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2017 One-Year Seismic-Hazard Forecast for the
Central and Eastern United States from Induced
and Natural Earthquakes

by Mark D. Petersen, Charles S. Mueller, Morgan P. Moschetti, Susan
M. Hoover, Allison M. Shumway, Daniel E. McNamara, Robert A.
Williams, Andrea L. Llenos, William L. Ellsworth, Andrew J. Michael,
Justin L. Rubinstein, Arthur F. McGarr, and Kenneth S. Rukstales

ABSTRACT

We produce a one-year 2017 seismic-hazard forecast for the cen-
tral and eastern United States from induced and natural earth-
quakes that updates the 2016 one-year forecast; this map is
intended to provide information to the public and to facilitate
the development of induced seismicity forecasting models, meth-
ods, and data. The 2017 hazard model applies the same meth-
odology and input logic tree as the 2016 forecast, but with an
updated earthquake catalog. We also evaluate the 2016 seismic-
hazard forecast to improve future assessments. The 2016 forecast
indicated high seismic hazard (greater than 1% probability of
potentially damaging ground shaking in one year) in five focus
areas: Oklahoma-Kansas, the Raton basin (Colorado/New
Mexico border), north Texas, north Arkansas, and the New Ma-
drid Seismic Zone. During 2016, several damaging induced
carthquakes occurred in Oklahoma within the highest hazard
region of the 2016 forecast; all of the 21 moment magnitude
(M) 24 and 3 M =5 carthquakes occurred within the highest
hazard area in the 2016 forecast. Outside the Oklahoma—Kansas
focus area, two earthquakes with M >4 occurred near Trinidad,
Colorado (in the Raton basin focus area), but no earthquakes
with M > 2.7 were observed in the north Texas or north Arkan-
sas focus areas. Several observations of damaging ground-shaking
levels were also recorded in the highest hazard region of Okla-
homa. The 2017 forecasted seismic rates are lower in regions of
induced activity due to lower rates of earthquakes in 2016 com-
pared with 2015, which may be related to decreased wastewater
injection caused by regulatory actions or by a decrease in uncon-
ventional oil and gas production. Nevertheless, the 2017 fore-
casted hazard is still significantly elevated in Oklahoma
compared to the hazard calculated from seismicity before 2009.

INTRODUCTION

The US. Geological Survey (USGS) National Seismic Hazard
Model Project (NSHMP) is responsible for developing
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seismic-hazard models for the United States that are applied
in building codes, earthquake insurance, risk assessments, and
other public policy applications. These long-term (i.e., 50-year)
hazard assessments only take into account natural earthquakes
and do not consider human-induced earthquakes (Petersen
et al., 2014, Petersen, Moschetti, ez al., 2015). This is because
such seismicity typically changes rapidly over time periods of
one to a few years, which is faster than the time required for
approval of building codes or other public policy applications
and the expected lifespan of structures. Moreover, the damage
potential of such events is a relatively recent concern, spurred
by the rapid increase in the rate of such activity. It is now
widely acknowledged that human-induced earthquakes can
cause damage, such as that which occurred in the 2011 Prague
and the 2016 Cushing, Oklahoma, earthquakes (see Petersen
et al., 2016a, and references therein). This recognition moti-
vates short-term assessments of seismic hazard that include hu-
maninduced earthquakes. This assessment provides short-term
damage forecasts. As we learn more about how these maps are
being used, we can develop new outputs and maps that will be
more useful to end users.

Most of the induced earthquake activity in the central and
eastern United States (CEUS) is caused by deep wastewater
disposal. Injected wastewater causes pressure changes that can
weaken (unclamp) a fault and therefore bring it closer to fail-
ure. Seismicity rates in Oklahoma increased exponentially
beginning in 2009 (Ellsworth, 2013), but decreased slightly
(relative to 2015) in 2016. Between 1980 and 2000, Oklahoma
averaged about two earthquakes greater than or equal to mo-
ment magnitude (M) 2.7 per year, which is the size range con-
sidered in calculating rates of future earthquakes in the one-year
forecast model and in the National Seismic Hazard Models
(NSHM; Petersen ef al., 2014). However, this number jumped
to about 2500, 4000, and 2500 carthquakes in 2014, 2015, and
2016, respectively. Induced earthquakes can cause damage and
therefore increase the hazard and risk across the region (see Pe-
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tersen, Mueller, e£ 4/, 2015; Petersen et al., 2016a, and references
therein). During 2011, an M 5.7 earthquake near Prague, Okla-
homa, and an M 5.2 carthquake near Trinidad, Colorado, caused
damage to several schools and other structures (see Petersen ez al.,
2016a, and their references section). In Oklahoma, during 2016,
a 13 February M 5.1 carthquake near Fairview, a 3 September
M 5.8 carthquake near Pawnee, and a 7 November M 5.0 carth-
quake near Cushing caused damaging ground shaking. These
damaging events are thought to be the result of wastewater
injection, and the potential for future large earthquakes causes
concern to officials responsible for public safety and welfare
(see Data and Resources; Keranen et 4/., 2013; Rubinstein ez 4.,
2014; Yeck, Hayes, et al., 2016).

To better estimate and communicate damage potential
from induced carthquakes, the NSHMP held a workshop in
2014 with academia, industry, and government scientists to
discuss how to account for the earthquake hazard and to learn
about the types of products that would be helpful for public
policy discussions (Petersen, Mueller, ez al., 2015). Attendees
suggested that short-term forecasts of seismic hazard would be
helpful in understanding the threat of induced seismicity and in
quantifying hazard and risk for consideration in engineering
applications. In 2016, a one-year seismic-hazard forecast for
natural and induced earthquakes in the CEUS was developed,
mostly based on 2015 earthquake rates, but also including older
carthquakes (Fig. 1; Petersen ez al., 2016a). This forecast stated
that there was a 1%-12% chance of exceeding potentially dam-
aging ground-shaking (modified Mercalli intensity [MMI] > VI)
levels during 2016 in Oklahoma-Kansas, the Raton basin, north
Texas, north Arkansas, and in the New Madrid Seismic Zone
(NMSZ).

This article describes an updated forecast for 2017, using
the same modeling framework as that of the 2016 forecast, but
adding induced and natural earthquakes during 2016. In addi-
tion, we review some 2016 observations of earthquake ground
motions and effects to evaluate the 2016 forecast. We discuss
how government, academia, and industry are using the maps.
We define five focus arcas where clustered earthquakes occurred
in 2016: Oklahoma-Kansas, the Raton basin (Colorado/New
Mexico border), north Texas (greater Dallas/Fort Worth area),
north Arkansas, and the NMSZ (Fig. 2). All of these areas except
the NMSZ have experienced induced carthquake activity. Earth-
quake rates and estimated hazard have decreased in the five focus
arcas compared with the 2016 model and forecast.

COMPARISON OF 2016 FORECAST AND 2016
OBSERVATIONS

In this section, we compare the 2016 hazard forecast with the
observed seismicity and ground-shaking data that were col-
lected during that year. This analysis will help guide future
carthquake forecasts and facilitate testing of the seismic-hazard
forecast. We produced several types of hazard maps to better
communicate the hazard. In the 2016 forecast, we converted
the peak ground acceleration (PGA) and 1-s spectral acceler-
ation (SA) hazard maps to MMI maps using the Worden ez al.

(2012) equations and averaged the maps to produce 1% in one-
year probability of exceedance maps. For producing chance of
damage maps, we assume that the threshold of damage is MMI
VI, characterized by cracking of plaster and weak masonry.
This map is developed using the hazard curves to determine
the annual frequency of exceedance for 0.12¢ PGA or 0.1g
SA at 1 s (for National Earthquake Hazard Reduction Pro-
gram—site class D, Petersen e al., 2016a, b).

One important observation in assessing the past forecast
and producing a new forecast is that fewer declustered earth-
quakes occurred in 2016 than in 2015 (Fig. 2). This may be due
to decreased wastewater injection, caused by lower oil prices
(Murray, 2016) or by regulatory actions (see Data and Resour-
ces). The 2016 earthquake counts are lower than those in the
previous year. The rate of natural earthquakes near the NMSZ
is also lower, which probably has nothing to do with waste-
water injection. Some of this decrease may be related to net-
work and processing changes, but may also be related to natural
variability in the seismicity rates.

We use the number of M 22.7 events for forecasting the
rate of future earthquakes and M >4.7 for forecasting the
ground-shaking levels. The ground-shaking calculation was
lowered to M 24.0 in a sensitivity study by Petersen ef 4.
(2016b) because lower magnitude earthquakes have caused
damaging ground shaking. We use the M 24.7 threshold to
conform with the 2016 model. During 2016, three of the five
focus areas experienced carthquakes with M 22.7. The Okla-
homa-Kansas focus area experienced about 2500 earthquakes
(162 independent events), the Raton basin had 6 earthquakes
(5 independent events), and the NMSZ had 24 earthquakes
(20 independent events) (Fig. 3). North Arkansas and north
Texas did not experience any earthquakes of this size during
2016. Even though the rates of earthquakes were lower during
2016, the seismic moment rate was higher based on the three
M =5 carthquakes that occurred in Oklahoma (Fig. 4).

Oklahoma experienced 21 carthquakes with M 2 4.0, and
the Raton basin experienced 2 such earthquakes during 2016.
Only Oklahoma recorded earthquakes with M 24.7; there
were four earthquakes, with one of these considered a depen-
dent event (Fig. 5a). The four largest earthquakes in Okla-
homa during 2016 were 13 February M 5.1 near Fairview
and a 7 January M 4.8 foreshock (Yeck, Hayes, ez a/., 2016),
3 September M 5.8 near Pawnee (the largest earthquake ever
recorded in Oklahoma, Yeck, Weingarten, ez 4/., 2016), and
7 November M 5.0 near past Cushing seismicity (McNamara
et al., 2015).

We make an informal assessment of the validity of the
2016 model (Petersen ez al., 2016a, b) using the predicted
shaking areas for the M >4 earthquakes, ShakeMap instru-
mental and extrapolated ground-shaking levels, “Did You
Feel It?” (DYFI) responses, and the seismic stations that re-
corded potentially damaging strong motions. Records from
these largest earthquakes indicate that MMI > VI or PGA =
0.12¢ were felt throughout central Oklahoma and southern
Kansas in 2016. Figure 5 shows the locations of the largest
carthquakes and associated data, which can be used to evalu-

Seismological Research Letters Volume 88, Number 3 May/June 2017 773



Based on the average of horizontal spectral response ac

celeration for 1.0-second period and peak ground acceleration

‘ ,\Seattle ———
||
L 0
;KA\{/ \.
/
// ¢
\
S oL@y~
/
Tl /
T
/ o
/ T
! — =
/
(] 3
- | | / i
JoTT- S \‘\+\_\ & | — ) | L L e
{ \'/\ »‘\—/‘: ” T —rf_‘*j \\ A —o— = oNashvie” -
r / | / | ‘\ \ clkt!yaho.ma o 1-7—7——-"\';/(\ N
oPhoeni)/( | ! “ | P ‘ \\ OAtIaﬁta\

\

Based on results from the 2014
National Seismic Hazard Model

Based on results from 2016 forecast

Chance of damage from an earthquake in 2016

<1% 1% - 2%

2% — 5%

5% —-10% 10% —-12%

A Figure 1. (Right) 2016 one-year forecast of the potential for damage in the central and eastern United States (Petersen et al, 2016a, b), along
with the (left) hazard for the western United States from the 2014 National Seismic Hazard Maps (Petersen et al., 2014), shown for comparison.

ate the 2016 forecast. Each panel shows the same chance-of-
damage contours from the 2016 forecast.

Figure Sa shows the locations of the 21 M >4 earth-
quakes in Oklahoma and modeled ground shaking (10 of
these earthquakes are hidden on the figure). All of these earth-
quakes fall within the highest hazard area (5%-12% chance of
damage). Each circle encompasses the predicted area of
ground shaking >0.12¢ PGA (from table 1 of Atkinson,
2015, with an effective depth of 5 km, median ground-motion
model [GMM] assuming a ¥ g3p of 400 m/s using amplifica-
tion factors for PGA from Seyhan and Stewart, 2014). Con-
sidering only earthquakes with M 24.7, the modeled area with
PGA 2 0.12¢ is 5.5% of the total high-shaking area within the
5%-12% chance-of-damage contour (31, 700 km?). If we con-
sider the uncertainties (1 standard deviation) on the GMMs, we
find that the lower bound of shaking covers 2.8% of the total
high-shaking area, and we find the upper bound of shaking cov-
ers 17% of the total high-shaking area. Considering the smaller
carthquakes that may also cause damage, M 2 4.0, the expected
high-shaking area is 9.1% of the total high-shaking area within

5%—-12% chance-of-damage contours. For Oklahoma, the mod-

eled range of high-shaking areas is consistent with the 2016 fore-
cast (assuming an ergodic assumption, Hanks ez al, 2012).
Limitations of this approach are that we only consider median
ground motions, average ¥ g3, and one GMM.

Figure Sb—d shows three additional datasets that are used
to assess the model. Each of these datasets is limited in spatial
coverage. Figure Sb shows the location of ShakeMap data for
MMI 2 VI or for PGA 2 0.12¢ (Worden ez al., 2010). Fig-
ure Sc shows locations of the 10 strong-motion stations that
recorded ground shaking >0.12¢ PGA from any earthquake
in 2016. These stations are sparse and are not uniformly dis-
tributed across the region. This figure also shows the stations
that did not exceed the 0.12¢ PGA threshold. Figure 5d shows
the DYFI data recorded for 2016 (Wald ez 4/, 2012). These
data are aggregated over 10 km? grid cells. Therefore, it is
difficult to see the individual reports, but these are also shown
as small dark dots on the figure. A significant number of
DYFI observations also fall outside of the highest contour
area. Most of the outliers are related to the Pawnee earth-
quake. These ShakeMap station distribution and DYFI data

are spread nonuniformly over a large area.
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A Figure 2. Plot of 2015 (triangles) and 2016 (circles) (M >2.7) seismicity from declustered catalog. Five focus areas are Oklahoma-
Kansas, Raton basin, north Texas, north Arkansas, and the New Madrid Seismic Zone.

Testing the 2016 maps is an important activity for build-
ing better models in the future, and the advantage of a short-
term model is its testability. Testing allows us to explore
whether our modeling was successful or unsuccessful and iden-
tify modeling parameters and assumptions that need to be re-
fined. Several input parameters include large uncertainties (e.g.,
maximum magnitude, rate models, and GMMs). Figure 5
shows various types of data that allow us to test these models.
All of the M >4 earthquakes occurred within the highest haz-
ard contours (one-year probabilities of 5%-12%) from the
2016 forecast. The strong motion, ShakeMap, and DYFI data
suggest that much of the total area enclosed by those highest
probability contours may have experienced damaging ground
shaking. The comparisons in Figure 5 do not constitute formal
tests; however, they show that the models, which depend on
past seismicity patterns, are consistent with locations of larger
earthquakes and damaging ground shaking in Oklahoma in
2016. More formal tests could be devised by incorporating un-

certainties in all input parameters and source models, better
V ¢30 measurements and soil corrections, and alternative
GMMs (both inter- and intraevent variability).

It is worth noting that the five focus areas all had lower
seismicity rates in 2016 compared with those in 2015. For ex-
ample, north Texas and north Arkansas did not record any
M =2.7 carthquakes during 2016, whereas they had several
carthquakes in 2015. Therefore, the 2016 observed rates were
lower than the 2016 forecasted rates, which mostly depended
on the 2015 catalog. The success of the 2016 forecast is depen-
dent on earthquake rates remaining quasi stable. We recognize
that the decreases in seismicity rates in north Texas and north
Arkansas compared with those in 2015 make the forecasts in
these areas less successful.

Figure 6 shows photographs of damage and soil lique-
faction from two large 2016 earthquakes in Oklahoma.
The damage (Fig. 6a) was caused by the M 5.0 Cushing earth-
quake. Unreinforced brick and stone masonry buildings
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and facades are the most vulnerable to strong shaking. The
M 5.8 Pawnee carthquake generated sand blows (Fig. 6b) that
were observed about 8 km south of the epicenter. These
figures demonstrate the types of ground shaking that are
typically anticipated in the forecasted models, but stronger shak-
ing is also possible that could cause more extensive damage.

USERS OF THE 2016 FORECAST

A number of organizations and government agencies have used
the 2016 forecast in their presentations, analyses, and decision
making. We do not have a complete inventory of users of this
model, but we have reached out to several agencies to assess the
need for such maps and to determine their usefulness. Govern-
ment and academic scientists (including the Oklahoma and Kan-
sas Geological Surveys and the Oklahoma State Insurance
Department) have used the maps to discuss the hazard and risk.
Risk modelers have used the input data in developing new risk
assessments; they and insurance policy makers are using the maps
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in this figure.

to better understand the risk and potential impacts on premiums.
The US. Army Corps of Engineers has used the information to
provide guidance on updating their assessments of selected facili-
ties in the Midcontinent. Other active users include city and
county emergency managers (e.g., the Irving-Dallas Area Earth-
quake Working Group) and the media. More than 1000 media
outlets ran stories on the maps at the time of their release, and
more stories have been published during the past year.

METHODOLOGY FOR 2017 FORECAST

We use the 2016 methodology and logic trees (Petersen ez al.,
2016a, b), but update the earthquake catalog through year

2016 and apply the long-term catalog from the 2016 study
(see Data and Resources). We apply the same methodology,
input parameters, and GMMs so that we can make meaningful
comparisons related to the changes in seismicity rates between
2015 and 2016. We only use data derived from recent seismic-
ity observations; we do not use data from ongoing or projected
injection locations or volumes. The seismic-hazard forecast
employs similar input parameters, data, models, and methods
to those used for tectonic earthquakes (e.g., Petersen ez al.,
2014; Petersen, Moschetti, e al., 2015)—declustered catalogs,
smoothed and gridded seismicity rates (Frankel, 1995), on-
fault earthquake recurrence rates, distributions of maximum
magnitude, and a suite of GMMSs (Rezacian e al, 2015)—
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A Figure 6. (a) Pictures of damage to buildings in Cushing, Oklahoma, from the 6 November 2016 M 5.0 earthquake. Unreinforced brick
and stone masonry buildings and facades are vulnerable to strong shaking. (b) Sand blows were generated by the 3 September 2016 M 5.8
earthquake near Pawnee, Oklahoma. Liquefaction features formed near Black Bear Creek about 8 km south of the epicenter.
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to compute mean rates of exceedance for a set of ground mo-
tions. We apply the standard probabilistic seismic-hazard
analysis methodology (Cornell, 1968) requiring a catalog of
independent earthquakes, which we obtain through decluster-
ing the catalog. We performed a sensitivity study on the influ-
ence on hazard from applying a declustered or full catalog that
we presented in Petersen, Mueller, ez /. (2015). This declus-
tering methodology causes hazard in some places to increase
and other places to decrease because the full catalog is charac-
terized by a steeper -value. For this analysis, we apply declus-
tering as in the 2016 forecast so that we can compare the
effects of the different catalogs. Future models may reconsider
this declustering methodology.

The short-term seismic-hazard forecast also incorporates
information specific to induced earthquakes, including modi-
fied smoothing distances and catalog durations (Moschetti
et al., 2016), maximum magnitudes (e.g., McGarr, 2014), and
GMMs applicable to the shallower depths of induced carth-
quakes (e.g., Atkinson, 2015). We consider the Atkinson (2015)
standard model (table 1 of Atkinson, 2015) for 2 and 5 km
depths of rupture. We also apply the eight CEUS GMM:s from
the 2014 NSHM (Petersen ¢f al., 2014). Ground shaking is con-
verted to MMI using the Worden ¢# al. (2012) relations for
PGA and 1-s SA.

We recognize that consideration of alternative input
parameters and models (maximum and minimum magnitude,
ground motions, rate parameters and declustering), new indus-
trial data, and alternative rate models will improve the forecast.
Over the past year, several working groups have been con-
ducting scientific research on topics applicable to these induced
seismicity models. The resulting science will be considered in
future updates of the induced seismicity forecast.

2017 FORECAST RESULTS

Maps showing probabilistic ground motions for 2017 with 1%
probability of exceedance in 1 year for PGA and 1-s SA are
shown in Figures 7a and 7b, respectively. Although the hazard
has decreased compared with that in the 2016 forecast, the
maps indicate continuing high hazard in the Oklahoma-
Kansas, Raton basin, and NMSZ focus areas. The hazard levels
in Oklahoma are significantly higher than those in the hazard
models applied in building codes that only incorporate natural
carthquakes.

From the PGA and 1-s SA maps, we produce MMI maps
to better delineate where the potentially damaging ground
shaking is anticipated. Both PGA and 1-s SA are used in cal-
culating MMI to give a more robust estimate of the intensity
(Worden ez al., 2012). In Figure 8a, we present a 1% proba-
bility of exceedance in the one-year map for MMI that is am-
plified by soils as in Petersen ez al. (2016a). This map contains
similar patterns to the PGA and 1-s SA upon which the MMI
map is based. The MMI > VI maps represent the threshold of
damage, and this intensity level is used to produce a chance-of-
damage map for 2017 (Fig. 8b). The chance-of-damage map
highlights mostly Oklahoma earthquakes because they have

been so numerous over the past year. Figure 9 shows a large-
scale chance of damage map showing the 2016 and 2017 one-
year forecasts. Other products, such as the seismicity catalogs
used in this study, hazard curves, and additional hazard maps,
are available at ScienceBase (see Data and Resources).

The seismic-hazard forecast for 2017 is lower than that in
the 2016 forecast, because scismicity rates were lower in 2016
compared with those in 2015 (Fig. 9). All five focus arcas expe-
rienced fewer carthquakes in 2016 than in 2015 (Fig. 2). In
particular, in Oklahoma during the last six months of
2016, the rates were significantly lower than the rates observed
during the previous two years. This observation, along with
the research by Llenos ez 4l (2015), indicates that it may
be helpful to also include a 6-month-based forecast.

CONCLUSIONS

This report documents a one-year 2017 forecast for seismic
hazard in the CEUS from induced and natural earthquakes
that may be useful for the public and policy officials, and may
have some engineering applications. The model was developed
for one year, and we do not recommend applying the results for
very low rates of exceedance in which the model is not as well
constrained as shorter rates of exceedance. The 2017 forecasted
hazard is still high in Oklahoma but is lower compared with
the 2016 model in the five focus areas analyzed in this article.
Earthquake rate decreases during the past year may be related
to the lower price of oil (Murray, 2016) or regulatory actions
(Langenbruch and Zoback, 2016; Yeck, Weingarten, et 4l.,
2016; see Data and Resources).

The locations of M 2 4 earthquakes, ShakeMap data, DYFI
data, and strong-motion observations and measurements indi-
cate (qualitatively) that the 2016 forecast performed well in
Oklahoma. However, in other locations, the rates were lower
than those predicted in our 2016 forecast. Our forecast assumes
that seismicity will be stationary over the year. When seismicity
rates change significantly over a year, which occurred in 2016 in
north Texas and north Arkansas, the forecast is not as successful.
Additional information on industrial processes in these areas will
help us refine these forecasts in the future. Models would be
improved with this information as well as new data models
and methods that better describe future earthquake sources
and ground-shaking levels.

Forecasting induced seismic hazard is difficult because of
the high uncertainties in the input parameters and the uncer-
tainty due to rapid fluctuations in industrial activity, which is
not included in the current model. Nevertheless, our results
indicate that the 2017 forecasted hazard is considerably
higher than the hazard calculated in the 2014 NSHM (Pe-
tersen et al., 2014; Petersen, Moschetti, et 4l., 2015). Our re-
sults confirm the statement by Langenbruch and Zoback
(2016) that the possibility of damaging earthquakes during
2017 cannot be discounted.

For Oklahoma and southern Kansas, these new results show
that about 3 million people live with continuing increased po-
tential for damaging shaking from induced seismicity, and the
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chance of damage in the next year from induced carthquakes is
still similar to that of natural earthquakes in high-hazard areas of
California. Significant damage in 2016 occurred to unreinforced
masonry buildings in Pawnee and Cushing, Oklahoma. The
threat of future damage, particularly to older unreinforced brick
and stone structures, remains.

Although the focus of this article is on updating the 2016
one-year forecast for 2017 and assessing the performance of the
2016 one-year forecast model, we also acknowledge that the
hazard assessment methodology can and will advance with ad-
ditional research. Development of new induced seismicity
GMMs, analysis of catalog statistics, assessment of differences
in induced and natural earthquake sources, estimation of po-
tential maximum magnitude induced earthquakes, considera-
tion of alternative seismic rate models that are constrained
by physics, and tests of models that identify parameters are
all areas where research could improve the methodology. In
addition, improving our estimation of input parameter uncer-
tainties and including additional industry information would
enhance the model. We welcome the support of other govern-
ment agencies, academia, and industry in improving the data,
models, and methods applied in these models.

DATA AND RESOURCES

An example of regulatory actions and policy officials respond-
ing to earthquakes caused by induced seismicity can be found
at http://www.occeweb.com/News/2016/11-23-16EARTHQUAKE
ACTION SUMMARY.pdf (last accessed February 2017). The seis-
micity catalogs for the 2017 central and eastern United States
(CEUS) short-term seismic-hazard model are located at doi:
10.5066/F7KP80B9. The datasets for this study, including the
declustered  seismicity catalogs, can be found at doi:
10.5066/F7RVOKWR. B4
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