
Frightened many, excitement general, some alarm, many ran 

outdoors. 
Awakened all. 
Persons made to move unsteadily. 
Trees, bushes, shaken slightly to moderately. 
Liquid set in strong motion. 
Small bells rang - church, chapel, school, etc. 
Damage slight in poorly built buildings. 
Fall of plaster in small amount. 
Cracked plaster somewhat, especially fine cracks, chimneys in 

some instances. 
Broke dishes, glassware, in considerable quantity, also some 

windows. 
Fall of knick-knacks, books, pictures. 
Overturned furniture in many instances. 
Moved furnishings of moderately heavy kind. 



VII. Frightened all - general alarm, all ran outdoors. 
Some, or many, found it difficult to stand. 
Noticed by persons driving motor cars. 
Trees and bushes shaken moderately to strongly. 
Waves on ponds, lakes, and running water. 
Water turbid from mud stirred up. 
Incaving to some extent of sand or gravel stream banks. 
Rang large church bells, etc. 
Suspended objects made to quiver. 
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Damage negligible in buildings of good design and construction, 
slight to moderate in well-built ordinary buildings, 
considerable in poorly built or badly designed buildings, 
adobe houses, old walls (especially where laid up without 
mortar), spires, etc. 

Cracked chimneys to considerable extent, walls to some extent. 
Fall of plaster inconsiderable to1Large amount, also some 

stucco. 
Broke numerous windows, furniture to some extent. 
Shook down loosened brickwork and tiles. 
Broke weak chimneys at the roofline (sometimes damaging roofs). 
Fall of cornices from towers and high buildings. 
Dislodged bricks and stones. 
Overturned heavy furniture, with damage from breaking. 
Damage considerable to concrete irrigation ditches. 

VIII. Fright general - alarm approaches panic. 
Disturbed persons driving motor cars. 
Trees shaken strongly - branches, trunks broken off, especially 

palm trees. 
Ejected sand and mud in small amounts. 
Changes: temporary, permanent; in flow of spYings and wells; 

dry wells renewed flow; in temperature of spring and well 
waters. 

Damage slight in structures (brick) built especially to withstand 
earthquakes. 

Considerable in ordinary substantial buildings, partial 
collapse: racked, tumbled down, wooden houses in some cases; 
threw out panel walls in frame structures, broke off decayed 
piling. 

Fall of walls. 
Cracked, broke, solid stone walls seriously. 
Wet ground to some extent, also ground on steep slopes. 
Twisting, fall, of chimneys, columns, monuments, also factory 

stacks, towers. 
Moved conspicuously, overturned, very heavy furniture. 
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IX. Panic general. 
Cracked ground conspicuously. 
Damage considerable in (masonry) structures built especially to 

withstand earthquakes: 
threw out of plumb some wood-frame houses built especially to 

withstand earthquakes; 
great in substantial (masonry) buildings, some collapse in 

large part; or wholly shifted frame buildings off 
foundations, racked frames; 

serious to reservoirs; underground pipes sometimes broken. 

X. Cracked ground, especially when loose and wet, up to widths of 
several inches; fissures up to a yard in width ran parallel 
to canal and stream banks. 

Landslides considerable from river banks and steep coasts. 
Shifted sand and mud horizontally Ori' beaches and flat land. 
Changed level of water in wells. 
Threw water on banks of canals, lakes, rivers, etc. 
Damage serious to dams, dikes, embankments. 
Damage severe to well-built wooden structures and bridges, some 

destroyed. 
Developed dangerous cracks in excellent brick walls. 
Destroyed most masonry and frame structures, also their 

foundations. 
Bent railroad rails slightly. 
Tore apart, or crushed endwise, pipe lines buried in earth. 
Open cracks and broad wavy folds in cement pavements and asphalt 

road surfaces. 

XI. Disturbances in ground many and widespread, varying with ground 
material. 

Broad fissures, earth slumps, and land slips in soft, wet 
ground. 

Ejected water in large amo'unt charged with sand and mud. 
Caused sea-waves (tidal waves) of significant magnitude. 
Damage severe to wood-frame structures, especially near shock 

centers. 
Great to dams, dikes, embankments, often for long distances. 
Few, if any (masonry), structures remained standing. 
Destroyed large well-built bridges by the wrecking of supporting 

piers, or pillars. 
Affected yielding wooden bridges less. 
Bent railroad rails greatly, and thrust them endwise. 
Put pipe lines buried in earth completely out of service. 



XII. Damage total - practically all works of construction damaged 
greatly or destroyed. 

Disturbances in ground great and varied, numerous shearing 
cracks. 
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Landslides, falls of rock of significant character, slumping of 
river banks, etc., numerous and extensive. 

Wrenched loose, tore off, large rock masses. 
Fault slips in firm rock, with notable horizontal and vertical 

offset displacements. 
Water channels, surface and underground, disturbed and modified 

greatly. 
Dammed lakes, produced waterfalls, deflected rivers, etc. 
Waves seen on ground surfaces (actually seen, probably, in some 

cases). 
Distorted lines of s~.ght and level. 
Threw objects upward into the air. --



APPENDIX C -
DOCUMENTATION OF KRIGING VARIANCES FOR SELECTED KRIGING 

RESULTS PRESENTED IN CHAPTER 2 
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Earthquake: March 11, 1933 (Long Beach) 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column 
21 22 23 30 

Row Row 
3 3.80 3.75 3.69 -15 1.90 
4 3.67 3.61 3.54 16 1.90 
5 3.53 3.46 3.37 17 1.90 

Column 
21 22 23 30 

Row Row 
33 1.36 1.32 1.42 36 1.49 
34 1. 39 1.42 1.44 37 1.44 
35 1.36 1.47 1.51 38 1.38 

Column 
53 54 55 

Row 
39 3.71 3.85 4.05 
40 3.84 4.00 4.08 
41 3.90 4.05 4.11 

Epicenter: 33.58°N, 117.98°W 
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Column 
31 32 

1.76 1. 69 
1.77 1.72 
1.82 1. 81 

Column 
31 32 

1.41 1.39 
1.33 1.30 
1.27 1.31 



Earthquake: May 31, 1938 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances. (selected locations): 

Column 
24 25 26 50 

Row Row 
1 0.84 0.83 0.81 -16 0.91 
2 0.81 0.80 0.78 17 0.85 
3 0.76 0.76 0.76 18 0.80 

Column 
18 19 20 28 

Row Row 
23 0.54 0.54 0.54 35 0.55 
24 0.54 0.54 0.54 36 0.55 
25 0.53 0.53 0.55 37 0.55 

Column 
53 54 55 

Row 
38 0.64 0.67 0.71 
39 0.65 0.68 0.72 
40 0.66 0.77 0.74 

Epicenter: 33.68°N, 117.53°W 
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Column 
51 52 

0.96 1.02 
0.90 0.95 
0.85 0.90 

Column 
29 30 

0.55 0.55 
0.55 0.55 
0.55 0.55 
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Earthquake: July 1, 1941 (Santa Barbara) 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column Column 
21 22 23 30 31 32 

Row Row 
1 0.58 0.58 0.57 -12 0.64 0.61 0.59 
2 0.55 0.55 0.54 13 0.62 0.60 0.56 
3 0.52 0.52 0.52 14 0.60 0.57 0.55 

Column Column 
14 15 16 53 54 55 

Row Row 
17 0.38 0.37 0.37 24 0.56 0.59 0.62 
18 0.37 0.37 0.37 25 0.54 0.57 0.60 
19 0.37 0.37 0.36 26 0.53 0.56 0.59 

Column 
29 30 31 

Row 
29 0.36 0.36 .0.36 
30 0.36 0.36 0.35 
31 0.35 0.35 0.35 

Epicenter: 34.33°N, 119.58°W 
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Earthquake: April 10, 1947 (Barstow) 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41 'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column Column 
20 21 22 40 41 42 

Row Row 
1 0.83 0.82 0.82 9 0.80 0.81 0.83 
2 0.80 0.80 0.80 -10 0.78 0.80 0.81 
3 0.78 0.78 0.78 11 0.77 0.78 0.80 

Column Column 
20 21 22 53 54 55 

Row Row 
20 0.64 0.64 0.64 30 0.79 0.81 0.84 
21 0.64 0.64 0.64 31 0.78 0.81 0.83 
22 0.64 0.64 0.64 32 0.78 0.80 0.82 

Column 
30 31 32 

Row 
45 0.64 0.64 0.64 
46 0.65 0.65 0.65 
47 0.66 0.66 0.65 

Epicenter: 34.97°N, 116.53°W 



Earthquake: March I, 1948 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row I, column 1 = 35°30'N, U9°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Colunm 
26 27 28 30 

Row Row 
12 0.87 0.87 0.87 -25 0.70 
13 0.87 0.87 0.87 26 0.70 
14 0.87 0.87 0.87 27 0.71 

Column 
17 18 19 52 

Row Row 
33 0.83 0.79 0.77 33 0.79 
34 0.83 0.79 0.75 34 0.79 
35 0.82 0.77 0.75 35 0.77 

Column 
30 31 32 

Row 
49 0.72 0.72 0.72 
50 0.75 0.73 0.75 
51 0.77 0.79 0.77 

Epicenter: 34.17°N, 117.53°W 
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Column 
31 32 

0.70 0.70 
0.71 0.71 
0.71 0.71 

Column 
53 54 

0.82 0.88 
0.82 0.88 
0.82 0.83 



Earthquake: December 4, 1948 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column 
20 21 22 39 

Row Row 
1 0.86 0.85 0.84 10 0.78 
2 0.84 0.84 0.83 -11 0.77 
3 0.81 0.81 0.81 12 0.74 

Column 
30 31 32 53 

Row Row 
20 0.70 0.70 0.70 24 0.84 
21 0.70 0.70 0.70 25 0.82 
22 0.71 0.71 0.71 26 0.81 

Column 
35 36 37 

Row 
35 0.71 0.71 0.71 
36 0.71 0.71 0.71 
37 0.71 0.71 0.71 

Epicenter: 33.88°N, 116.33°w 
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Column 
40 41 

0.79 0.83 
0.78 0.81 
0.78 0.80 

Column 
54 55 

0.87 0.90 
0.85 0.88 
0.84 0.86 



Earthquake: July 21, 1952 (Kern County) 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column 
18 19 20 1 

Row Row 
1 0.27 0.26 0.25 25 0.22 
2 0.25 0.24 0.23 -26 0.22 
3 0.23 0.22 0.21 27 0.22 

Column 
25 26 27 53 

Row Row 
25 0.11 0.11 0.11 25 0.27 
26 0.11 0.11 0.11 26 0.26 
27 0.11 0.11 0.11 27 0.25 

Column 
18 19 20 

Row 
53 0.47 0.44 0.41 
54 0.51 0.47 0.45 
55 0.56 0.52 0.49 

Epicenter: 35.00o N, 119.03°W 
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Column 
2 3 

0.20 0.18 
0.20 0.18 
0.20 0.18 

Column 
54 55 

0.29 0.32 
0.28 0.31 
0.28 0.30 



Earthquake: January 12, 1954 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row I, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column 
20 21 22 40 

Row Row 
1 0.87 0.87 0.86 10 0.79 
2 0.85 0.84 0.84 -11 0.77 
3 0.82 0.81 0.81 12 0.76 

Column 
20 21 22 53 

Row Row 
20 0.66 0.66 0.66 25 0.91 
21 0.66 0.66 0.67 26 0.89 
22 0.67 0.67 0.67 27 0.88 

Column 
38 39 40 

Row 
38 0.66 0.66 0.66 
39 0.66 0.66 0.67 
40 0.66 0.67 0.67 

Epicenter: 35.000 N, 119.02° W 
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Column 
41 42 

0.81 0.83 
0.79 0.81 
0.78 0.79 

Column 
54 55 

0.96 0.99 
0.93 0.97 
0.92 0.95 
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Earthquake: March 18, 1957 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each wi th 55 columns 

Row 1, column 1 = 35°30'N, 119°41 'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected locations) : 

Column Column 
9 lO 11 10 11 12 

Row Row 
21 0.78 0.96 1.18 29 0.30 0.19 0.23 
22 0.72 0.81 0.89 -30 0.28 0.16 0.24 
23 0.61 0.65 0.72 31 0.25 0.21 0.31 

Column Column 
5 6 7 20 21 22 

Row Row 
32 1. 36 1.02 0.75 32 0.70 0.58 0.48 
33 1.50 1.17 0.89 33 0.92 
34 1. 66 1. 35 1. 04 34 

Epicenter: 34.100 N, 119.17°W 



Earthquake: February 9, 1971 (San Fernando) 
Data type: modified Mercalli Intensity 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variances (selected lo~ations) : 

Column 
29 30 31 1 

Row Row 
3 1. 36 1. 39 1.43 25 1.50 
4 1.25 1.29 1.33 --26 1.47 
5 1.15 1.19 1.24 27 

Column 
25 26 27 48 

Row Row 
25 0.67 0.69 0.71 25 1.14 
26 0.66 0.69 0.71 26 1.07 
27 0.65 0.68 0.70 27 1.02 

Column 
29 30 31 

Row 
48 0.81 0.79 0.78 
49 0.89 0.86 0.84 
50 0.98 0.94 0.91 

Epicenter: 34.41°N, 118.40oW 
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Column 
2 3 

1.39 1.29 
1.36 1.24 
1.35 1. 22 

Column 
49 50 

1.22 1.30 
1.16 1.24 
1.10 1.18 



Earthquake: February 9, 1971 (San Fernando) 
Data type: Peak values of acceleration, velocity, and displacement 

(vertical component) 
Grid dimensions: 55 rows each with 55 columns 

Row 1, column 1 = 35°30'N, 119°41'W 
Row 55, column 1 = 33°14'N, 119°41'W 
Row 55, column 55 = 33°14'N, 117°W 

Kriging variance (selected locations): 

Column 
28 29 

PKA PKV PKD PKA PKV 
Row 
31 998.37 7.27 1. 36 1184.39 9.38 

32 898.79 5.95 1.21 930.66 6.17 

33 731.35 3.76 0.95 739.44 3.86 

38 855.45 5.17 1.13 938.74 6.44 

40 993.04 6.93 1.34 977.86 6.61 

42 1035.52 7.34 1.40 773.29 3.88 

44 1270.95 10.58 1.77 1105.91 8.25 

Units in which original data is specified: 

peak acceleration: cm/sec/sec 
peak velocity: cm/sec 
peak displacement: cm 

PKD 

1.64 

1.25 

0.96 
\ 

1.27 

1.32 

1.00 

1. 51 

30 
PKA PKV PKD 

1318.46 10.55 1.82 

924.63 6.05 1.24 

719.75 3.17 0.92 

1017.11 7.10 1.38 

1140.75 8.57 1.56 

742.65 3.57 0.95 

1060.09 7.50 1.44 

N 
\J1 
W 
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