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Abstract

:

A gas well blowout in south central Texas in November 2019 that lasted for 20 days provided a unique opportunity to test the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model’s plume dispersion against hydrocarbon air monitoring data at two nearby state monitoring stations. We estimated daily blowout hydrocarbon emission rates from satellite measurement-based results on methane emissions in conjunction with previously reported composition data of the local hydrocarbon resource. Using highly elevated hydrocarbon mixing ratios observed during several days at the two downwind monitoring stations, we calculated excess abundances above expected local background mixing ratios. Subsequent comparisons to HYSPLIT plume dispersion model outputs, generated using High-Resolution Rapid Refresh (HRRR) or North American Mesoscale (NAM) forecast meteorological input data, showed that the model generally reproduces both the timing and magnitude of the plume in various meteorological conditions. Absolute hydrocarbon mixing ratios could typically be reproduced within a factor of two. However, when lower emission rate estimates provided by the company in charge of the well were used, downwind hydrocarbon observations could not be reproduced. Overall, our results suggest that HYSPLIT, in combination with high-resolution meteorological input data, is a useful tool to accurately forecast chemical plume dispersion and potential human exposure in disaster situations.
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1. Introduction


Human exposure to potentially harmful air pollutants is typically considered in two forms: chronic or acute exposure. Chronic exposure tends to be dominated by ubiquitous air pollutants emitted from many different sources, both natural and anthropogenic in nature; carbon monoxide and particulate matter (PM) are examples. In comparison, acute exposures are generally to much higher concentrations and tend to be short-term in nature. They are often caused by sometimes deliberate, but usually accidental releases of chemicals into the air from single, defined locations where the potentially hazardous materials are handled. If those chemicals are regulated, any emissions have to be reported to the regulatory agency unless the released amounts fall below de minimis thresholds. In the State of Texas, U.S.A., if exceeding said state-set threshold, regardless of whether the emissions were deliberate or accidental, the responsible party is required to terminate the emissions as soon as possible, and subsequently submit an emission event report to the Texas Commission on Environmental Quality (TCEQ).



Emission events (EEs) have significantly increased in Texas in recent years. Depending on the magnitude, duration, and types of air pollutant emissions from such events, local or regional air quality (AQ) monitoring may be performed by TCEQ during the event, and even site evacuations have been prompted to protect people from harm. An incident that exemplifies this scenario is a gas or oil well blowout in a populated area. Depending on weather conditions, and the duration of the blowout event, hydrocarbon emissions from the well may represent both an explosion hazard in the near-field of the blowout (within 1–2 km), as well as a significant health hazard, requiring incident response teams to make timely decisions about possible evacuations and necessary AQ monitoring as the event further develops. Mid- and far-field dispersion of the emitted pollutants tend to be of lesser concern unless the pollutants are of high toxicity or can have significant environmental impacts. Examples include radioactivity or fire smoke emissions, but also hydrocarbons due to individual toxicity (e.g., benzene) or their secondary ozone formation in the atmosphere.



The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model has been a widely used tool to determine air mass trajectories and pollutant dispersion for over twenty years [1,2,3,4,5,6,7,8,9,10,11,12,13]. The model, housed and maintained by the US National Oceanic and Atmospheric Administration (NOAA), is publicly available online (http://ready.arl.noaa.gov/HYSPLIT.php, accessed on 10 March 2022). It can be run online or offline using archived meteorological data of various spatial resolutions for regional or global air mass trajectory or pollutant dispersion analyses [9]. The National Weather Service (NWS), through its nationwide weather forecasting offices (WFOs), is already using HYSPLIT to analyze potential and actual hazardous materials releases into the atmosphere to provide guidance for decision makers on the ground, such as police departments, fire-fighters, or hazmat personnel. Its response time can be as short as 10 min after notification of an incident. A recent example is the Valero refinery fire, a typical incident classified as an EE, for which the WFO in Corpus Christi provided a HYSPLIT model run to the City of Corpus Christi Office of Emergency Management in April 2017.



The scientific user community of HYSPLIT has been improving the model at various stages in its history. The most recent updates, which were tested and implemented in 2020, include a new dispersion algorithm adopted from the Stochastic Time-Inverted Lagrangian Transport (STILT) model [14], as well as new turbulence and boundary layer depth parameterization schemes previously used in STILT. The additions were recently described in detail by Loughner et al. [15]. The updates created a significantly increased number of choices of algorithms and parameterizations in HYSPLIT Version 5, which the authors tested against archived tracer release experiment data, such as from CAPTEX [16]. Significant improvements of model performance were obtained for the subset of models that used the new STILT dispersion algorithm, which causes less vertical dispersion, an aspect previously found leading to underestimates of pollutant concentrations in the boundary layer [2], when HYSPLIT Version 4 was used.



The appropriate use of meteorological input data can be crucial to accurately forecast pollutant dispersions. Since 2019, routine High-Resolution Rapid Refresh (HRRR) data at 3 km spatial resolution for North America is available for use with HYSPLIT (https://rapidrefresh.noaa.gov/hrrr/, accessed on 14 March 2022). The previously highest-resolution met-data for the US was the North American Mesoscale (NAM) model (12 km). While scientific users may generate higher-resolution input data using the Weather Research and Forecasting (WRF) model, HRRR and NAM data are operationally available and can be downloaded within minutes to hours. In contrast, WRF model application can be time consuming and is thus not ideal for the rapid response often required with emission events, especially those of a hazardous nature.



In this project, we tested the performance of HYSPLIT Version 5.1 in dispersing a gas well blowout hydrocarbon plume in the Eagle Ford shale in south central Texas. We compared HRRR input data with regional met-station data, and HYSPLIT dispersion model outputs with hourly air quality monitoring data from two downwind locations.




2. Materials and Methods


2.1. Fidelity of HRRR Data


To ensure that the HRRR forecast data accurately represented the real-world weather in our region of interest, comparisons were made between direct observations from several weather stations and 00Z HRRR model initializations for the same time as the observations. Five locations surrounding the blowout site in Dewitt County were examined for four different weeks throughout the year. These four weeks allowed us to examine how the HRRR initialization performed during different seasons of the year, giving us a more complete picture of how the HRRR meteorological model compares to station measurements. The four weeks selected were 1–7 January, 1–7 April, 1–7 July and 1–7 October 2019 as they each represented a different season.



For each hour of each day in each of the four weeks of interest, 00Z HRRR data were downloaded as GRIB files, opened using the NOAA Weather and Climate Toolkit, and converted into a readable CSV format. During this GRIB-to-CSV conversion process, only variables of interest were selected: 2 m air temperature and 10 m winds (speed and direction). Data was bounded between 28 and 30 degrees latitude, and −96.6 and −98.6 degrees longitude. This resulted in a separate, unique CSV file for each variable at each hour for each day in our region. Spreadsheets were used to combine these files into a larger, weekly CSV file for each variable.



To determine the local fidelity of this HRRR data, local weather station data was retrieved from 5 locations in the region; Gonzales, Beeville, Fayette, New Braunfels, and Victoria. CSV files of hourly wind speed, wind direction, and temperature values were created for each location, for all of 2019. Each of these stations reports their respective values at slightly different times and/or intervals, so filtering was used to focus on only the values nearest to each whole hour, so as to line up with the hourly data from the HRRR model.



Lastly, the HRRR data was filtered by each station’s latitude and longitude combination, compiling each variable into a master spreadsheet for each weather station location. All master spreadsheets are made available through the Texas data repository.




2.2. HYSPLIT Processing


HYSPLIT Version 5.1 was installed on a local PCs in spring 2021. The newer HYSPLIT version includes advanced computational methods, including a new dispersion computation approach called the Stochastic Time-Inverted Lagrangian Transport (STILT) model, designed following the original work of Lin et al. [14]. According to the HYSPLIT manual, the STILT mixing scheme sets up several additional computations:




	
An internal forward-backward transport scheme to correct for violations of mass consistency in the meteorological fields,



	
The definition of additional layers near [the top of the boundary layer] to reduce particle trapping in that stable environment,



	
A probability scheme for particle reflection/transmission across interfaces with step changes in turbulence, and



	
A finer internal time step to reduce the errors introduced by operator splitting.








The incorporation of STILT into HYSPLIT was recently described by Loughner et al. (2021, [15]). Most importantly, they include (i) a more detailed algorithm for estimating boundary layer height, (ii) a new turbulence parameterization, (iii) a vertical Lagrangian timescale that varies in time and space, (iv) a complex dispersion algorithm, and (v) two new convection schemes. Testing by the authors and HYSPLIT developers showed that peak (downwind) concentrations were often in better agreement with measured peak values (likely due to less vertical dispersion), but overall the STILT scheme results were comparable to the original calculations using (default settings) HYSPLIT mixing schemes.



With these changes in setup in mind, we carried out a set of HYSPLIT runs using HRRR 3 km and NAM 12 km resolution meteorological input data, summarized in Table 1. We used a generic emission source at 28.9928 N, −97.6125 W, and 10.0 m agl. (unit: h−1), which leads to a calculation output at each grid cell of unit m−3, which, when multiplied with a known emission source strength in mass units, produces a concentration unit (e.g., g m−3) at the receptor grid cell locations.



Each model run included a spin-up period of 30 h, and a data period of 24 h. The last 24 h corresponded to one each of the first 20 days in November 2019 during which the emissions plume from the gas well blowout location was dispersed into the atmosphere. Output was set at average concentration for each hour, leading ultimately to 20 individual 24 h datasets of gridded (mass) dilution ratios across a 3 × 3 degree domain surrounding the blowout location.



These model outputs were converted to ASCII files and subsequently processed in R [17]. The gridded dilution ratio data were multiplied with calculated, average (as well as upper and lower) daily mass emissions rates for ethane (see below), and then converted to molar mixing ratios (ppb) in each grid cell. Ethane was chosen because it was the next most abundant hydrocarbon emitted after methane, is routinely measured using auto-GCs at TCEQ air quality monitoring stations, and is therefore likely detectable above background mixing ratios in the area for the largest distances encountered. In addition, auxiliary information was available for the likely ethane-to-methane ratios in the blowout from raw hydrocarbon composition measurements of the source rock provided in emission permit applications from the area accessed via TCEQ databases.




2.3. Study Site and Emission Rates


Figure 1 provides an overview of the study area in the Eagle Ford shale of south central Texas, highlighting both the blowout site and the main receptor studied in this project, the TCEQ air quality monitor in Karnes City, 29.6 km from the blowout location. The three boxes surrounding the receptor mark 1, 3, and 6 km size grid cells used for averaging model output.



Mass emission rates at the blowout site were expected to be provided by the responsible party in its emission event report to TCEQ. However, the report, as obtained in late fall of 2020, did not specify the hydrocarbons emitted but contained only a sum of “natural gas” emissions over the complete 20 day period the blowout lasted before the well was shut in. Furthermore, the reported amount was approximately 3-fold lower than what had been calculated from remotely sensed atmospheric methane via a multi-sensor, multi-satellite data analysis [18]. We therefore used the respective satellite measurements based emission rates over the period investigated, assuming an exponential drop of emissions over time, and developing a continuous time series using regression analysis as described below.





3. Results and Discussion


Our analysis is presented in three parts: In Section 3.1, we explain the calculation of ethane emission rates from the blowout site and discuss the excess hydrocarbon molar mixing ratio data at the two TCEQ air monitoring station receptor sites; in Section 3.2, we compare the HYSPLIT meteorological data with weather station data; in Section 3.3, we compare the observed hydrocarbon ratios near the blowout site with both the permit data and the observations at the AQ monitors; and in Section 3.4, we compare the modeled ethane data at the receptor sites with the excess ethane observations.



3.1. Blowout Emissions and Air Quality Monitor Measurements


3.1.1. Emissions Calculations


The entity owning the gas well undergoing the blowout reported, and TCEQ accepted, a total emission amount of “natural gas” of 3.24 million pounds (TCEQ Investigation Report #1622284, October 2020; page 4). This translates into 1.47 million kg, or 1470 metric tons, most of which is (typically 80–95% of natural gas) in the form of methane. No explanation was given on how the operator arrived at that specific amount, and what composition the “natural gas” emitted had. An independent study using multiple sensors on various satellite platforms [18] evaluated the methane observations from this specific blowout and estimated that 4800 ± 980 metric tons of methane were likely emitted, more than 3-fold the amount estimated by the operator of the blowout well.



We used Figure 1 in Cusworth et al. [18], which shows a time series of methane emission estimates as observed from space, data given in the text, and data provided in Table S4 in the paper’s Supplementary Materials to create a new, continuous hourly emissions estimate, including uncertainty estimates. First, based upon the fact that a blowout is driven by well pressure, we assumed the change over time to follow an exponential decay curve. Second, unlike Cusworth and coworkers, we did not conservatively assume that day 1 (1 November 2019) emissions equaled day 2 observations, but chose two alternatives: (i) that the November 1 emission rate was the mean minus one sd of the November 2 combined TROPOMI satellite and WRF dispersion-based estimate (29 t/h), and (ii) that the November 1 emission rate was the mean plus one sd of the November 2 TROPOMI satellite Integrated Methane Enhancement (IME)-based estimate (36 t/h). These two values likely bracket the first day’s emission rate, which was undoubtedly higher than the estimate for November 2 (27.6 t/h).



Figure 2 shows all measured data points as filled circles, and all additional, OCI model (Table S4 in [18])-based estimates as open circles. Vertical error bars reflect the original 1-sd uncertainty estimates given by Cusworth et al. [18]. The Oil Climate Index (OCI) model-based data are included as open circles; they reflect methane emissions over the course of the blowout event estimated using inputs on reservoir composition and pressures as obtained from the Texas oil and gas regulatory body, the Texas Railroad Commission (Supplementary Materials Section S6 in Cusworth et al. [18]).



Next, we carried out a measurement data-weighted linear least-squares regression on log-transformed data, which provided a mean model (solid black line) and 95% confidence limit (solid dashed lines) output for all hours of the regression. A similarly weighted non-linear least squares regression is included in Figure 2 (red line) for comparison. This led to a slightly steeper initial drop in emission rates. The first method leads to a total emission amount of 4765 (+929, −774) tons for the 20 days of the event, the second to 4179 tons. Both new estimates are, as expected, well within the original estimate of 4800 ± 980 metric tons from Cusworth et al. [18], from which they were derived.



Next, an average daily (24 h) emission rate and its relative uncertainty were calculated from the hourly resolution curves in Figure 2. For the last step, to derive ethane emissions, information on the relative ethane-to-methane ratio in blowout emissions is necessary, but was unavailable. We thus relied on the information on source rock hydrocarbon composition gathered by Cusworth et al. [18] (cf. their Table S1), and from local emissions permit applications, including the actual application for the well in question, which used the same hydrocarbon composition evaluated at another well in the area in prior years (Section 3.3). While we will discuss hydrocarbon ratios derived from these permit applications vs. locally measured ratios further below, the relevant ethane-to-methane ratio adopted here is 15 ± 3% on a molar basis, and it was assumed to be invariant with time during the blowout. The estimated 20% relative uncertainty in this ratio was added to the methane emission relative uncertainty for all calculations. The final product was an emissions matrix with a daily mean, lower and upper ethane estimate for 1–20 November 2019, ranging from 11.3 t/h (November 1 maximum) to 0.2 t/h (November 20 minimum).




3.1.2. Excess Hydrocarbon Abundance at State Monitoring Sites


Monitoring data from the state’s Karnes City (AQS Site: 482551070, 1100B East Main Avenue, Karnes City, TX 78118, Lat: 28.88 N, Lon −97.89 W) and Floresville (AQS Site: 484931038, 1404 Hospital Blvd., Floresville, TX 78114, Lat: 29.13 N, Lon: −98.15 W) auto-GC instruments from 2019 were downloaded from TCEQ’s website and processed in fall 2020. The period in question, 1–20 November 2019, was separated from the rest of the data, and investigated for its meteorological conditions (Figure 3). We isolated four distinct periods, separated by vertical dashed green lines in Figure 3, with similar meteorological conditions, such as northerly winds with low temperatures behind frontal passages (from 7 to 10 November). For each period, a wind rose was constructed and a temperature range determined, to delineate the near consistent meteorological conditions.



The period delineations were used to sub-select a range of “reference” conditions from the remainder of the 2019 dataset, i.e., the complete set of 2019 data not including the blowout period. Meaning, representative median, interquartile, and 95% confidence level ranges of selected hydrocarbons at the monitor were calculated for each hour of the day for a given set of meteorological conditions derived from a meteorologically consistent period during the blowout event. These are considered representative reference conditions because they include all measurements that occurred before and after the blowout event but during otherwise similar meteorological conditions. This also implicitly includes a presumption of similar regional emissions conditions, aka that no substantial regional emissions developments (neither an increase nor decrease) occurred in 2019. This assumption was supported using oil and gas production data for Karnes and Dewitt counties, alongside a presumed proportionality between production and emission numbers, as is commonly done, e.g., by the EPA.



As an example, Figure 4 shows the determined reference levels of ethane in form of a diurnal boxplot overlaid with the actual ethane measurements at the Karnes City monitor for October 31, just before the blowout, and November 1–2, the first two days of the blowout. Again, ethane was selected due to its high emissions from the well, its continuous hourly local measurements, and its lack of other sources making it an excellent indicator species for oil and gas production related emissions. Note that ethane levels on the day before the blowout were lower than median reference levels until the late afternoon, when abundances started to exceed the 95% level of the reference periods. The highest ethane levels were reported for 2 November at 2–3 a.m. local time (LT), exceeding 1500 ppb, a day after the blowout was discovered. Outlier observations during the reference period (open circles in Figure 4) during these nighttime hours reached at most 50% of the ethane maxima, and median reference levels were typically an order of magnitude lower. Subsequent daytime levels on 1–2 November remained elevated above the reference.



This background reference calculation was performed for both receptor sites and for all five periods during which the blowout commenced, before the diverted gas was ignited on 14 November 2019. Enhancements (=excess ethane) over the reference data (medians of reference periods) were found for several days, significantly during the first week after the blowout occurred, shown in Figure 5 (unfortunately, four days of data from the Floresville site were either lost or did not pass TCEQ quality control checks). Due to sufficient vertical dispersion during daytime, typically only small enhancements were discovered for those hours, while all enhancements constituting order-of-magnitude effects occurred during nighttime, particularly after midnight, or around the dawn hours. Based upon the variability of the reference ethane levels through all five periods, we conservatively estimated that excess ethane below 50 ppb at Karnes City, and below 20 ppb at Floresville, could have been caused by sources other than the blowout. Notably, in the case of the Floresville site, ethane mixing ratios of a similar magnitude as shown in Figure 5 (100–200 ppb) were also encountered during the week just before the blowout period.





3.2. Comparisons of HYSPLIT Meteorological Input Data with Regional Measurements


Our comparisons between HRRR and local met-data showed an overall high fidelity of the HRRR data in this area of Texas. The master spreadsheets for all sites are provided as an extension to this manuscript in the Texas data repository. Here, we discuss two examples for one site, one for temperature and one for winds.



Figure 6a shows a scatter plot comparison of temperature data from a weather station near Gonzales, TX, approximately 60 km NNE of the blowout location, with HRRR data from the grid cell covering the station. In this example, the determination coefficient was 0.94 and the slope indicated a slightly higher HRRR estimate (5%) of the actual station temperature, on average. A similar result was obtained from other weather stations in the area during this winter period. The obtained mean error (ME) and mean bias (MB) were approximately 1.1 and 0.3 deg. C, respectively.



Figure 6b shows a time series comparison of wind direction data from the same station. Wind direction is a critical parameter for air mass transport, and, in this example, showed a very good comparison, capturing direction changes correctly when winds at the station were not calm (equates to a value of zero, in which case wind direction is not defined). Mean error and bias results (wind direction: MB = 3 deg., ME = 12 deg.; wind speed: r2 = 0.67, MB = −0.2 mph, ME = 1.8 mph; 1 mph = 0.45 m s−1) for this example were similar for winds at other sites. Meaning, nearly unbiased and closely correlated relationships were obtained. Similar to the temperature data, this indicates a high fidelity of the HRRR model winds for this area, and thus a high fidelity of the HYSPLIT meteorology inputs. Since we observed similar results at the other stations and for all seasons, we concluded that HRRR input data in general is likely of high to very high fidelity in this part of Texas, supporting its usage in the blowout event analysis.




3.3. Hydrocarbon Composition


We used the excess levels above median reference levels to determine the hydrocarbon composition of blowout emissions as observed at the Karnes City and Floresville Hospital monitors. While neither the company’s report, nor the TCEQ investigation of the blowout listed its hydrocarbon composition, we obtained several measurements to compare the air monitor’s data to: (i) a 2009 local wildcat gas and well-stream composition analysis (well name: Migura 1) of the same field the blowout occurred in; (ii) a 2017 gas composition analysis from a standard permit application to TCEQ by Devon (Migura 3, pad 3), also of the same field the blowout occurred from; and (iii) a partial ambient gas composition analysis obtained from 24 h canister sampling carried out within a 2-mile radius near the blowout by a company contracted by the well’s owner, and provided in the Texas data repository.



Table 2 lists observed hydrocarbon ratios compared to the permit and near-field data. While the available ratios were generally comparable, in almost all cases the measured ratios at the downwind air quality monitor slightly deviated from the well gas composition in the direction of higher amounts of the less volatile hydrocarbon. This is to be expected because condensable hydrocarbons (“condensate”), such as BTEX and alkanes with five or more carbon atoms, are emitted with the gas during a blowout, but are not likely to be deposited to a large extent during plume dispersion. When surface deposition becomes a significant loss process of emitted condensate—typically at or near the blowout location during initial dispersion—we expect to find the observed composition downwind to deviate from the blowout well’s overall hydrocarbon composition (“well-stream”).



The excess hydrocarbon mixing ratios were highly consistent between the two monitoring sites, as is demonstrated for two examples in Figure 7. Differences in slope are likely insignificant. They could result from both slight calibration differences between the sites, and small statistical deviations due to the smaller amount and range of values available from the Floresville monitor. Differences to the local measurements near the ongoing blowout, and to the permit application data, probably also included effects from both (i) analytical methodology differences (much different for the onsite company measurements), and (ii) variability in the hydrocarbon source composition.



In summary, these comparisons suggest that excess hydrocarbon observations near the blowout were consistent with the expected hydrocarbon composition from the source, and were also consistent with distant downwind observations of excess hydrocarbons at two air quality monitors. Local condensate accumulation near the blowout was observed, and therefore some deposition had to have occurred. This, as well, is consistent with the observation that the B/T ratio (toluene being the lowest vapor pressure hydrocarbon investigated) was higher at the air quality monitors than what was observed locally.




3.4. HYPLIT Model Results Compared to Air Quality Monitor Observations


We ran the PC version of HYSPLIT for all tests. Dispersion modeling was limited to 10 HRRR meteorology input files (the maximum is 12, aka 72 h). The model was initiated at midnight UTC, thus 6 pm local Texas standard time, and only data after 30 h into the run (midnight local time) was used for comparisons. A 3° × 3° domain around the blowout location was modeled, in most cases at a grid resolution of 0.01 degrees. The output file contained the average, hourly dilution ratio at levels below 50 m above ground. Gridded ASCII file output data was created from the main binary output file, and read into R software for further analysis. Google Earth output data (kmz-files) in the form of contours were created to view the results in spatial format overlaid on standard maps.



An example contour plot overlaid on a Google Earth map is shown in Figure 8. It depicts the extrapolated impact from the STILT × STILT 0.01 degree resolution run in the Dewitt and Karnes County areas downwind of the blowout during the morning hour of 7–8 am on 1 November 2019. As shown in Figure 4, ethane at the monitor was very high at this hour, but the blowout plume as calculated by HYSPLIT had not reached the monitor location yet, suggesting timing uncertainties in the meteorology during that period. While the maximum local ethane mixing ratio was observed between 7 and 8 am that morning, HYSPLIT calculated that it should have arrived 1–2 h later, and at >1000 ppb (blue shading in Figure 7). So while the timing was off in this example, the magnitude of impact at the receptor matched. Notably, HYSPLIT results indicated that the plume was north of the monitor after 11 am on that day, consistent with a lack of significant impact observed at that time.



A similar situation occurred on 2 November 2019. In that case as well, although HYSPLIT correctly indicated a major impact at the monitor in the early morning hours of 4–8 am, local measurements suggest that maximum impacts occurred 1–3 h earlier. We note that in both these examples, a calculation at higher resolution than the meteorological input data was selected, and the HYSPLIT program’s contour display routine was executed to create the kmz-files displayed. The program caries out two internal extrapolations for this: (i) it extrapolates the meteorological data linearly to the desired grid output resolution, and (ii) it extrapolates the gridded output data when creating the contour plots. This is reasonable and advantageous for on-screen displays and outreach to the media and citizens impacted by such emission events. However, for the analyses below, the gridded output data was directly compared to the monitor data for several grid averages. Namely, in the case of 0.01 × 0.01 degree resolution (approximately 1 × 1 km2), the center grid cell at the monitor, a 3 × 3 cell average, and a 6 × 6 cell average around the monitor were compared (see Figure 1). At the lower (native met model) 0.03 × 0.03 degree resolution (3 × 3 km2), the center grid cell at the monitor, and a 3 × 3 cell (9 × 9 km2) average were compared to the excess ethane data from the air quality monitor measurements.



3.4.1. Performance of HYSPLIT Evaluated for the Karnes City Monitor


A first look at the performance of HYSPLIT for this emission event is given in Figure 9 as a time series of excess ethane measurements and different model run forecasts for the first week of data, when emission rates were high enough to cause significant excess hydrocarbon observations. As illustrated, the timing offset described above is mostly eliminated when spatial averaging is used. Smaller impacts were missed by HYSPLIT on November 4–6, but correctly quantified on November 7. The major impacts at the Karnes City monitor on November 1–3 were at times under- or overestimated depending on day, hour, and spatial averaging choice. The STILT default method calculations produced slightly larger surface layer mixing ratios at coarser averaging, meaning the improved STILT dispersion calculation method implemented in HYSPLIT version 5.0 causes less vertical dilution as compared to the default HYSPLIT dispersion algorithm. Not shown in Figure 8 are any model outputs for the single 0.01 × 0.01 degree grid cell containing the monitor location, because in all cases those values were few and far apart, underestimating the measured impact due to spatial offsets. This suggests that higher than native met-model resolutions may not be meaningful unless post-run grid cell averaging is applied to the output, and for this mid-field distance comparison.



None of the other model runs not shown in Figure 9 (Table 1) showed substantially different results to the two runs depicted. Nevertheless, to compare the results against each other, we calculated a similar ranking metric as Loughner et al. [15] as follows:


  R a n k =  r 2  +  (  1 −  |    F B  2   |   )  +  (  1 − K S  )   



(1)







In Equation (1), r2 is the determination coefficient of a linear correlation of integrated daily excess ethane mixing ratios (first ten days), which avoids timing offsets. FB is the normalized fractional bias, and KS is the Kolmogorov–Smirnov test statistic. For both FB and KS, hourly data was used, but only when measurements were available and the measured excess ethane exceeded 50 ppb (horizontal dashed line in Figure 9) to avoid random effects on ethane from other petrochemical emission sources than the blowout. The highest value for Rank is 3 (perfect model), the lowest 0 (no model skill).



We compared the standard, default HYSPLIT dispersion setup (using the Kanthar–Clayson vertical turbulence parametrization and met-model derived PBL depth) at 0.01 × 0.01 degree resolution (“HKC1”) against the otherwise identical STILT dispersion setup (“HS1”), the STILT dispersion setup with STILT parametrization (“HSS1”, using the Hanna vertical turbulence parametrization and a modified Richardson Number PBL depth calculation), the default HYSPLIT dispersion setup using NAM input data (“HKC1NAM”, 12 km resolution met data), and the STILT dispersion setup at native met-model resolution (“HS3”). Only the spatially averaged outputs were compared. The results are summarized in Table 3. Following Loughner et al. [15], differences in Rank of 0.1 or larger may be considered meaningful, meaning, are likely statistically significant.



It is apparent from Table 3 that using lower-resolution meteorological input data (such as the 12 km NAM) does not automatically lead to an overall lower performance in this test. There is also little difference in the standard STILT setup between higher resolution averaged to a 6 × 6 km area (HS1) and native resolution averaged to a 9 × 9 km area (HS3). Both belong to the highest-performing runs. While, for the event analyzed here, the standard HYSPLIT setup (HKC1) delivered slightly better results than the equivalent STILT version (HS1) when averaged over the central 9 grid cells (3 × 3 km2), the standard STILT version was superior at larger spatial averaging (HS1, 6 × 6 km2). Using the additional STILT model parameterizations (HSS1) improved the model at the finer spatial averaging, but not at the coarser spatial averaging.



When compared with respect to vertical dispersion characteristics, we found that the standard HYSPLIT scheme using the Kanthar–Clayson turbulence parametrization (HKC1) did not produce systematically lower concentrations in the boundary layer as compared to the STILT scheme using the Hanna parametrization (HSS1). On average, the former tended instead to deliver slightly higher near-surface ethane mixing ratios than the latter when averaged over the 3 × 3 km2 area around the receptor location (see also Figure 9). The two example hours shown in Figure 10 demonstrate the generally similar results between the model outputs, suggesting that the met-model input data may play a more prominent role than the parametrizations used in different model schemes.



Figure 11 shows a comparison of the integrated daily excess ethane mixing ratios, demonstrating the model’s skill at the 0.03 degree resolution across different setups. While HYSPLIT showed considerable skill in forecasting how the emissions event plume was dispersing downwind, this example demonstrates that impacts at this spatial resolution were generally underestimated by approximately a factor of two. As the emission rate related error bars on the HSS1 model indicate, this is very likely not related to an underestimation of the emissions. In turn, because larger spatial averaging improves this relationship, the underestimation is probably caused by uncertainties in the plume transport.



We note that all HYSPLIT model runs missed apparently significant impacts on 4–6 November 2019 under near continuous southeasterly winds. This may be explained by the variability of possible background levels we subtract from the observations based on known prior variability of ethane at the AQ monitoring location in the absence of a nearby blowout. Note from Figure 4 that interquartile ranges, but especially outlier conditions include ethane levels of up to 100–300 ppb during nighttime hours, comparable to the calculated excess levels above median values used to calculate the data in Figure 9 on 4–6 November. We can therefore not exclude the possibility that the excess levels shown in Figure 9 were simply lower during these days due to higher than median emissions from sources other than the blowout location.



We also note that the underestimations by the models, especially during the overnight hours on 1–3 November, cannot be reconciled with a lower than calculated emission rate, especially not a 3-fold lower emission rate as claimed by the well site operator. In addition, while the company first reported the blowout at 2 am local time on November 1, 2019, the data obviously indicate that emissions were already reaching the 30 km distant air quality monitor location at that time. Therefore, the onset of the blowout most likely occurred 6–12 h prior, and was thus modeled as such.




3.4.2. Performance of HYSPLIT Evaluated for the Floresville Hospital Monitor


The blowout emission plume was also encountered at the Floresville Hospital air quality monitor several times during the 20 days of the event. However, no data was available during several days of the first week (4–6 November 2019) when blowout emissions were highest. Thus, we focused our analyses on the first three days of the blowout when local data at the monitor showed significant impacts. Figure 12 shows the time series of excess ethane measurements and 3 × 3 km averaged model outputs, similar to Figure 9. Most model runs overestimated impacts at the monitor location during 1 and 2 November, but correctly captured impacts on 3 November 2019. While the default settings with STILT dispersion strongly overestimated the observations on 1 and 2 November, generally more moderate overestimations—except for four hours in the morning of the 2nd—occurred when using STILT dispersion with STILT parameterizations (STILT × STILT). In this example, the lower-resolution NAM input met data let to an overall good match.



Model performance is summarized in Table 4. Note, however, that these results are less robust compared to those shown in Table 3 because only three days with limited hours of comparison were available (n = 15; only including excess ethane measurements > 20 ppb for the Floresville location). The best performances were observed for the HSS1 model and the lower-resolution default HS3 model, when averaged over a larger area. Similar to the comparisons at the Karnes City monitor, the STILT dispersion model versions appeared to provide slightly better performances as compared to the default HYSPLIT dispersion runs.



It is illustrative to look at the plume position across models during 3 November 2019 when it was impacting the Floresville monitor during the morning hours, Figure 13. After overnight transport toward the southwest and south, strongly impacting the town of Nordheim just 7.5 km south of the blowout location, winds shifted to the east-southeast and moved emissions toward both monitors in the west-southwest (Karnes City) and west-northwest (Floresville) of the blowout. The example depicts the plume positions, calculated using STILT dispersion for various turbulence parametrizations, between 10 and 11 am local time. In all cases, impacts occurred at both monitors, as observed. However, while the Karnes City monitor was well inside the plume (green shading), the Floresville Hospital monitor was only affected at the edges of the plume (light blue shading) in all cases. It may thus come to no surprise that, regardless of the turbulence parametrization, the models were not able to quantify the impact’s magnitude consistently. In this situation, model results become sensitive to spatial averaging across the plume’s edge, and therefore uncertainties about impacts from the emissions event increase, especially when coarser met-model input data are used.






4. Conclusions


We found a very high likelihood that emissions from the 1 November 2019 gas well blowout in Dewitt County, Texas, reached two distant TCEQ air quality monitors during several distinct periods while the blowout was underway. Excess hydrocarbon ratios observed at the monitors were comparable to observations made near the blowout during the same period, and reflect a mixture of gas and condensate emissions from the field in question. Blowout hydrocarbon emissions were very likely much higher than reported by the responsible company, and we instead used satellite derived data for methane emissions alongside emission permit application informed methane-to-ethane ratios to derive ethane emissions data as inputs to dispersion modeling. We tested several HYSPLIT dispersion and turbulence parameterizations, using mostly high fidelity, 3 km-resolution HRRR meteorological input data, and some 12 km-resolution NAM data for comparison. HYSPLIT captured both the periods of most excess hydrocarbon impacts at the downwind air quality monitors, and quantified the daily integral impacts to within a factor of two under most circumstances. HYSPLIT hourly ethane concentration results did not reveal a consistent pattern of over- or underestimation when juxtaposed with calculated excess ethane at each monitor, derived by subtracting median background abundances under similar meteorological conditions that occurred in 2019. Both a lack of highly accurate emission rate data and confidently unbiased excess ethane measurement data, however, preclude us from judging which model setup is preferred for accurate emission event impact forecasting. Nevertheless, a calculated rank measure demonstrated that both the use of higher-resolution meteorological input data, and the use of the new STILT versus the standard HYSPLIT dispersion scheme, alongside appropriate downwind averaging of grid cells, produces satisfactory results.



We note that accurate input data on source emissions are critical to determine the model results’ fidelity (of forecasts) of the severity of downwind impacts. Our HYSPLIT modeling results confirm that the observed impacts of this emissions event would have been strongly underestimated if we had used the 3-fold lower hydrocarbon emission estimates reported by the company in charge of the blowout well. In addition, significant amounts of condensate emissions, including air toxics such as benzene, were emitted by the event, but not listed by the responsible operator. Local measurements within two kilo-meters of the blowout showed short-term benzene levels over 200 ppb, and 24 h averages of 10 ppb and higher. Based on the dispersion runs, both the nearby towns of Yorktown (10 km east) and Nordheim (7.5 km south) probably experienced near-surface benzene levels of 5–50 ppb during numerous nighttime hours during the first week of the blowout. That would often have been above the EPA’s Rfc value (inhalation reference concentration) of 9.4 ppb. Together with several other aromatic hydrocarbons emitted, the emissions event thus may have had non-negligible health effects on a significant part of the human population living in the area.
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Figure 1. Google Earth map of the study area (inset showing location within Texas). Note that the bright patches throughout the picture mark oil and gas well pad locations. The blowout location, a pad site next to Cotton Patch Rd. in Dewitt County, north of the town of Nordheim, TX [18], is marked on the upper right, while the main receptor location in southeast Karnes City, TX, a TCEQ air quality monitoring site, is marked on the lower left. The straight line in black indicates a 30 km travel distance for the emissions. The three boxes in yellow, red, and blue indicate 1, 3, and 6 km averaging areas, respectively, for the model’s gridded outputs. 
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Figure 2. Modeled blowout location methane emissions in metric tons per hour from 1 to 20 November 2019 (black solid (mean) and dashed (95% conf. interval) lines from linear regression of log-transformed data; red line from non-linear regression). Note that flaring of hydrocarbons began on 14 November (350 h on this scale). Except for 1 November 2019 (see text), filled circles represent satellite estimates, and open circles represent Oil Climate Index (OCI) model-based estimates [18]. 
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Figure 3. Time series of hourly air temperature (red) and winds (black) from 31 October to 16 November 2019 from the Karnes City AQ monitor. Green dashed lines separate periods with similar meteorology. 
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Figure 4. Diurnal development of ethane levels at the Karnes City AQ monitor in period 1 (lighter red is 1 November). The boxplot shows the calculated reference levels; green data points show ethane from the day prior to the blowout discovery around the midnight hours of 31 October to 1 November, and red data points show ethane from the two days thereafter. 
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Figure 5. Time series (1–15 November 2019, 12 = midday on 1 November) of excess ethane mixing ratios at both TCEQ air quality monitoring sites. Dashed horizontal lines mark levels below which excess ethane may be insignificant (50 ppb for Karnes City, 20 ppb for Floresville) based on other, randomly occurring regional emissions. 
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Figure 6. Example weather station to HRRR data comparison for a site in Texas approximately 60 km from the blowout location. (a) shows a scatter plot of one week of air temperature data, (b) shows one week of wind direction data from both datasets. 
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Figure 7. Example excess hydrocarbon mixing ratio correlations at the air quality monitors investigated (1–3 November 2019), showing a high consistency between the ambient excess hydrocarbon observations. 
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Figure 8. HYSPLIT kml file output for the ethane plume location integrated for 7–8 am LT, 1 November 2019. Near blowout, ethane levels would have exceeded 10 ppm (yellow shading and white square), while the monitor location in Karnes City had not been reached yet, but was an hour later. 
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Figure 9. Time series of measured vs. modeled (0.01 deg. resolution) excess ethane mixing ratios at the Karnes City AQ monitor for two model setups and two spatial averaging alternatives (Figure 1). One model run includes error bars (STILT default 3 × 3, filled blue circles) illustrating emission rate uncertainties. 
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Figure 10. Receptor location (Karnes City) excess ethane mixing ratio vertical distributions during two hourly periods (local time) of the early November impacts of the hydrocarbon plume. The vertical levels represent the height above ground over which the model results were averaged: 50 m = surface level (0–50 m), 100 m = 50–100 m level, 200 m = 100–200 m level, and so on. 
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Figure 11. Scatter plot of integrated daily (sum of all 24 h alleviating timing offsets) excess ethane mixing ratios at the receptor site averaged to 0.03 degrees. Dashed and dotted lines represent correctly estimated, and factor-two underestimated integrated daily model results, respectively. 
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Figure 12. Time series of measured vs. modeled (all 3 × 3 km averages) excess ethane mixing ratios at the Floresville Hospital monitor for several model setups (Table 1). One model run includes errors bars (STILT default 3 × 3, filled green circles) illustrating emission rate derived uncertainties. The dashed horizontal line marks excess ethane mixing ratios (<20 ppb) that may have arisen from random emissions other than the blowout at 54 km from the monitor. 
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Figure 13. HYSPLIT-program plotted 3 November 2019, 10–11 am LT, blowout emission plume positions using STILT dispersion with four different turbulence parametrizations: Hanna = Hanna, K-C = Kanthar–Clayson, met-mod = meteorological model’s TKE field, B-H = Beljaars/Holtslag turbulence parametrization. The star marks the blowout location, and the two orange dots mark the air quality monitor locations, the closer one being the Karnes City monitor. 
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Table 1. HYSPLIT dispersion model runs used in this project.
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	Method (Abbreviation)
	Met Input
	Resolution 1
	Processing Time 2





	STILT default (HS1)
	HRRR 3 km
	0.01 deg (1 km)
	525 ± 153



	STILT default (HS3)
	HRRR 3 km
	0.03 deg (3 km)
	383 ± 186



	HYSPLIT default (HKC1)
	HRRR 3 km
	0.01 deg (1 km)
	248 ± 122



	HYSPLIT default (HKC3)
	HRRR 3 km
	0.03 deg (3 km)
	251 ± 89



	HYSPLIT default (HKC1NAM)
	NAM 12 km
	0.01 deg (1 km)
	180 ± 42



	STILT × STILT (HSS1) 3
	HRRR 3 km
	0.01 deg (1 km)
	539 ± 166







1 Resolution refers to the output resolution of the model, e.g., a 0.01 deg., or 1 km output grid is thus at higher resolution than the native resolution of the meteorological input data, and is achieved within the HYSPLIT program via interpolation of the coarser data to the finer grid. 2 Processing times are the average (±1 sd) length in seconds for 54 h model runs on a standard PC (Intel i7, 3.6 GHz, 16 Gb RAM, 64-bit Win10) for the 20 days analyzed (1–20 November 2019). 3 STILT dispersion plus new STILT vertical turbulence setting (Hanna boundary layer turbulence parameterization, see Loughner et al., 2021 [15] and Section 4.3.1).
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Table 2. Observed hydrocarbon ratios in permit applications, near the blowout, and as determined from Karnes City and Floresville air quality monitor data.
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	Composition
	Gas Only
	Well-Stream
	Ambient
	Ambient
	Ambient





	origin
	2017 permit
	2009 wildcat
	blowout
	Karnes City
	Floresville



	C3/C2 1
	0.38
	0.48
	NA
	0.63
	0.59



	nC4/C3
	0.28
	0.4
	NA
	0.49
	0.49



	iC4/nC4
	0.7
	0.65
	NA
	0.49
	0.46



	totC5/totC4
	0.34
	0.56
	0.433
	0.49
	0.54



	benz/totC4
	0.005
	NA
	0.031
	0.009
	0.012



	tol/totC4
	0.012
	NA
	0.147
	0.02
	0.03



	benz/tol
	0.42
	NA
	0.21
	0.27–0.4 2
	0.31







1 C2 = ethane, C3 = propane, nC4 = n-butane, iC4 = isobutane, totC4 = nC4 + iC4, totC5 = n-pentane + isopentane, benz = benzene, and tol = toluene. 2 Inconsistent slope (see Figure 7).
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Table 3. Model performance Rank by setup and spatial average.
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	Spatial Average
	HS1 1
	HS3
	HKC1
	HKC1NAM
	HSS1





	3 × 3 km
	1.11
	0.90
	1.27
	1.22
	1.24



	6 × 6 km
	1.84
	1.78 2
	1.59
	1.34
	1.61







1 See text and Table 1 for model abbreviation explanation. 2 9 × 9 km output.
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	Spatial Average
	HS1 1
	HS3
	HKC1
	HKC1NAM
	HSS1





	3 × 3 km
	1.69
	0.48
	1.14
	1.42
	1.99



	6 × 6 km
	1.40
	1.93 2
	1.30
	1.61
	2.40







1 See text and Table 1 for model abbreviation explanation. 2 9 × 9 km output.
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