Eleventh U.S. National Conference on Earthquake Engineering
Integrating Science, Engineering & Policy
June 25-29, 2018
Los Angeles, California

SOURCE MODEL CONTRIBUTIONS TO
THE SPATIAL CORRELATION OF
LOSSES IN EARTHQUAKE RISK
MODELS
D.D. Fitzenz1, J. Taylor and C. Spillers2
ABSTRACT
Source modeling assumptions affect how long and complex ruptures can be, and how often and
how regularly they can occur and cause losses in risk models. Length, magnitude and recurrence
are intuitive causes of spatial correlation in hazard and losses. However, most of the literature on
spatial correlation has concentrated either on ground motion models (and soil properties) or on
vulnerability. In this contribution, we are using portfolios made of single or pairs of California
counties all around the San Francisco Bay Area and in Southern California. California fault models
have been released as Uniform California Earthquake Rupture Forecasts (UCERF) versions.
Spatial loss correlations between counties are computed using Risklink reflecting the UCERF3
model and are contrasted to those obtained using UCERF2. We also present correlation values one
would obtain using the UCERF3 event set but with different assumptions in terms of aperiodicity,
as well as differences obtained between the time-independent models and the time-dependent
models. In this way, we can assess the relative role of the unsegmented vs segmented assumptions,
time-dependent model assumptions, and the participation of the creeping section to long ruptures.
We find that spatial correlation coefficients are very sensitive to all those elements. This means
that source model updates can change the view on the diversification of portfolios. This affects the
assessment of the solvency of (re-)insurance companies, and also affects underwriting guidelines:
a model update could result in a company deciding to pursue business in a different region.
Academically, it can be a powerful tool to compare ERFs, since hazard maps are not very sensitive.
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Introduction
Spatial correlations in hazard or loss are essential measures when studying Distributed
Infrastructure and Lifelines, including hospital networks, transportation networks, and water and
gas networks. They are also essential when testing the diversification of (re-)insurance portfolios.
Most correlation studies focus on Ground Motion, soil effects, or vulnerability [1].
The main objectives of this paper are to show that source modeling decisions can have a large
impact on the resulting spatial correlation of losses, leading to underwriting decisions related to
diversification. Other consequences are on metrics used to infer reserves for solvency
requirements, as well as on technical premium, but those other risk metrics are beyond the scope
of this paper. The source models in this study are the UCERF2 [2] and UCERF3 [3] models for
California, both time-independent and time-dependent. The losses and correlations are computed
using the RMS risk models for California Risklink v16 (whose source model is based off of
UCERF2) and Risklink v17 (based on UCERF3).
After a brief description of the main differences between UCERF2 and UCERF3, and an
introduction to Risklink models, loss correlations between California counties are presented,
organized such that the following effects can be best isolated: 1) the relaxation of the segmentation,
and for that v16 time-independent is compared to v16 but with the v17 time-independent source
model, 2) the time-dependent model relative to time-independent of same model, 3) alternative
time-dependent models (from the UCERF3 logic-tree) relative to the “blend” UCERF3
recommend using. Other sources of spatial dependencies in the source model can come from
imposing a regional magnitude-frequency constraint (as in UCERF3), the size of smoothing
kernels of gridded seismicity or from trade-offs in geodetic inversions, but those are beyond the
scope of this work.
UCERF3 in v17
UCERF3: unsegmented model where all fault events are assigned a time-dependent rate
The most recent source model for California was developed based on the third Uniform
California Earthquake Rupture Forecast (UCERF3). Other sources impacting California and
developed outside this framework include intraslab and interface events related to the Cascadia
subduction zone, as well as sources in neighboring states, as developed for the National Seismic
Hazard Map project of the U.S. Geological Survey.
This paper focuses on the ERF options for California fault events but the RMS risk models that
are used to compute losses do incorporate all sources relevant to California.
UCERF3 first reviewed fault maps and slip rate information. As a result, new faults were added
and others were modified (e.g., in their geometry or slip rate) compared to UCERF2. Both
UCERF2 and UCERF3 have background sources that are not long enough to impact both the
Bay area and southern California. We are not going to discuss them. While UCERF2 has type A
and type B faults and type C zones in addition to background sources, UCERF3 considers
ruptures as sets of two or more pieces of segments, following criteria like maximum distance
between fault segments for a rupture to jump from one to the other, a tolerance on local azimuth
change, a cumulative azimuth change, and a Coulomb test checking that rupture on one segment
would indeed bring the next closer to failure [3].

Those very large events go through the creeping section of the San Andreas Fault. This is
possible because out of about 30 mm/yr of slip rate, the calibrated creep model developed by
UCERF3 yields a slip rate budget for seismic slip of 20% of that value and the regional
Gutenberg-Richter relationship constrains the relative amount of small to large events in the
region as a whole. This results in average repeat times for “wall-to-wall” San Andreas ruptures
that extend from the SAF-Offshore to the SAF-Coachella section of 150,000 years; from the
SAF-North Coast to SAF-Mojave South section occur approximately every 2,500 years, from
SAF- Parkfield to SAF-Santa Cruz, occur every 900 years.
The 2 fault models
In a few subregions (e.g., off-shore and coastal southern California, East of the San Francisco
Bay), the dip and down-dip extent of the faults is not well known. For those cases, two different
fault models were created. Fault Model 1 promotes less connectivity and therefore has fewer
events, while Fault Model 2 has more events. There is no particular reason for having 2 fault
models as opposed to one for each alternative fault geometry, other than practicality. The two
fault models have almost 200,000 events in common.
The compound mean average solution
Each run of the inversion assigns non-zero rate to only a few thousand events (under-determined
problem). The UCERF3 team recommended using the compound mean average branch solution
to overcome this limitation in the convergence of the inversion. Because of the way the event set
is built, a lot of events span the same fault segments, i.e., overlap a lot. The events span about
5000 distinct combinations of fault segments, but their precise beginning and end vary a lot, to
create a total of 360,000 events (in terms of their geometry). This solution therefore includes
time-independent rate for about 360,000 on-fault events, ranging from M5 to M8.4. It is the only
solution that can be used to produce time-dependent rates.
Risk Model
UCERF2 is an unsegmented model where it is assumed that ruptures can only start and stop at
segment boundaries. Now UCERF3 acknowledge that ruptures can start anywhere on a fault
segment, and can also jump to other segments and stop anywhere there or on even farther segments
(within some constraints, see previous section).
Given that the amount of data has not changed radically, it means that assigning rates to each event
became an underdetermined inverse problem. A symptom of that is the lack of convergence of the
event rates from one run of the inversion to another [2], and the recommendation to use the
compound solution.
RMS took a step back and decided to analyze the event set in great detail, form an understanding
on how it was built, what its robust features are. RMS then designed an objective, reproducible
loss-focused event thinning procedure. It is centered on identifying overlapping events in the
original event set and creates a thinned event set that fully represents the spatial magnitudefrequency distributions of events. RMS modelers found that an event set of 54,000 events
preserves the unsegmented nature of the event set, the moment rate in the model, short-term and

long-term loss metrics with a good accuracy everywhere represented in the 2016 RMS Economic
Exposure Database and preserves hazard metrics everywhere on regular grids.
Time-dependent perspective
In UCERF3, all on-fault events with M>6.0 are modeled as time-dependent sources, meaning their
rates depend on the timing of the most recent event on the fault portions that constitute them [4].
Contrary to previous models where the time-dependent model was Brownian Passage Time (BPT)
with 3 possible aperiodicity values for each type A fault, the UCERF3 time-dependent model is a
mixture of BPTs, with the aperiodicity a decreasing function of magnitude, and Poisson model
(exponential inter-event time), the latter having a 20% weight. Three schemes are proposed for
how the aperiodicity varies with magnitude (Table 1). The proposed model is the mixture of all
models with weights given by the following table from Field et al. (2015). The authors stress that
different applications might warrant a different choice, so we will explore the Low Range and the
High Range in addition to the blend.
RMS’ thinned event set can be cast as a new time-independent UCERF3 solution. This solution
can be run through OpenSHA to compute hazard, but it can also be input into the time-dependent
rate extractor the UCERF3 team made available online as a downloadable jar executable. In other
words, the RMS time-dependent rates were calculated given the time since last and the mean
recurrence time at the resolution of the RMS time-independent event set, not smaller.
Table 1. The 4 logic-tree branches. From Table 1 [4]. Note that the paper presents the intent for
the 4 models to be used in combination for the UCERF3 application.

In general, the time-dependent methodology tends to counter-act the effects of the relaxation of
the segmentation in the Bay Area, but does not modify the new picture of magnitude-contribution
to Average Annual Loss (AAL) in Southern California.
Indeed, the Bay Area is very sensitive to the time since last event for both the Hayward fault and
the San Andreas both. Both effects tend to reduce the contribution of larger magnitudes to AAL.
Magnitudes up to 0.5-0.75 larger than the UCERF2 characteristic magnitude for the Hayward
ruptures contribute to AAL, due to the smearing effect of the area-weighted computation of both
the time since last event and the mean recurrence time in the new time-dependent methodology
(see very elongated large probability gain covering the Hayward fault and beyond on the right
hand side map in the Fig. 1).
Around LA, most of the faults impacting AAL do not have a known time since last and have a
rather low slip rate. This means that the time-dependent model is not going to contrast those faults
much from each other. Only the San Andreas has a significant probability gain. Those two effects
preserve the large contribution to AAL of the large magnitude events and the decrease in the
contribution of the smaller magnitude events (single-segment characteristic events) compared to
the unsegmented v16.

Figure 1. Probability gains in UCERF2 (left) and UCERF3 M>6.7 or 7.7 (right): ratio between
time-dependent probabilities and time-independent probabilities (yellow is 1, red is >1 and blue is
<1) see Fig.9 and 10 in [4].
Risklink risk model components
The aim of this paper is to isolate the effect on loss correlation of various ingredients of the source
model. The risk model in itself goes far beyond the source model, however. It has a ground motion
module (including soil and basin effects), a vulnerability module and a financial model. All of
those components were updated when going from Risklink v16 to Risklink v17. For this reason, it
is very important to pay attention to the reference values for each of the cases that are displayed in
this paper. In some cases, v16 is used twice, once the original v16 and once v16 with the source
model swapped (the v17 source model into v16). In other cases, time-dependent (TD) results are
compared to time-independent (TI) models of the same version (v16 change from TI to TD and
v17 change from TI to TD). When various time-dependent model options are compared to the
weighted average recommended by UCERF3, changes are presented with the weighted average
numbers as a reference.
Spatial loss correlation – formula and choice of portfolios
One way to measure the diversification benefit of writing multiple portfolios is the correlation
coefficient. The correlation coefficient, ρ, has a domain of -1.0 to +1.0. Perfect positive
correlation is represented by +1.0. Common events for each portfolio drive the value of the
correlation coefficient. So, perfect correlation (+1.0) means that the list of events, event rates and
secondary uncertainties between two portfolios will be identical (but not necessarily, and in fact,
rarely the mean loss of each event). A correlation of 0.0 means that there are no common events
between the two portfolios, maximizing the diversification benefit.
To calculate the correlation coefficient ρab between two portfolios a and b, it is necessary to
know the standard deviations of losses in each individual portfolio and the grouped portfolio
a+b. Indeed, since the variance of losses for portfolio a+b (σ2 a+b ) can be expressed as in Eq.1 as
a function of the individual standard deviations (σa and σb) then the correlation coefficent ρab can
be obtained using Eq. 2.
σ2 a+b =σ2 a +σ2 b +2ρab σaσb
(1)
ρab=(σ2 a+b −σ2 a −σ2 b )/ 2σaσb
(2)

In this study, loss correlation coefficients are computed between portfolios defined as the
exposure from the 2017 RMS Insured Exposure Database (IED) included in separate counties as
shown on Fig.2. The counties included in the study are the 9 counties forming the San Francisco
Bay area and the 7 higher exposure counties in Southern California.
Effects of relaxing the segmentation on spatial loss correlations
To assess the effects of going from a segmented to an unsegmented approach, loss correlations
between counties were computed for v16 time-independent (that is based on UCERF2 timeindependent) and v16 with UCERF3-based time-independent source model (used in v17). This
way, everything else remains the same, only the event set is different.
Since UCERF2 does not allow ruptures through the creeping section of the San Andreas, non-zero
correlations between counties in the Bay area and counties in Southern California can happen only
with the UCERF3 event set (net increase in correlation from 0 to non-zero). It is more informative
to look at changes in correlation between “northern counties” or between “southern counties”.

Figure 2. Locations of the 9 Bay Area counties and the 7 Southern California counties included
in this study.
Comparing Fig.3 and Fig.4, three main conclusions can be drawn:
1. Long segments in UCERF2 are subdivided in UCERF3, with smaller events possible and
rate for events not extending beyond the original segment boundaries lower than in v16
(since much larger moment events are also possible and ruptures can jump to neighboring
faults). This is reflected in the large decrease in correlation between San Francisco (or San
Mateo) and Santa Clara (-15%) in UCERF3 from almost a perfect correlation (>80%, Fig.
3).
2. Short individual faults on which no multi-fault ruptures were allowed in UCERF2 can now
host ruptures that jump from one fault to another. This has the effect of increasing the local
correlation between southern California counties in particular (+16% for Santa BarbaraVentura, +12% LA-Ventura and +8% LA-Orange. In Northern California the effect is more
subdued except for Alameda (and Contra Costa)-Sonoma where the Hayward-Rodgers
Creek ruptures can continue to extend north in UCERF3.
3. When combined with the newly recognized potential for ruptures going through the
creeping section, multi-fault ruptures result in an even larger “leakage” of rate out of the

Bay area compared to the “single-segment rupture approach” and lead to 11 to 15%
correlations between San Bernardino and Riverside and the Marin and Peninsula counties
of the Bay Area. Since these new correlations are related to events involving the San
Andreas fault, a next step is to look at the effect of the time-dependent model on those
correlations.

Figure 3. Correlation coefficients for the residential exposure in v16 time-independent (reference).

Figure 4. Change in correlation for the same exposure (v17 source model – v16 source model).
Time-dependent assumptions and spatial loss correlations
BPT model with aperiodicity centered on 0.5 applied to type A faults in a segmented model
(relative to same model, time-independent)
The effects of the time-dependent model in UCERF2 on county loss correlations are mild: +2%
maximum in Southern California, - 5 to +8% in the San Francisco Bay area (negative in the
counties along the trace of the 1906 earthquake, positive along the trace of the 1868 Hayward
event), see Fig.5.

Figure 5. Change in correlation coefficient in TD v16 relative to TI v16.
Blend of Poisson and BPT models with aperiodicity as a function of magnitude applied to
all fault events in an un-segmented model (relative to same model, time-independent)
The effects of the UCERF3 time-dependent model are a bit stronger (Fig.6), with -4% in Southern
California, -5% from Southern California to Northern California (see Fig.1 right quadrant for full
extent of the 1906 effect for events M>7.7), -10% to + 12% in the Bay Area.

Figure 6. Correlation changes in v17 time-dependent preferred blend relative to v17 timeindependent
BPTlow models with aperiodicity as a function of magnitude applied to all fault events in
an un-segmented model (relative to same model, time-dependent, preferred blend)
This branch of the time-dependent logic-tree of UCERF3 is the one leading to the most extreme
contrasts relative to the preferred blend (Fig.7). The correlation between LA and Riverside goes
down -8% compared to the preferred blend, the correlation between San Bernardino in Southern
California and San Mateo goes down -17% (effect of 1906 extending far outside the rupture trace),
the correlations between Alameda or Contra Costa and San Mateo or San Francisco go up about
25% (Hayward effect).
Note how studies of correlation (e.g., to assess diversification) needs to account for line of
business as the spatial distribution, sensitivity to ground motion frequency, etc might be

different. The same correlation coefficients were computed for the counties but using the
commercial line of business of the 2017 IED. Although overall patterns as in Fig.7 are preserved,
large differences were found for correlations between San Francisco and Alameda (15% vs 27%)
or San Francisco and Contra Costa (17% vs 28%).

Figure 7. BPT low rate set correlations relative to preferred blend correlations, v17.
BPThigh models with aperiodicity as a function of magnitude applied to all fault events in
an un-segmented model (relative to same model, time-dependent, preferred blend)
The changes in correlation relative to the blend are positive everywhere but mostly small (Fig.9).
Most notable are the increases by 5 to 6% between LA and Orange and between San Mateo and
San Bernardino. The larger aperiodicity allows for earlier repeats than the preferred blend, so that
the 1906 “stress shadow” is less pronounced. Contributions to average annual loss by events
spanning at least parts of the Elsinore or at least part of the San Jacinto also increase in this logictree branch.

Figure 9. Changes in correlation coefficients in BPThigh relative to the preferred blend.
Conclusions
Earthquake source models (or Earthquake Rupture Forecasts, ERF) have reached a level of
complexity such that from one to another spatial correlations in derived quantities of interest to

society can vary significantly. Previous studies have focused on the impact of aperiodicity values
on the tail value at risk [5] or on return period losses [6], two loss metrics useful to assess the
amount of capital needed by insurers or reinsurers. This study focused on spatial correlations in
annual losses. It evidenced that some of the elements of an ERF (i.e., segmentation assumptions,
renewal model parameters, mixture of recurrence models) are responsible for large differences in
correlation. When several models are equally plausible but give very different predictions, one
cannot be chosen over the other, all possibilities need to be explored and incorporated into the
results. Going from one model to another in two consecutive versions of an ERF leads to large
instabilities in risk metrics that can lead to significant changes in insurance coverage for people.
If reality is likely to be one in some places and the other in others, or a mix of both models
everywhere, then this instability is not needed and should be prevented.
Finally, when comparing different ERF models in terms of hazard (resp. loss), exceedance
probability maps (resp. Average Annual Loss or Return Period loss maps) are not enough.
UCERF2, UCERF3, and RSQsim catalogs all produce very similar hazard maps [7]. Given the
conclusions of this paper, spatial correlations seem a lot more sensitive to model ingredients and
could help discriminate between models.
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