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ABSTRACT
Real estate portfolios for mortgage lenders and property insurers generally include many
properties distributed over a large region. Contracts between the property owners and the lending
and insuring institutions put these institutions at risk if damage were to occur to the property.
Therefore, these institutions utilize portfolio risk assessment to manage the risk they accumulate
through the course of doing business. Portfolio risk assessment requires the definition of the
regional hazard, a portfolio of risks that are exposed to the hazard, and vulnerability functions
that estimate the consequence of each dwelling in the portfolio being subjected to the hazard.
The number of properties, their geographic distribution, as well as budgetary and scheduling
constraints make it impractical to conduct detailed engineering investigations for every property
within the portfolio. Risk owners typically have to rely on the use of sophisticated catastrophe
models to estimate average annual losses and the probability of exceeding certain levels of loss
for risk management purposes. Given the complication in hazard estimation and inherent
uncertainties in vulnerability assessment due to lack of detailed building information, it is crucial
for risk owners to know how portfolio size, geographical distribution, and including information
1

Vice President, Director – Earthquake Engineering, AIR Worldwide, Boston, MA 02116
Senior Engineer, AIR Worldwide, Boston, MA 02116
3
Manager, AIR Worldwide, Boston, MA 02116
2

Lai, T., O’Donnell, A., Li, S, Civitenga, P. The Impacts of Geographical Distribution and Secondary Building
Characteristics on the Seismic Risk of Large and Small Real Estate Portfolios. Proceedings of the 11th National
Conference in Earthquake Engineering, Earthquake Engineering Research Institute, Los Angeles, CA. 2018.

regarding the buildings’ secondary characteristics could impact their view of the risk.
In this study, we examine the seismic risk of large and small portfolios of hypothetical single
family dwellings distributed across California and Arkansas representing regions with high and
low seismicity respectively. Full portfolios, representing the geographical distribution of all
known single family dwellings (also known as the “industry”) in both California and Arkansas,
are created for this study. These portfolios include an assumed constant building value and are
exclusive of value associated with contents and loss of use. Subset portfolios of varying size are
sampled from the full portfolios to approximate evenly or irregularly distributed risks that are
either biased or un-biased in terms of either geography or dwelling secondary features. It is
observed that portfolio size has little impact on mean portfolio loss but significant impact on its
dispersion. Preliminary results also indicate that the geographical distribution of risks and the
distribution of dwellings’ secondary features that differ from the industry can have an impact on
the mean portfolio loss and would warrant additional investigation.
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Therefore, these institutions utilize portfolio risk assessment to manage the risk they accumulate
through the course of doing business. Portfolio risk assessment requires the definition of the
regional hazard, a portfolio of risks that are exposed to the hazard, and vulnerability functions that
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risk management purposes. Given the complication in hazard estimation and inherent uncertainties
in vulnerability assessment due to lack of detailed building information, it is crucial for risk
owners to know how portfolio size, geographical distribution, and including information regarding
the buildings’ secondary characteristics could impact their view of the risk.
In this study, we examine the seismic risk of large and small portfolios of hypothetical single
family dwellings distributed across California and Arkansas representing regions with high and
low seismicity respectively. Full portfolios, representing the geographical distribution of all
known single family dwellings (also known as the “industry”) in both California and Arkansas, are
created for this study. These portfolios include an assumed constant building value and are
exclusive of value associated with contents and loss of use. Subset portfolios of varying size are
sampled from the full portfolios to approximate evenly or irregularly distributed risks that are
either biased or un-biased in terms of either geography or dwelling secondary features. It is
observed that portfolio size has little impact on mean portfolio loss but significant impact on its
dispersion. Preliminary results also indicate that the geographical distribution of risks and the
distribution of dwellings’ secondary features that differ from the industry can have an impact on
the mean portfolio loss and would warrant additional investigation.

Introduction
Mortgage lending and insurance are areas of business that rely on accumulating contracts with a
large number of real estate properties. Generally, companies will accumulate a portfolio of
contracts that will include many properties distributed over large regions. In the process of doing
business and engaging in these contracts, lenders and insurers will inherently expose themselves
to a certain amount of risk as these properties are subject to both catastrophic and noncatastrophic incidents such as fire, wind, flooding and earthquakes. Given the complexity of
regional seismic hazard assessment and having to deal with a large volume of properties, these
institutions typically utilize portfolio risk assessment as a means for quantifying the monetary

risk that they assume through the course of engaging in business with numerous real estate
properties.
Portfolio risk assessment requires the definition of the regional hazard, a portfolio of risks that
are exposed to the hazard, and vulnerability functions that estimate the consequence of each
property in the portfolio being subjected to the hazard. There are numerous factors that influence
the volatility in the risk exhibited by a portfolio of dwellings such as the number of properties in
the portfolio, their geographical distribution, and secondary characteristics exhibited by the
dwellings. However, budgetary and time constraints make it impractical to conduct detailed
engineering investigations for each property in the portfolio, especially for large portfolios of
properties. Therefore, these institutions that subsequently own the risk typically collect some
primary property information and have to rely on the use of sophisticated catastrophe models to
estimate average annual losses and probability of exceeding certain levels of loss for performing
risk management based on the average risk exhibited by their own unique portfolio. It is
therefore crucial for risk owners to know how portfolio size, geographical distribution, and
including information regarding the buildings’ secondary characteristics in the portfolio risk
analysis could impact their view of the risk.
In this study, we examine the seismic risk of different hypothetical portfolios of single family
dwellings in terms of average magnitude of the risk (mean) and volatility in the risk (standard
deviation). The portfolios of varying sizes are sampled randomly to approximate evenly or
irregularly distributed risks that exhibit biases in either geography or dwelling characteristics.
First, portfolio size is examined to investigate how the number of risks in the portfolio can
impact the risk in California and Arkansas representing high and low seismicity respectively.
Next, the portfolio risk is assessed with respect to varying geographical distributions across
California. Finally, to study the impact of secondary features on risks, secondary features are
assumed for every dwelling in California following realistic distributions of secondary dwelling
characteristics. Next, portfolios of dwellings are sampled assuming biases in the types of
dwellings contained within each sampled portfolio. These portfolios are sampled with biases to
represent the situation in which a specialty insurer or mortgage lender would tend to cater to a
certain portion of the population. These biased portfolios represent three hypothetical situations
including risk holders specializing in large high value homes, older homes with a tendency to
possess cripple walls, and homes that possess a significant amount of exterior brickwork. The
aim of this study is to identify the impact of these secondary features with the goal of helping
risk owners to make effective use of their resources in order to perform a more robust and
realistic risk analysis.
Analysis Procedure
AIR Worldwide’s recently updated Earthquake Model for the United States (henceforth referred
to as the US EQ Model) was used to conduct this analysis. This model was developed for the
purpose of performing portfolio risk assessment on collections of risks within the contiguous 48
United States. The portfolios of all single family dwellings in the states of California and
Arkansas were used as the basis for this analysis. The high resolution AIR Industry Exposure
Database (IED) was leveraged to obtain the locations of all single family dwellings in California
and Arkansas at a 1 kilometer gridded resolution. This IED consists of over 9.04 million

individual dwellings distributed across more than 96,300 unique grids throughout California, and
over 0.40 million individual dwellings across more than 56,800 unique grids throughout
Arkansas. This exposure contains basic information about the primary characteristics of the
individual properties including the location (as geographical latitude and longitude), occupancy,
construction type, height class (one-story, two-story and above, or unknown), and replacement
value which is the cost it would take to completely rebuild the property to its current condition.
In order to have a more concise interpretation for the applicability of the results, the value of all
dwellings is set as $1.0 million and non-building risks (i.e., contents and loss of use) are
excluded from the analysis. This portfolio of basic building information is emblematic of the
situation in which limited information is known about each risk. This situation would often be
the case for large lenders or insurers that enter into contracts with a large number of properties.
In this study, these portfolios of exposed properties (also called an exposure) were analyzed
using the US EQ Model to obtain an estimate for the monetary seismic risk. This type of analysis
utilizes a stochastic catalog in which 10 thousand hypothetical years of earthquakes are provided
to simulate a sufficiently large sample of earthquake activity that could plausibly occur next
year. The primary pieces of information that come out of such an analysis are the Loss Cost (LC)
for each individual risk as well as for the entire portfolio of interest, and normalized individual
and portfolio LC. The individual LC can be computed by summing up all of the calculated losses
caused by each event in the catalog and then dividing that aggregate loss number by the number
of simulated years in the catalog (in this case 10 thousand years) to obtain the Average Annual
Loss (AAL). This AAL is then divided by the replacement value (in this case $1 million) of the
individual risk. Similarly, the portfolio LC follows the same summation procedure but it is
conducted for all properties in the portfolio. In the case of this study, this can simply be
calculated as the average of all individual LCs within the portfolio because each property in the
portfolio has the same building value. The normalized LC is the ratio between LC of an
individual property or subset portfolio of properties and the LC of entire full portfolio of
dwellings in either California or Arkansas. The normalized LC is a key metric because it
provides a relative sense of the inherent riskiness of an individual property or portfolio of
properties over a long time horizon relative to the risk of the entire state. The individual property
LC can be viewed as a measure of riskiness which is a combination of seismicity and
vulnerability whereas the portfolio LC contains a variety of dwellings that each exhibit either
low or high risk tendencies, thereby mitigating the overall risk through the process of risk
sharing. It is this philosophy that makes insurance possible as well as beneficial to both the
individual property owner as well as the insurance and lending institution engaging in the risk
sharing practice. Therefore, in order for the risk sharing to happen in a fair and secure way, the
institution engaging in the risk sharing must be able to estimate the risk to their portfolio (as
measured by the LC) accurately and with confidence.
It is not possible to assume that a single institution will be able to enter into contracts with all of
the 9+ million dwellings in California. However, it is more realistic to assume that numerous
individual institutions will be able to each engage with a smaller subset of individual properties
to build their own unique portfolios of risk. Therefore, subsets of portfolios are sampled from the
population of 9+ million individual single family properties in California to simulate a more
realistic situation that would likely be faced by lending and insurance institutions. One thousand
subsets of individual properties are sampled to obtain hypothetical portfolio subsets. The

normalized portfolio LC is calculated for each of the one thousand sampled property subsets and
statistics are computed on the resulting distributions of normalized LC values. These statistics
include the mean of the normalized LC distributions, as well as the standard variation (STD)
describing the spread in distribution of the normalized LC. These statistics are computed to
investigate how different factors can influence the magnitude (mean of normalized portfolio LC)
and volatility (STD of normalized portfolio LC) of the risk in the sampled portfolios. The
following sections will investigate how these metrics are influenced with respect to varying
portfolio size, geographical distribution, and bias in secondary characteristics.
Impact of Portfolio Size
The first component of this study was to investigate the impact that portfolio size has on the
estimated magnitude and volatility of risk for the sampled hypothetical portfolios. In order to
study the impact of portfolio size, 1000 subsets of varying size were sampled from the full
population of 9+ million dwellings in California. Specifically, 1000 subsets were sampled from
the population to obtain hypothetical subset portfolios with sizes of 50, 100, 200, 500, 1000,
5000, and 10000 individual properties. This was done to examine how the magnitude and
volatility of small and large portfolios could differ between institutions of varying size. A
portfolio of 50 properties would be emblematic of a smaller and potentially more regional
mortgage lender or private insurer whereas a portfolio of 10000 is more realistic for a large to
very large primary insurer. The statistics obtained from the LC results from sampling portfolio
subsets of varying sizes are presented in Table 1 along with the ratio between portfolio size and
the number of properties in all of California which is presented in the first row. .
Table 1. Statistics in the distribution of normalized portfolio LC for portfolio subsets of various
sizes in California
Size
% of CA
Mean
STD

50
0.0005%
0.9995
0.1503

100
0.001%
0.9973
0.1011

200
0.002%
0.9993
0.0716

500
0.005%
1.0004
0.0448

1,000
0.01%
0.9983
0.0311

5,000
0.05%
0.9998
0.0145

10,000
0.01%
0.9996
0.0102

In this table, the mean is presented for the normalized LC which means that a value close to 1.0
represents the situation in which the mean of the distribution of LCs obtained from the 1000
sampled portfolios of a given size is similar to the LC obtained for the full portfolio of 9+
million dwellings in California. It can be seen from the results presented for the mean portfolio
LC in Table 1Error! Reference source not found. that the estimate for the mean of the
portfolio LCs remains fairly stable and very close to the mean of the LC for the entire California
dwelling portfolio regardless of the portfolio size. Additionally, as the portfolio size decreases,
dispersion in the estimation of the individual portfolio LC becomes more prevalent. This
observation is rational considering the fact that as more individual properties are included
through the process of risk sharing, the risk gets distributed across the large number of dwellings
that have become bound into the portfolio of risks. As a result, the volatility in the risk of the
portfolio as a whole reduces considerably while the magnitude of the risk for a given individual
portfolio becomes less uncertain. However, it is interesting to notice that the volatility in the
portfolio risk is still quite small even for a fairly small portfolio consisting of only 0.01% of the

dwellings within all of California.
Impact of Regional Seismicity
The impact of portfolio size was first investigated for California which is an area of high
seismicity. The next task was to investigate whether the observations taken from the results
presented in Table 1 will still hold true for an area of lower seismicity. To accomplish this, the
same study was repeated for Arkansas, where the seismicity is much lower and the total number
of dwellings is much smaller as compared to California. As presented in Table 2, the trends in
the resulting statistics are similar to those that were presented for California: the mean of
normalized portfolio LC remains fairly stable and very close to the mean LC for all of Arkansas
regardless of the portfolio size with smaller portfolios resulting in larger dispersion. However,
for similarly sized portfolios, the dispersion is much larger in Arkansas than California.
Therefore, this observation reinforces the perception that areas with lower seismicity generally
exhibit higher uncertainty.
Table 2. Statistics in the distribution of normalized portfolio LC for portfolio subsets of various
sizes in Arkansas
Size
% in AR
Mean
STD

50
0.012%
0.9809
0.276

100
0.025%
1.0075
0.200

200
0.05%
0.9921
0.149

500
0.124%
1.0028
0.064

1,000
0.248%
0.9983
0.0283

5,000
1.243%
0.9983
0.021

10,000
2.486%
0.9998
0.014

Impact of Geographical Distribution
The next aim of this study was to investigate the impact that the geographical distribution of the
properties within the portfolio can have with respect to the magnitude and dispersion of the risk.
Therefore, the impact of geographical distribution was first analyzed with respect to the distance
between the individual properties and the known mapped surface fault closest to each property.
This type of geographical distribution was investigated because it can be presumed that from an
insurance perspective, a homeowner that owns a dwelling that is located close to a fault would be
more likely to purchase earthquake insurance than a homeowner that is located farther away
from a known fault. This inherently creates a geographical bias in the population homeowners
who are actively seeking earthquake insurance.
To simulate this presumed bias, a map of known surface faults was generated as a shapefile of
geo-referenced lines. The geo-referenced portfolio of all 9+ million dwelling locations obtained
from the IED in California was analyzed in conjunction with the shapefile of lines representing
the known surface faults using the “gDistance” function available through the “rgeos” package in
the R statistical programming environment. Using this function, it was possible to calculate the
distance between every dwelling location in the full portfolio of dwellings in California and the
closest known fault. Once a distance was associated with each location, subsets of biased
portfolios were drawn from the population of 7.1 million risks that are located within 20
kilometers from a known surface fault. The statistics of the normalized portfolio LCs calculated
for the portfolio subsets sampled from the biased population of dwellings located within 20km of

a known fault are presented in Table 3.
Table 3. Statistics in the distribution of normalized portfolio LC for portfolio subsets of various
sizes sampled from a biased subset of properties located within 20km of known faults in
California.
Size
Mean
STD

50
1.2648
0.151

100
1.2749
0.101

200
1.2648
0.071

500
1.2648
0.040

1,000
1.2648
0.030

5,000
1.2648
0.010

10,000
1.2648
0.010

A second study on the impact of geographic distribution of properties within each portfolio was
conducted by drawing samples from 3+ million properties that have highest individual LCs.
These 3+ million properties comprise approximately 33% of the dwelling population within
California but contribute 70% of the LC risk to the entire state. Just as with the previous
sampling study, it can be imagined that the homeowners at these locations would be more likely
to seek earthquake insurance which will inherently create a geographical bias in terms of the
locations of individual dwellings within each sampled portfolio. Table 4 presents the statistics in
the distribution of normalized portfolio LCs calculated from subsets of properties that were
sampled from the biased population of 3+ million dwellings exhibiting high individual LCs.
Table 4. Statistics in the distribution of normalized portfolio LC for portfolio subsets of various
sizes sampled from 3+ million properties having highest individual LCs in California.
Size
Mean
STD

50
2.1061
0.141

100
2.1141
0.099

200
2.1112
0.074

500
2.1171
0.045

1,000
2.1151
0.032

5,000
2.1143
0.014

10,000
2.1143
0.010

It can be seen that from the statistics presented in Tables 3 and 4 that the magnitude and
volatility in the risk exhibited by these sampled portfolios follow a similar pattern as what was
exhibited by the subsets that were sampled from the full population of 9+ million risks. In both
cases the magnitude of the risk remains fairly constant regardless of portfolio size and the
volatility in the risk reduces as the portfolio size increases. However, there is a major difference
between the results presented in Table 1 and Tables 3 and 4: while the mean magnitude of the
risk remains fairly constant regardless of portfolio size, it should be noted that in general the
portfolios sampled from the biased population of risks are noticeably higher than the risk
exhibited by the full population of 9+ million dwellings in California. This makes sense with
respect to the fact that these portfolios have been sampled from a population that is biased
towards being closer to faults or exhibiting higher individual risk which would logically result in
an increase in the exposure to the hazard and therefore the overall risk.
Figure 1 below presents the locations of the individual risks (green circles) with respect to the
mapped known surface faults (red lines) in California. The full portfolio of 9+ million risks is
shown in Figure 1(a) while the locations of the 3+ million high-risk dwellings are shown in
Figure 1(b). It is interesting to note that the top 3+ million high-risk dwellings are mostly located
along the San Andreas and Hayward fault lines. It can therefore be inferred that in California the
average seismic risk is dominated by the dwellings that are in the vicinity of faults capable of
generating large magnitude earthquakes over rather long return periods.

a) Distribution of all 9+ million risks
b) Top 3+ million high risk locations
Figure 1. California fault lines and dwelling locations

Impact of Secondary Characteristics
The final aspect of portfolio composition that was investigated as part of this study was the
impact that including secondary characteristics of the individual dwelling properties has on the
resulting risk of the portfolios. Secondary characteristics are features of a property that provide
more detailed information about the property beyond the basic primary risk characteristics of
location, construction type, occupancy, and height. To investigate this impact, six different
secondary characteristics were considered including whether the dwelling has one story or more
than one story, whether or not the dwelling is large and considered to be a high-value home
(HVH), whether or not the dwelling is built on a cripple wall, whether or not fragile components
of the dwelling such as hot water heaters are braced, whether or not the façade is composed
primarily out of brick masonry, and whether or not an un-braced and unreinforced brick masonry
chimney exists as part of the dwelling. These secondary characteristics are all features of a
property that can be entered into the detailed location record and included as input to the AIR US
EQ Model. The inclusion of these secondary characteristics allows the loss calculation
methodology within the US EQ Model to take this additional information into account in order to
provide a more refined and tailored view of the risk for an individual property.
While the full population of risks obtained from the IED does not contain detailed information
regarding the secondary characteristics that exist at each location, distributions representing the
proportion of properties that fall within each of the defined secondary characteristic categories
were obtained. From the description of the secondary characteristics presented in the previous

paragraph, it can be argued that these secondary characteristics are not necessarily independent
and a certain degree of correlation may exist between them. However, for the sake of this study it
was assumed that these secondary characteristics are independent in order to obtain some
illustrative results. Therefore, based on the distributions that were obtained for each
characteristic, each dwelling within the portfolio of 9+ million properties in California was
assigned to either possess or not possess each of the six different characteristics. The
distributions that were used for assigning the risk characteristics to the full population of
dwellings are presented under the column labeled “Industry” in Table 5.
Table 5. Proportion of secondary characteristics among population and studied biased portfolios
within California.

One story
Cripple wall
Brick chimney
Braced equipment
Masonry veneer
Large HVH

Industry
with without
0.7
0.3
0.1
0.9
0.5
0.5
0.4
0.6
0.05
0.95
0.05
0.95

Large HVH
with without
0.35
0.65
0.1
0.9
0.5
0.5
0.4
0.6
0.05
0.95
0.5
0.5

Old Home
with without
0.7
0.3
0.5
0.5
0.5
0.5
0.7
0.3
0.05
0.95
0.05
0.95

Brick Bungalow
with
without
0.7
0.3
0.1
0.9
0.9
0.1
0.4
0.6
0.4
0.6
0.05
0.95

The assignment of secondary characteristics was then repeated three more times to represent
populations of dwellings that exhibit a particular bias in the distribution of their secondary
characteristics. In reality these biases have the potential to exist for certain specialty lenders or
insurers who tend to cater to a particular subset of the overall population. These three biases
include the tendency to develop contracts with larger high-value homes, older homes that may
not be up to current code standards with existence of cripple walls and unbraced components,
and homes with a certain architectural style called a brick bungalow. For each of the three
different bias types the modified distributions can be seen under their respective columns in
Table 5, where the shaded cells in the table indicate which distributions of secondary modifiers
deviated from the Industry population in California.
In order to study the impact of secondary characteristics, 1000 subsets of varying size (50, 100,
200, 500, 1000, 5000, and 10000 individual properties respectively) were sampled from the
artificially biased populations presented above, representing specialty portfolios of large HVH,
old dwellings, and brick bungalows respectively, the magnitude and volatility of the calculated
risk are summarized in Tables 6 and 7 respectively.
Table 6. Mean of normalized portfolio LC for portfolio subsets of various sizes with different
secondary characteristics in California
Size
HVH
Old Home
Bungalow

50
1.1083
1.1593
1.2387

100
1.1113
1.1634
1.2415

200
1.1125
1.1680
1.2454

500
1.1107
1.1653
1.2438

1,000
1.1097
1.1656
1.2435

5,000
1.1108
1.1665
1.2434

10,000
1.1113
1.1669
1.2441

Table 7. Standard deviation of normalized portfolio LC for portfolio subsets of various sizes with
different secondary characteristics in California
Size
HVH
Old Home
Bungalow

50
0.166
0.177
0.185

100
0.115
0.123
0.129

200
0.087
0.090
0.097

500
0.054
0.056
0.060

1,000
0.037
0.039
0.041

5,000
0.016
0.017
0.019

10,000
0.012
0.013
0.013

The statistics in Tables 6 and 7 show a similar pattern as observed in the previous studies
examining the impact of portfolio size and geographical distribution: the magnitude of the risk
remains fairly constant regardless of portfolio size and the volatility reduces as the portfolio size
increases. However, the magnitude of the mean normalized LC varies depending on the type of
characteristics that are assigned to a given portfolio subset and in the cases of the biases utilized
for this analysis this can result in an increase in the magnitude of the risk relative to the full
population of dwellings in California on the order of 10%-25%. The dispersion in the magnitude
of calculated risk was also observed to increase with the inclusion of secondary characteristics
however increasing the portfolio size was shown to be instrumental in reducing this dispersion.
Conclusions
The impact of portfolio size, geographical distribution of the dwellings, and the inclusion of
secondary building features on the calculated seismic risk of portfolios in areas of high and low
seismicity is studied. Full portfolios, representing the geographical distribution of the industry of
residential exposures with constant building value and exclusive of contents and loss of use in
both California and Arkansas, are developed to provide the basis for this study. Subset portfolios
of varying size are sampled from the full portfolios to approximate evenly or irregularly
distributed risks that exhibit certain biases in either geography or dwelling secondary
characteristics. It is observed that portfolio size has little impact on mean portfolio loss but
significant impact on its dispersion. Subsets of smaller portfolios generally resulted in larger
dispersion in the risk estimate which suggests the possibility of experiencing significantly higher
losses in a future event as compared to the risk exhibited by the industry. It is interesting to note
that a portfolio size as small as 0.01% of the entire industry in California would converge to the
mean loss of full portfolio with small dispersion while the same convergence in the results would
need a portfolio size of 0.25% of entire residential industry in Arkansas.
Additionally, it was shown that the geographical distribution of dwellings could potentially have
a high impact on seismic risk as shown in California. This is especially the case when the risks
are located along the San Andreas and Hayward faults that are capable of generating large
magnitude earthquakes. Understanding and accurately accounting for the secondary building
features was also shown to have a noticeable impact as well. However, the extent to which this
impacts the resulting loss depends on how these features are distributed within a given portfolio
and how these distributions deviate from the industry proportions. Therefore, in order to make
effective use of resources for reliable risk assessment, institutions that are in the business of
owning risk need to first understand the differences between their specific portfolio relative to
the industry in terms of its geographic distribution and secondary features.

