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ABSTRACT 

The recent steep increase in seismicity rates in Oklahoma, southern Kansas, and other 

parts of the central U.S. led the U.S. Geological Survey (USGS) to develop, for the first time, a 

probabilistic seismic hazard forecast for one year (2016) that incorporates induced seismicity. In 

this study, we explore a process to ground-truth the hazard model by comparing it with two 

databases of observations: Modified Mercalli Intensity (MMI) data from the “Did you feel it?” 

(DYFI?) system, and peak ground acceleration (PGA) values from instrumental data.  As the 

2016 hazard model was heavily based on earthquake catalogs from 2014-2015, this initial 

comparison utilized observations from these years. Annualized exceedance rates were calculated 

with the DYFI? and instrumental data for direct comparison to the model.  These comparisons 

required assessment of the options for converting hazard model results and instrumental data 

from PGA to MMI for comparison with the DYFI? data.  In addition, to account for known 

differences that affect the comparisons, the instrumental (PGA) and DYFI? data were 

declustered, and the hazard model adjusted for local site conditions. With these adjustments, 

examples at sites with the most data show reasonable agreement in the exceedance rates.  

However, the comparisons were complicated by the spatial and temporal completeness of the 

instrumental and DYFI? observations.  Furthermore, most of the DYFI? responses are in the 

MMI II-IV range, whereas the hazard model is oriented toward forecasts at higher ground 

motion intensities, usually above about MMI IV. Nevertheless, the study demonstrates some of 

the issues that arise in making these comparisons, thereby informing future efforts to ground-

truth and improve hazard modeling for induced seismicity applications.   
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INTRODUCTION 

Recently increased levels of seismicity in the central United States have been linked to 

“induced earthquakes” caused by wastewater injection (Ellsworth et al., 2015).  The wastewater 

is primarily from oil and gas processes, including, but not limited to, hydraulic fracturing 

(Rubinstein and Mahani, 2015).  As a result of this activity, in the Oklahoma-Kansas region, 

annual rates of seismicity were orders of magnitude greater in the past few years compared to 

pre-2009 and historical levels.  In particular, the number of earthquakes in the region made a 

marked jump from 2013 to 2014 and continued to increase through 2015 (Figure 1).  The USGS 

“2016 One-Year Seismic Hazard Forecast for the Central and Eastern United States (CEUS) 

from Induced and Natural Earthquakes” was developed to understand and assess the impact of 

including induced seismicity on probabilistic ground motion hazard (Petersen et al., 2016a).  

The USGS forecast is a model of the hazard from ground motions that could occur in 2016, 

based primarily on the seismicity observed in 2014 and 2015.  This forecast is the first time the 

USGS has developed a one-year model to capture the time-varying induced seismicity impacts, 

and a corresponding model has been developed for 2017 (Petersen et al., 2017), so evaluating 

the model is important. 

The goal of this study is to begin comparing the USGS hazard model to Modified 

Mercalli Intensity data from the online Did You Feel It? (DYFI?) system and instrumental data.  

Here, in the context of induced seismicity, these data provide an opportunity to investigate 

hazard modeling decisions, as previously demonstrated by others (e.g. Mak and Schorlemmer, 

2016) for longer-term, time-independent hazard models.  With relatively little induced seismicity 

data to work with, rather than focusing on comparison results or a statistically rigorous process, 

we demonstrate the effects of a number of important comparability issues and sources of 
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uncertainty that affect the comparison process.  As the hazard forecast is for a specific calendar 

year (2016), because induced seismicity can depend on changes in injection practices and 

economics over time (Petersen et al., 2016a and Atkinson et al., 2015, respectively), here we 

focus on comparisons for a single year at a time.  Future comparisons will explore how to 

combine hazard forecasts and data across multiple years. In this study, we seek primarily to 

inform future attempts to perform a formal validation of the new induced-seismicity hazard 

model. 

Although the USGS hazard model encompasses seismicity throughout the CEUS, our 

study focuses on the Oklahoma-Kansas zone defined in Petersen et al. (2016a).  Primarily, the 

model is compared to data from the USGS DYFI? system.  DYFI? is an internet-based system for 

collecting crowd-sourced earthquake intensity data (Wald et al., 2011).  DYFI? is the most 

attractive available data source for comparison to the hazard model because of the much wider 

spatial and temporal distribution of ground motion intensity observations possible from the 

crowd-sourced data. A secondary comparison is made with peak ground acceleration (PGA) 

values from available instrumental data (Rennolet et al. 2016).  While permanent seismological 

instruments can provide temporally complete data at a single location, these instruments are 

spatially limited in the CEUS. The current study is a retrospective comparison for January 1, 

2014 through December 31, 2015, i.e., both the model and the data sources are based on this 

same time period.  Corresponding prospective comparisons between the 2016 one-year hazard 

forecast and 2016 observations have also been performed (White et al., 2017). 

 

USGS 2016 ONE-YEAR HAZARD MODEL INCORPORATING INDUCED 

SEISMICITY  
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The USGS one-year hazard model for 2016 (Petersen et al., 2016a; Petersen et al., 

2016b), was developed in response to the increased induced seismicity in recent years.  This 

model differs from the National Seismic Hazard Model, the most recent of which was published 

in 2014, which explicitly excludes earthquakes within induced seismicity zones (Petersen et al., 

2014). The one-year seismic hazard model incorporates both induced and natural earthquakes, 

but follows similar probabilistic seismic hazard analysis (PSHA) procedures as the National 

model. The model is built via a logic tree approach, which has an adaptive branch wherein 

induced and natural earthquakes are treated the same (e.g., in terms of ground motion prediction 

equations, minimum and maximum magnitudes), and an informed branch in which induced and 

natural earthquakes are subject to different assumptions. Within each branch, additional logic 

tree weights for various input parameters represent epistemic uncertainty in the modeling 

process.  The primary output of the hazard model is, for each site on a closely spaced grid across 

the U.S., annualized frequencies of exceedance as a function of the ground motion intensity 

parameter (e.g., PGA). The 2016 model is based primarily on a 2014-2015 earthquake catalog, 

and assumes that earthquake rates will be constant over the following year. 

The inclusion of induced events in the 2016 hazard model shows a significant increase in 

hazard around Oklahoma compared to the 2014 National Seismic Hazard Model, on the order of 

50 times in Oklahoma City, as illustrated in Figure 2a. Within the Oklahoma/southern Kansas 

region, the frequencies of exceedance are highest north of Oklahoma City (Figure 2b). In 

Petersen et al. (2017), the 2016 model was compared to instrumental and DYFI? data, in a 

manner less formal than here, and showed good agreement in the area north of Oklahoma City. 

There are a number of important characteristics of the USGS hazard modeling process 

that are relevant to the comparison with DYFI? and instrumental data, all of which will be further 
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discussed in this paper.  First, as is typical in time-independent PSHA (Cornell, 1968), the 

earthquake catalog input into the model is declustered, distinguishing mainshock and aftershock 

events and removing the aftershock events.  Second, the minimum magnitude used for the hazard 

calculation is M4.7.  Specifically, earthquakes with moment magnitudes as low as M2.7 are 

considered to calibrate the likelihood of earthquakes of different magnitudes occurring in a given 

time frame, but only M4.7 and above are employed in the hazard calculation.  Third, the USGS 

hazard model results are all presented for a uniform reference site condition with VS30=760m/s 

(averaged shear wave velocity in the top 30 m of soil).  Fourth, the hazard model results include 

only PGA and spectral acceleration at vibration periods of 0.2 and 1 seconds. The USGS has 

maintained all of these characteristics of 2014 National Seismic Hazard Model for the 2016 one-

year model, at least in part to facilitate comparisons between the two. Whether these 

characteristics should continue to be maintained for future one-year models can be informed by 

the discussions below.  

 

DATA 

The Did You Feel It? and instrumental datasets described below include observations 

from a full catalog of 1825 earthquake hypocenters within the aforementioned Oklahoma-Kansas 

zone during 2014-2015.  The declustered catalog contains 152 events.  The event magnitudes in 

both catalogs range from 2.7 to 4.9 (Figure 6). 

Did You Feel It? Data 

DYFI? is an internet-based, crowd-sourced database developed and operated by the 

USGS (Wald et al., 2011).  The database is built from public contributions, where intensities are 

assigned based on an individual’s response to questions in the DYFI? survey.  Ground motion 
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intensities are measured on the MMI scale, which is used to quantify the felt shaking of an event 

at a particular site on a scale ranging from MMI I, which corresponds to “not felt”, to MMI XII, 

indicating “complete destruction”.  For example, assignment of MMI V is related to pictures 

tilting, a person having trouble standing, and moderate tree shaking (Dewey, 1995).  Typically, 

in reporting DYFI? responses, the intensities are aggregated by a geographic area and reported as 

the community decimal intensity (CDI).  The CDI scale increases by decimals from MMI I up to 

MMI X (Wald et al., 2011).  The CDI quantifies the average MMI felt by a population either in 

a zip code, 10km×10km area, or 1km×1km area (where the latter two are specifically for 

geocoded responses in which the respondent provides a complete address).  Figure 3 shows an 

example of the DYFI? data from the 2015 M4.7 earthquake near Cherokee, Oklahoma for zip 

codes (Figure 3a) and the 1 km geocoded areas (Figure 3b).  The DYFI? data for 2014-2015 has 

1035 zip code locations and 3993 1km geocoded locations across the declustered catalog of 

events.  Of these locations, a significantly greater number of zip codes (111) have a mean 

number of responses greater than 5 compared to the 1km areas, for which only 18 locations have 

this number of responses. 

In order to compare the DYFI? data with the hazard model, the annualized frequency of 

exceedance of each level of CDI was calculated for each zip code.  We also examined the 1km 

data, but as not all responses are geocoded, and as the 1km data are less complete (for reasons 

discussed above), we focused on zip codes to maximize the spatial and temporal coverage.  The 

exceedance rate for an area was calculated by counting the number of times over the two-year 

time period that the reported CDI exceeded a certain intensity, and dividing by the number of 

years (two for 2014-2015).  Repeating this count for a range of intensities from MMI I-VII 

creates an exceedance curve similar to the outputs of the hazard model. 
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One key characteristic of this type of crowd-sourced data is the dependence on 

population.  DYFI? provides a wide spatial distribution of data; nevertheless, due to population 

limitations, it is not always a complete set. While cities are well represented, more rural areas 

may have very few or no reports even when there is ground shaking, as evident in the clusters 

and gaps in Figure 3. As a result, the frequencies of exceedance may be systematically 

underestimated in less populated areas.  Despite these limitations, DYFI? provides significantly 

more coverage of the region than instrumental data, as shown in Figure 4. 

Instrumental Data 

Recorded PGA values from seismological instruments in Oklahoma and Kansas were 

obtained from Rennolet et al. (2016).  These data were gathered from instruments with 

broadband and strong-motion records from a variety of networks, including the Oklahoma 

Seismic Network, USArray Transportable Array, Central and Eastern US Network, and USGS 

Networks. Although instrumental data allow for the most direct, ground-truth comparison of 

rates of ground motion exceedance with the hazard model, there were a limited number of 

stations throughout this area during 2014-2015 (169 locations), and only 32 of these stations 

were recording for the entire time.  In addition, many of the stations available are spatially 

clustered, for denser recording in aftershock zones, and therefore do not cover the entire region 

of interest (Figure 4a).   

Nevertheless, for comparison with both the hazard model and DFYI? data, the annualized 

frequency of PGA exceedance was calculated at each of the 32 stations that were recording for 

the entirety of 2014-2015.  As with the DYFI? data, this calculation tracks the number of times 

during this two-year period that each station recorded shaking above a given PGA value, and 

represents this as a rate. 
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METHODS  

In comparing exceedance rates from the DYFI? data, instrumental data, and the induced-

seismicity hazard model, we encountered differences.  The differences were explained through 

adjustments consisting of (i) converting the hazard model and instrumental data to MMI from 

PGA, (ii) adjusting the hazard model to reflect site conditions (rather than the uniform reference 

site class), and (iii) calculating DYFI? and instrumental exceedances from the declustered 

earthquake catalog that underlies the hazard model. A fourth adjustment, which would require 

future changes to the range of earthquake magnitudes and PGAs considered by the hazard model, 

is also discussed below. By explaining these differences between the hazard model and data, the 

adjustments serve to isolate any other differences, all of which help identify improvements to the 

hazard model, the data, and/or the comparison process.  Without the adjustments for the 

explainable differences, a comparison of the hazard model and data could falsely show 

agreement when the effects of the differences negate each other. 

PGA to MMI Conversion 

The PGA-based hazard curves from the USGS induced-seismicity hazard model and the 

instrumental data were converted to MMI-based curves to be comparable to DYFI?.  The two 

conversion relations assessed in this study are Atkinson and Kaka (2007) and Worden et al. 

(2012) (Figure 5a).  These conversions are empirically-derived and are characterized by a 

bilinear shape, with a lower slope at lower MMI values. The Atkinson and Kaka (2007) 

relationship was considered due to its inclusion of data from the CEUS.  The Worden et al. 

(2012) conversion, which is based on California data only, was considered because it was used in 

Petersen et al. (2016a).  This study chose to convert the hazard model and instrumental data 
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from PGA to MMI (rather than the reverse) because of the general interest in MMI products and 

the accessibility of this measure.  Since neither hazard curves for peak ground velocity (PGV) 

nor deaggregations are available from the USGS induced-seismicity hazard model, we did not 

include improvements within the conversions that use PGV, earthquake magnitude, and fault 

distance. Investigation into the impact on the conversion for magnitudes of 4.7-5.5 and distances 

of 10-20km, the ranges contributing most to the hazard curve, revealed a shift of ranging from -

0.57 to -0.88 MMI for Atkinson and Kaka (2007) and -0.38 to -0.83 MMI for Worden et al. 

(2012).  This shift indicates that the conversions without magnitude and distance presented here 

may be biased high.  In order to include magnitude and distance dependencies in future work, the 

MMI data could be converted to PGA, instead of converting the hazard curves from the model 

and the instrumental data to MMI. Future work could also include conversions to/from pseudo 

spectral acceleration at 1 second. 

To explore the local PGA-MMI empirical relationship, instrumental PGA data were 

compared to DYFI? MMI results from within the same zip code (Figure 5a).  Initially, this 

comparison was made with the 1km geocoded data to minimize the location differences from the 

instruments to intensity reports.  However, a mismatch between the two comparisons led to use 

of zip code data for consistency with the rest of the study.  Further research is needed to 

completely understand the reasons for differences with respect to the geocoded data.  The zip 

code analysis in Figure 5a shows a better match with the Atkinson and Kaka (2007) 

relationship; 69% of the points fall between the standard deviations of Atkinson and Kaka 

(2007), whereas 50% do for Worden et al. (2012).  Furthermore, accounting for the magnitude 

and distance for each point, despite shifting the data, also showed Atkinson and Kaka (2007) to 

be a better fit.  As implied by the figure, the choice of the conversion is a key step in the 
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comparison of the hazard model and DYFI? data, as the difference between the two conversions 

is nearly one MMI for a given PGA at the low MMI values of interest in this study.  Very little 

data exist for the upper portions of the conversions, i.e. above MMI V, but they are more similar 

there. 

An example exceedance rate comparison in Figure 5b shows the impact of the choice of 

the PGA-MMI conversion. The instrumental PGA data converted to MMI with Atkinson and 

Kaka (2007) closely overlays the DYFI? exceedance curve, with the other conversion lying 

significantly lower. The converted instrumental and the DYFI? curves should be approximately 

the same, as they are recording the same events in a high population area (just north of 

Oklahoma City).  Stations in other high population areas with good coverage over the two-year 

period showed similar results.  As this study focuses on zip code DYFI? data, the Atkinson and 

Kaka conversion is used from here on, with acknowledgement of the uncertainty associated with 

the conversion and the complications of the conversion choice itself.  Future work can propagate 

the uncertainty through the conversion process. 

Declustering of Earthquake Catalog 

A key adjustment to explain differences between the hazard model and the instrumental 

or DYFI? data was to consider the data from a declustered earthquake catalog, for consistency 

with the hazard model.  In the hazard model, the declustering of the earthquake catalog is meant 

to identify unique mainshock events, although the concept of declustering induced events is 

under debate.  At least in part, the 2016 hazard model uses a declustered catalog in order to 

facilitate comparison with the 2014 National Seismic Hazard Model.  However, there are 

significant ongoing discussions about whether declustering is the most appropriate way of 

quantifying the hazard with induced events.  In the meantime, only for the purposes of 
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comparing the hazard model to the data, we decluster the DFYI? and instrumental data.  This 

declustering (with the 2.7 minimum magnitude) has the impact of removing the DYFI? and 

instrumental data that are from earthquakes that have been excluded from the hazard model, and 

thereby removes this explainable difference between the data and model. 

  In the region of interest here, the declustered catalog from 2014-2015 consists of less 

than 10% of the total number of earthquakes over the same period, as shown in Figure 6.  Thus, 

the calculation of exceedance rates from the declustered catalog greatly decreases exceedance 

rates at lower intensities.  In an example outside Oklahoma City, in Figure 7, at MMI III, the 

declustered exceedance rate for MMI is nearly an order of magnitude lower than the exceedance 

rate computed when the entire earthquake catalog (above magnitude 2.7) is used.  However, at 

the higher end of the available data, near MMI V, the DYFI? curves are much closer.  This 

pattern is generally observed, as the declustering removes primarily lower magnitude events (as 

seen from Figure 6a) and thus disproportionally lowers exceedance rates at smaller intensities.  If 

the hazard assessment results at lower intensities (e.g., MMI III) are of interest, like those at 

higher intensities are, declustering of the earthquake catalog may not be appropriate, as 

demonstrated by Figure 7.  At the higher intensities, declustering can have mixed impacts on the 

hazard forecast, as the earthquake count decreases but the relative number of large magnitudes 

increases (Petersen et al., 2017). 

Site Conditions 

USGS hazard model results are typically provided for fixed soil conditions corresponding 

to VS30 of 760 m/s. However, the DYFI? responses and instrumental data inherently account for 

the soil at the given site(s), so the hazard model outputs were converted at each site to account 

for estimated site properties.  The site conditions across Oklahoma and southern Kansas vary 
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greatly and can change over small distances. As a proxy for site conditions, site specific VS30 

based on topography were obtained from the USGS Global VS30 Map Server 

(http://earthquake.usgs.gov/hazards/apps/vs30/).  Based on this source, the values for VS30 in the 

region vary from 180 m/s to 760 m/s, corresponding to generally softer soils than the hazard 

model reference value (Allen and Wald, 2009). The VS30 map is used to linearly adjust the PGA 

values for the hazard curve at each location.  The adjustment ranges from a multiplier of 1 at 760 

m/s to 1.6 at 180 m/s, the latter being the site coefficient from the 2015 NEHRP Recommended 

Seismic Provisions for New Buildings and Other Structures (Building Seismic Safety Council, 

2015) for Site Class D and PGA≤0.1g.  In general, the VS30 correction has the effect of shifting 

the hazard curve up and to the right (Figure 7), as PGA values are adjusted to account for the 

amplifying effect of softer (lower VS30) sites. 

Range of Earthquake Magnitudes and PGAs Considered 

As mentioned previously, the USGS 2016 one-year hazard model considers only 

earthquakes with magnitude greater than 2.7.  As a result, the earthquake catalog used in 

computing exceedance rates from the DYFI? and instrumental data was also truncated at the 

same level (Figure 6a). The M2.7 limit is used in the hazard model for calibrating the Gutenberg-

Richter relationship of magnitude rates. However, the USGS hazard model actually utilizes only 

M4.7 and greater in the hazard model exceedance curve computations, so a discrepancy between 

the model and the comparison data remains. Sensitivity analyses employing a simplified hazard 

model showed that expanding the earthquake magnitude range in the hazard model by reducing 

the minimum magnitude does influence the exceedance rates predicted (Petersen et al., 2016b). 

However, because we are using the hazard model as published, it is not possible to regenerate a 

hazard model with lower magnitude events.  In addition, it is counterproductive to increase the 
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minimum magnitude for the DYFI? and instrumental data from M2.7 to M4.7, because this 

change would eliminate all but three of the earthquakes in the considered area and time period of 

interest.  

In general, the inclusion of lower magnitudes will increase the exceedance rates, 

especially at lower intensities. We hypothesize that this trend partly explains why the hazard 

model flattens at the low end compared to the DFYI? data, as shown, for example, in Figure 7.  

The comparison is further limited by the lack of lower PGA values in the hazard model output.  

The hazard model exceedance curves are cropped at the lower end because the smallest output 

from the model corresponds to a PGA of 0.005g (about MMI 3.5).  Future comparisons of this 

type would therefore benefit from a hazard model extended to lower magnitudes and PGA 

values.  

  

RESULTS 

In this section, we provide example comparisons of the annualized rates/frequencies of 

exceedance from the hazard model with the rates from the DYFI? and instrumental data.  The 

exceedance rates presented here all use the declustered catalog for DYFI? and instrumental 

results. The hazard model results have been adjusted for site conditions, and converted from 

PGA to MMI using Atkinson and Kaka (2007).  

Hazard model vs. Instrumental MMI Exceedance Rates at Selected Stations 

Three main locations were chosen as examples to compare the hazard model to 

instrumental and DYFI? results, as provided in Figure 8.  With the adjustments described above, 

annual rates of MMI exceedance from the instrumental data and the hazard model show good 

agreement where sufficient station data is available.  For an instrument near Oklahoma City, 
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which was in place for the full two years of interest, the two curves overlap from about MMI 3.5 

to 4.5, as presented in Figure 8a.  As expected, comparisons are inconsistent when using the 

temporary instruments placed during the two years.  

Hazard model vs. DYFI? MMI Exceedance Rates at Selected Zip Codes 

Figure 8 also compares the computed DYFI? frequencies of exceedance to the hazard 

model for zip codes near the three main sites, namely Oklahoma City (zip codes 73134, 73104, 

73103, 73105, and 73111), rural Northern Oklahoma (zip code 73728), and outside of Tulsa (zip 

code 74044).  Due to the higher populations, the locations in Oklahoma City and Tulsa had some 

of the most consistent reporting from DYFI?, with responses for the majority of events in the two 

years.  The results show generally good agreement between the hazard model, but, even for these 

locations, the results only overlap around MMI IV.  This small range of overlap stems from both 

the lower limit of the hazard calculation (PGAs > 0.005g, corresponding to about MMI 3.5) and 

the limited number of observed high intensities in the DYFI? data. The overlap is even more 

limited in Northern Oklahoma where the population is smaller and fewer high intensity shaking 

events were recorded. For Oklahoma City, Figure 8a also demonstrates that a significant amount 

of variability exists within the DYFI? data from neighboring zip codes, while the hazard model is 

relatively consistent within the same zone.   

Maps of Hazard model vs. DYFI? MMI Exceedance Rates 

To examine the results more broadly, Figure 9 extends the comparison between DYFI? 

data and the hazard model to maps of exceedance across the region for different PGA levels.  In 

the Atkinson and Kaka (2007) conversion, MMI 3.5 (Figure 9a) coincides with PGA 0.005g 

(Figure 9b), and MMI V (Figure 9c) with 0.01g (Figure 9d).  These maps reveal general 

agreement between the DYFI? data and the model at equivalent MMI/PGA values, with the 
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highest exceedance values in central and northern Oklahoma.  However, these maps also 

emphasize the challenges of the comparison in terms of differences in spatial resolution of the 

model and DYFI?, and the lack of DYFI? reporting in low population areas and farther from 

earthquake epicenters.  

Hazard model v. DYFI? MMI Exceedance Rates Summed Across Sites 

The comparison between the hazard model and DYFI? data is further explored by 

quantifying the total number of MMI exceedances in the region of interest over the period of 

interest. This calculation was modified from a comparison conducted by Mak and 

Schorlemmer (2016).  To do so, all of the DYFI? zip codes (i.e. zip codes reporting events for 

any MMI over the two-year period) were first matched to hazard model locations using one 

location per zip code.  The hazard model location was chosen closest to the centroid of the zip 

code.  Then, the exceedance rates for a particular MMI level from the DYFI? data were summed 

across locations to get an aggregated exceedance rate for the group of selected locations.  This 

exceedance rate was compared to the aggregate exceedance rate predicted by the hazard model 

across the same locations.  

This comparison between the DYFI? data and the hazard model across locations shows 

higher exceedance rates for the hazard model (Figure 10a).  However, this difference could be 

due to the population bias of the DYFI? data. A low population area may not always have reports 

of a felt event, leading to underestimated rates of exceedance (Wald et al. 2011). Accordingly, 

the impact of population is explored in Figure 10b, where we limit the comparison with the 

hazard model to locations with a mean number of DYFI? responses greater than five.  The 

resulting curves are closer than those in Figure 10a, and overlap near MMI IV.  For higher MMI 

values, the DYFI? data is sparser due to the limited two-year time frame. The larger events are 
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increasingly less likely to occur in the two-year period (and be included in the DYFI? data) at a 

given zip code, while they are factored into the hazard curve, no matter how small the annual 

exceedance rate.  Future efforts to compare hazard models with DYFI? MMI exceedance rates 

summed across sites could explore other methods, such as those proposed by Mak and 

Schorlemmer (2016a). 

 

CONCLUSIONS 

This study explores comparison of the 2016 USGS one-year seismic hazard model, 

DYFI? data, and instrumental (PGA) data in Oklahoma and southern Kansas, where both 

datasets and the hazard model are based on the period 2014-2015.  The study is useful for 

assessing the first one-year hazard model to account for induced seismicity produced by USGS, 

but primarily for making recommendations for future comparison and validation studies for these 

types of models, and for informing the development of future USGS one-year hazard models.  

After adjusting for known differences, the hazard model, instrumental data, and DYFI? 

data produce estimates of annual frequencies of exceedance of MMI that show good agreement 

where they overlap (around MMI IV).  One might expect this outcome, considering that the 

model is based primarily on 2014-2015 seismicity rates and we have used instrumental and 

DYFI? data from the same time period. However, the hazard model was based on the earthquake 

catalog and existing ground motion prediction equations, while the other data sources are based 

directly on 2014-2015 ground motion observations; the DYFI? data were not used in the hazard 

assessment. The retrospective comparison provides a baseline for a prospective comparison 

between the 2016 one-year hazard forecast and 2016 observations (White et al., 2017), which 

could differ due to factors such as changes in injection practices and economic changes. 
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The process of developing this comparison led to a number of observations and necessary 

considerations that can inform future evaluation of hazard models.  

1. PGA to MMI Conversion. The examples show that the choice of a conversion 

relationship from PGA to MMI had a relatively large impact on the comparison, 

shifting the curves by up to one MMI for a given level of exceedance. 	

2. Declustering of the Earthquake Catalog.  The examples also emphasize that 

declustering of the earthquake catalog for calculation of DYFI? and instrumental 

exceedances adjusts for another known difference in the comparison with the hazard 

model. However, this declustering significantly reduces exceedance rates to a level 

that is less than actually observed, although only for weak (but felt) shaking.  For a 

one-year hazard model, which forecasts significant exceedance rates only for weak 

shaking, it may be appropriate to use the full catalog for hazard model calculations.  	

3. Site Conditions. While there is variation in the site conditions across the study area, 

the site condition adjustment had a relatively small impact. 	

4. Range of Earthquake Magnitudes and PGAs Considered. The relatively large 

minimum magnitude used for the hazard model calculations (4.7), compared with the 

smaller magnitudes observed and of interest, should be addressed in future work.   

For purposes of comparison, and for more completely understanding of the time 

varying seismicity of this region, it may be appropriate to extend hazard modeling to 

the lower magnitude and PGA levels.  	

Consistent with the findings of others, we also observed the population-sensitivity of DYFI? 

data, indicating that this data is most useful in more highly populated regions.   
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DATA AND RESOURCES 

• DYFI? data in this study can be found in online archives at 

https://earthquake.usgs.gov/data/dyfi/. 

• The hazard model ouptuts are published through the USGS at 

https://earthquake.usgs.gov/hazards/hazmaps/. 

• Instrumental PGA data is from a currently unpublished database. 
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FIGURES 

 

Figure 1: Cumulative number of earthquakes in the USGS-defined Oklahoma and southern 

Kansas induced seismicity zone from 2000-2016.  Mapped earthquake epicenters in 2014 and 

2015 (inset). 
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Figure 2: Ground motion exceedances, showing (a) exceedance curves from the 2016 one-year 

model (solid lines) compared to the 2014 National Seismic Hazard Model (dashed lines) 

(Modified from Peterson et al. (2016a)) and (b) mapped annual frequencies of exceedance for 

PGA of 0.005g in the 2016 one-year model (the lowest PGA considered). 

 

 

Figure 3: Did you feel it? data from M4.7 earthquake on November 19, 2015 near Cherokee, 

Oklahoma aggregated by zip code (a) and 1 km geocodes (b).  The red star is the earthquake 

epicenter. 
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Figure 4: Instruments recording at some point during 2014-2015 (gray) and during the full two 

years (red) (a).  All DYFI? zip code response locations (centroids) during 2014-2015 (b). 

 

Figure 5: DYFI? MMI vs. instrumental PGA within the same zip code compared to Atkinson and 

Kaka (2007) and Worden et al. (2012) intensity conversions (a). Comparison of the annual 

frequency of exceedance of MMI from zip code DYFI? data and the converted instrumental 

exceedances for a site near Oklahoma City (inset) (b).  Note that ‘All’ refers to the full catalog, 

as opposed to the declustered catalog. 
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Figure 6: Comparison of full and declustered earthquake catalogs from 2014 and 2015 in the 

region of interest, shown as histograms of moment magnitude of events in the catalog (a) and an 

epicentral map (b). 
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Figure 7: Comparison of annual frequencies of exceedance of MMI from DYFI?, instrumental, 

and hazard model before and after adjustments, for a site near Oklahoma City. Note that ‘All’ 

refers to the full catalog, as opposed to the declustered catalog. 
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Figure 8: Annual frequencies of exceedance of MMI from DYFI? data, instrumental data, and the 

hazard model for locations close to Oklahoma City (shown for a number of neighboring zip 

codes) (a), in Northern Oklahoma (b), and outside of Tulsa (c).  
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Figure 9: Mapped frequencies of exceedance from DYFI? at MMI 3.5 (a) and from the hazard 

model at PGA 0.005g (b); DYFI? at MMI V (c) and the hazard model at PGA 0.05g (d). 
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Figure 10: Comparison of aggregated annual frequencies of MMI exceedance for selected 

locations from DYFI? data and the hazard model, using all DYFI? zip code locations (a) and only 

locations with a mean number of responses to DYFI? greater than 5 (b). 

 

CAPTIONS FOR FIGURES 

Figure 1: Cumulative number of earthquakes in the USGS-defined Oklahoma and southern 

Kansas induced seismicity zone from 2000-2016.  Mapped earthquake epicenters in 2014 and 

2015 (inset). 

Figure 2: Ground motion exceedances, showing (a) exceedance curves from the 2016 one-year 

model (solid lines) compared to the 2014 National Seismic Hazard Model (dashed lines) 

(Modified from Peterson et al. (2016a)) and (b) mapped annual frequencies of exceedance for 

PGA of 0.005g in the 2016 one-year model (the lowest PGA considered). 
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Figure 3: Did you feel it? data from M4.7 earthquake on November 19, 2015 near Cherokee, 

Oklahoma aggregated by zip code (a) and 1 km geocodes (b).  The red star is the earthquake 

epicenter. 

Figure 4: Instruments recording at some point during 2014-2015 (gray) and during the full two 

years (red) (a).  All DYFI? zip code response locations (centroids) during 2014-2015 (b). 

Figure 5: DYFI? MMI vs. instrumental PGA within the same zip code compared to Atkinson and 

Kaka (2007) and Worden et al. (2012) intensity conversions (a). Comparison of the annual 

frequency of exceedance of MMI from zip code DYFI? data and the converted instrumental 

exceedances for a site near Oklahoma City (inset) (b).  Note that ‘All’ refers to the full catalog, 

as opposed to the declustered catalog. 

Figure 6: Comparison of full and declustered earthquake catalogs from 2014 and 2015 in the 

region of interest, shown as histograms of moment magnitude of events in the catalog (a) and an 

epicentral map (b). 

Figure 7: Comparison of annual frequencies of exceedance of MMI from DYFI?, instrumental, 

and hazard model before and after adjustments, for a site near Oklahoma City. Note that ‘All’ 

refers to the full catalog, as opposed to the declustered catalog. 

Figure 8: Annual frequencies of exceedance of MMI from DYFI? data, instrumental data, and the 

hazard model for locations close to Oklahoma City (shown for a number of neighboring zip 

codes) (a), in Northern Oklahoma (b), and outside of Tulsa (c). 

Figure 9: Mapped frequencies of exceedance from DYFI? at MMI 3.5 (a) and from the hazard 

model at PGA 0.005g (b); DYFI? at MMI V (c) and the hazard model at PGA 0.05g (d). 
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Figure 10: Comparison of aggregated annual frequencies of MMI exceedance for selected 

locations from DYFI? data and the hazard model, using all DYFI? zip code locations (a) and only 

locations with a mean number of responses to DYFI? greater than 5 (b). 

 


