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Appendix 1.B. Dispersion modeling

1.B.1 Overview

In this section, we provide additional details on the meteorological modeling, data, and 
assessment results that was summarized in Section 1.4 of Chapter 1. Some of the material 
provided in Section 1.4 is repeated here in the interest of continuity.

Methodology

Gaussian Plume Dispersion Model

Standard approaches to analyze emissions of toxic air pollutants to community-scale 
concentrations are based on Gaussian plume dispersion models. The origin of the Gaussian 
model is found in work by Sutton (1932), Pasquill (1961; 1974), and Gifford (1961; 1968). 
The standard model considers a continuous source of strength Q (in mass per second) at 
effective height (h) above the ground. With an assumed uniform wind speed (u), the model 
provides concentration C (in mass per cubic meter) using the formula:

In this expression, x is radial distance downwind from the emissions. The coordinate y refers 
to horizontal direction at right angles to the plume axis with y equal to zero on the x axis. 
The coordinate z is height above ground, which for the time being is assumed to be flat and 
uniform. The parameters sy and sz are standard deviations of the distribution C in the y- 
and z-directions, respectively. The purpose of the last term is to account for reflection of the 
plume at the ground by assuming an image source at distance h beneath the ground surface. 

The dispersion parameters sy and sz are given as functions of downwind distance (x) and 
stability, and are based on a combination of experimental results and theory. The most 
widely used scheme was developed by Pasquill (1961) and modified slightly by Turner 
(1967). Table 1.B-1 and 1.B-2 list the criteria for Pasquill’s six stability classes, which 
are based on five classes of surface wind speeds, three classes of daytime incoming solar 
radiation, and two classes of nighttime cloudiness. In general, stability classes A through C 
represent unstable conditions, class D represents nearly neutral conditions, and classes E 
and F represent stable conditions.
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Table 1.B-1. Dispersion Parameters for the plume model (Briggs, 1973).

sy sz

Pasquill 
type

a b c a b c

Open-Country Conditions

A 0.22 0.0001 -1/2 0.20 0 1

B 0.16 0.0001 -1/2 0.12 0 1

C 0.11 0.0001 -1/2 0.08 0.0002 -1/2

D 0.08 0.0001 -1/2 0.06 0.0015 -1/2

E 0.06 0.0001 -1/2 0.03 0.0003 -1

F 0.04 0.0001 -1/2 0.016 0.0003 -1

Urban Conditions

A-B 0.32 0.0004 -1/2 0.24 0.001 1/2

C 0.22 0.0004 -1/2 0.2 0 1

D 0.16 0.0004 -1/2 0.14 0.0003 -1/2

E-F 0.11 0.0004 -1/2 0.08 0.00015 -1/2

Table 1.B-2. Meteorological conditions defining Pasquill Stability Classes.

Surface wind 
speed (m/s)

Daytime
Incoming Solar Radiation

Nighttime
Cloudiness

Strong Moderate Slight > 4/8 ≤ 3/8

<2 A A-B B E F

2 - 3 A-B B C E F

3 - 5 B B-C C D E

5 - 6 C C-D D D D

>6 C D D D D

By using wind speed, wind direction, shortwave incoming radiation and cloud cover, 
the Gaussian plume model was run for each facility for a one-year period, 08/15/2015–
08/15/2016, for each hour in a domain with a radius of 10 km centered on the source and a 
spatial resolution of 100 m. Wind speeds below 0.5 m/s were assumed to be 0.5 m/s. 

Due to the lack of emission data, the source term was set at 1 ug s-1 and was assumed to 
constant in time for the entire period. This selection is intended for posterior calculation of 
the “concentration over flux” ratio (C/Q) and to facilitate the exposure assessment relative 
to the source term. The source height was selected to be 3 m above ground to account 
for the initial mixing due to turbulent fluxes that may occur at the source level, and the 
concentration plane was 2 m. In order to account for the spatial distribution of the source, 
all the active wells within a storage facility were considered as a point source with the same 
characteristics (height and strength). The resulting concentration field was then normalized 
to the number of wells, to keep the total source strength equal to 1 ug s-1
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Storage facilities

Table 1.B-3 shows the 13 underground storage facilities considered in this work, along with 
the location, capacity, reservoir type, area, and number of active wells.

Table 1.B-3. Underground Gas Storage Facilities.

Storage Facility
Latitude, 
Longitude

Capacity 
(Bcf)

Reservoir 
type

Field Area 
(km2)

Active 
Wells

County

Aliso Canyon 34.313, -118.558 86.2 Oil 13.75 141 Los Angeles

Gill Ranch Gas 36.793, -120.250 20.0 Gas 25.90 26 Madera

Honor Rancho 34.456, -118.598 27.0 Oil 9.27 51 Los Angeles

Kirby Hill Gas 38.169, -121.918 15.0 Gas 17.15 23 Solano

La Goleta Gas 34.421, -119.826 19.7 Gas 4.95 19 Santa Barbara

Lodi Gas 38.201, -121.208 17.0 Gas 19.50 24 San Joaquin

Los Medanos Gas 38.027, -122.021 17.95 Gas 18.18 23 Contra Costa

McDonald Island 
Gas

37.994, -121.480 82.0 Gas 46.75 88 San Joaquin

Montebello 34.025, -118.094 --- Oil 15.07 211 Los Angeles

Playa del Rey 33.970, -118.446 2.4 Oil 7.46 49 Los Angeles

Pleasant Creek 
Gas

38.553, -122.000 2.25 Gas 11.91 7 Yolo

Princeton Gas 39.390, -122.020 11.0 Gas 9.97 13 Colusa

Wild Goose Gas 39.323, -121.890 75.0 Gas 6.53 21 Butte

Meteorological Data

Integrated Surface Database

NOAA’s Integrated Surface Database (ISD) provides meteorological data; however, the 
distances between California UGS sites and the closest stations can range from 2 to 25 km. 
Many UGS facilities are located in an area of complex topography, which can make the 
available meteorological data unreliable.

ISD consists of global hourly and synoptic observations from more than 100 original data 
sources that collectively archived hundreds of meteorological variables. It is compiled by 
the NOAA’s National Climatic Data Center (NCDC) and accessible through the website 
https://www.ncdc.noaa.gov/isd. The primary data sources include the Automated Surface 
Observing System (ASOS), Automated Weather Observing System (AWOS), Synoptic, 
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Airways, METAR, Coastal Marine (CMAN), Buoy, and various others, from both military 
and civilian stations, including both automated and manual observations (Smith et al., 
2011). ISD contains over 2 billion surface weather observations from more than 34,000 
stations worldwide included in the archive (1900–present). Currently, there are more 
than 14,000 active stations that are updated daily in the database. ISD contains 54 quality 
control (QC) algorithms, which serve to process each data observation through a series of 
validity checks, extreme value checks, internal (within observation) consistency checks, 
and external (versus another observation for the same station) continuity checks. This QC 
is conservative in that it was designed to eliminate obvious errors in the data, minimize 
over-flagging of data, and ensure to the greatest extent possible that valid values were not 
removed or flagged as erroneous.

Table 1.B-4 shows the locations of the underground storage facilities as well as the ISD 
station closest to these facilities. In Table 1.B-4, the two closest ISD stations to each 
underground storage facilities, along with the distance, are shown. The stations are 
between 2 and 62 km away from the closest storage facility, with only three facilities having 
stations closer than 6 km. Large distances between the UGS and ISD stations prevent us 
from using the ISD data for the plume dispersion model, because the ISD data may not be 
representative of the wind conditions at the storage facilities. To overcome this problem, we 
used model data at the facilities location. Nevertheless, the station data are used to verify 
the performances of the model at the ISD stations locations.

Table 1.B-4. ISD Stations considered in this study and the distance to the closest storage facility.

Storage Facility Station Code Station Latitude Station Longitude Distance (km)

Playa del Rey KSMO 34.016 -118.451 5

Playa del Rey KLAX 33.938 -118.388 6

Montebello KFUL 33.872 -117.978 20

Montebello KLGB 33.812 -118.146 24

Aliso Canyon KVNY 34.21 -118.489 13

Aliso Canyon KBUR 34.201 -118.357 22

Honor Rancho KVNY 34.21 -118.489 29

Honor Rancho KSDB 34.744 -118.724 34

La Goleta Gas KSBA 34.426 -119.842 2

La Goleta Gas KOXR 34.201 -119.206 62

Gill Ranch Gas KMAE 36.988 -120.11 25

Gill Ranch Gas KFAT 36.78 -119.719 47

McDonald Island Gas KSCK 37.889 -121.225 25

McDonald Island Gas KLVK 37.693 -121.814 45

Lodi Gas KSCK 37.889 -121.225 35

Lodi Gas KSAC 38.507 -121.495 42
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Storage Facility Station Code Station Latitude Station Longitude Distance (km)

Los Medanos Gas KCCR 37.992 -122.055 5

Los Medanos Gas KSUU 38.267 -121.933 28

Wild Goose Gas KOVE 39.49 -121.618 30

Wild Goose Gas KMYV 39.102 -121.567 37

Princeton Gas KOVE 39.49 -121.618 36

Princeton Gas KMYV 39.102 -121.567 50

Kirby Hill Gas KSUU 38.267 -121.933 11

Kirby Hill Gas KCCR 37.992 -122.055 23

Pleasant Creek Gas KVCB 38.378 -121.957 20

Pleasant Creek Gas KSUU 38.267 -121.933 33

Figure 1.B-1. Location of Aliso Canyon, Honor Rancho, La Goleta Gas, Montebello and Playa del 

Rey as well as ISD meteorological stations close to the UGS facilities.
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Figure 1.B-2. Location of Pleasant Creek Gas, Princeton Gas and Wild Goose Gas as well as ISD 

meteorological stations around the UGS facilities.
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Figure 1.B-3. Location of Gill Ranch, Lodi Gas, Los Medanos Gas, Kirby Hill and McDonald Island 

Facilities as well as ISD meteorological stations in the vicinity of the UGS facilities.

The High-Resolution Rapid Refresh (HRRR) Model Data

The High-Resolution Rapid Refresh (HRRR) is a NOAA real-time 3 km resolution, hourly 
updated, cloud-resolving, convection-allowing atmospheric model initialized by 3 km grids 
with 3 km radar assimilation. Radar data are assimilated in the HRRR every 15 min over a 1 
hr period adding further detail to that provided by the hourly data assimilation from the 13 
km radar-enhanced Rapid Refresh.

It uses the community-based Advanced Research version of the Weather Research and 
Forecasting (WRF) Model (ARW) and Gridpoint Statistical Interpolation (GSI) analysis 
system. Modifications have been made to the community ARW model (especially in model 
physics) and GSI assimilation systems, some based on previous model and assimilation 
design innovations developed initially with the Rapid Update Cycle (RUC)
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Model data for the period 08/15/2015 – 08/15/2016 were archived at National Institute of 
Standards and Technology (NIST) from the NCEP operational runs (http://nomads.ncep.
noaa.gov/). Wind speed and direction at 10 m above ground along with the shortwave 
incoming radiation and cloud cover were extracted at the ISD locations and  
the storage facilities.

Meteorological datasets evaluation

Figure 1.B-4. shows the HRRR mean error (ME) and the mean absolute error (MAE) for 
wind speed and wind direction at the ISD locations for the period of interest. Due to the 
circular nature of wind direction, the differences were constrained to be between -180 and 
180 degrees by measuring the angle of the differences larger than 180 (smaller than -180) 
in the opposite direction.

 

Figure 1.B-4. Mean Error (ME) and Mean Absolute Error (MAE) between HRRR model data and 

data collected at the ISD stations.
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Overall, wind direction was well represented by the model, with ME below 10 degrees 
for most of the stations. Wind speed shows an overall underestimation of about 1 m/s. It 
is relevant to know that most of the ISD stations report wind speed 1 m/s bins and wind 
direction in 10 degree bins, which implies that the model ME is within the uncertainty limits 
of the stations. KSDB shows the worst performance for wind direction and speed. This is 
probably due to the very steep terrain around the station (Figure 1.B-4).
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Figure 1.B-5. Comparison of annual wind rose data between HRRR with various weather stations.
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Figure 1.B-6. Comparison of annual wind rose data between HRRR with various weather stations.
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Figure 1.B-7. Comparison of annual wind rose data between HRRR with various weather stations.
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1.B.1.1 HRRR Wind roses at the underground storage facilities

Figure 1.B-8 through Figure 1.B-19 show the annual wind roses for each storage facility 
obtained from the HRRR model data for the one-year period at four different times of 
the day; 00-06 (night), 06-12 (morning), 12-18 (afternoon), 18-00 (evening) PST to 
understand the dominant or primary wind directions (and speed). 

For Aliso Canyon (Figure 1.B-8), main wind directions are N-NNE with high frequency of 
strong winds for most part of the day. However, during the afternoon, winds come from 
SSW with considerably lower wind speeds. Gill Ranch shows persistent winds from NW 
during the day with wind speeds in general between 1 and 5 m/s (2.2-11 mph). Stronger 
wind speeds, however, are present during the morning and afternoon. Honor Rancho shows 
high directionality during the afternoon and evening (SW), while the night and morning 
are much more variable, with directions from N-NW and SW-SE. Wind speeds are generally 
low during most of the day, with the exception of the afternoon when the winds are from 3 
to 7 m/s and mornings where there are often strong winds from the NE. Kirby Hill Gas also 
shows high directionality with winds coming from SW during the entire day and stronger 
winds during the afternoon.

La Goleta presents winds from the W-SW during the afternoon and evening, being 
variable during nights and mornings SW-SE. Winds speeds are very low most of the day, 
with stronger values during the afternoon. Winds at Lodi Gas are from W-SW most of the 
day. However, during nights, winds are in almost the opposite direction, E-SE. Winds are 
generally very weak with the exception of afternoons and evenings, when the winds can be 
stronger. Wind patterns in Los Medanos Gas show interesting characteristics, with directions 
SW-S during nights and evenings and W-SW during mornings and afternoons. Wind speeds 
are generally between 1 and 7 m/s with higher frequency for speeds between 3 and 5 m/s. 
Again, wind speeds are stronger during the afternoon. McDonald Island Gas presents winds 
persistently from W-NW through the day, with some rare events from S-E mostly during 
nights and mornings. Winds are generally weak with the exception of the afternoons, when 
the winds tend to be stronger. 

Montebello presents very weak winds during most of the day (1-3 m/s), with the exception 
of the afternoon, when the winds are slightly stronger, 3-5 m/s. SW directions are persistent 
through the day. However, opposite directions (NE) have some probability of occurrence, 
specifically during nights. Playa del Rey presents a wind pattern clearly affected by the sea 
breeze due to the proximity to the coast. During nights, winds are from inland (NE) while 
during afternoons, winds are from the ocean (SW). Mornings and evenings are transition 
times, and a combination of both direction can be seen. In general, wind speeds are weak 
(1-3 m/s) with stronger winds in the afternoons (3-5 m/s) 

Pleasant Creek Gas shows variable wind patterns with directions NW in the night, N-NE in 
the morning, SW in the afternoon, and W-SW in the evening. Wind speeds are stronger in 
the mornings, but with some probability of strong winds during other periods of the day. 
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Winds at Princeton Gas are mostly from SE, with equal probability of being NW during 
nights and mornings. Stronger winds occur during mornings and evenings, but with some 
probability of occurrence during evenings and nights as well. Well-defined direction can 
be found at Wild Goose Gas during mornings and evenings, being NNW for the former and 
SSE for the latter. During nights, winds are from W, SE, and NW, while during the evenings, 
winds are quite variable, with directions ranging from SSW–SE. Wind speeds are generally 
low, with larger values during mornings and afternoons. 

Figure 1.B-8. Wind roses at the Aliso Canyon UGS facility obtained from HRRR data.
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Figure 1.B-9. Wind roses at the Gill Ranch UGS facility obtained from HRRR data.
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Figure 1.B-10. Wind roses at the Honor Rancho facility obtained from HRRR data.
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Figure 1.B-11. Wind roses at the La Goleta Gas facility obtained from HRRR data.
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Figure 1.B-12. Wind roses at the Lodi Gas facility obtained from HRRR data.
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Figure 1.B-13. Wind roses at the Los Medanos UGS facility obtained from HRRR data.
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Figure 1.B-14. Wind roses at the McDonald Islafacility obtained from HRRR data.
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Figure 1.B-15. Wind roses at the Montebello UGS facility obtained from HRRR data.
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Figure 1.B-16. Wind roses at the Playa del Rey UGS facility obtained from HRRR data.
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Figure 1.B-17. Wind roses at the Pleasant Creek UGS facility obtained from HRRR data.
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Figure 1.B-18. Wind roses at the Princeton UGS facility obtained from HRRR data.
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Figure 1.B-19. Wind roses at the Wild Goose UGS facility obtained from HRRR data.

Pasquill Stability Type

Identified Pasquill stability classes for each storage facility are shown in Table 1.B-5. Overall, 
classes F and B are the most frequent categories. Aliso Canyon is an exception, as it shows 
the highest frequency for Category D, which is almost that of other facilities. Category A is 
most frequent at Playa del Rey, Montebello, Wild Goose Gas, and Princeton Gas facilities, 
which also show a high frequency of Category B events.
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Table 1.B-5. Frequency of Pasquill Stability Type (%).

A B C D E F

Playa del Rey 10.1 26.4 12.5 3.4 14.7 33

Montebello 11.3 27 11.2 1.4 11.7 37.5

Aliso Canyon 6.7 20.2 15.5 22.8 13.5 21.3

Honor Rancho 9.4 21 13.2 9.7 10.3 36.4

La Goleta Gas 8.8 25.8 12.4 5.7 16.1 31.2

Gill Ranch Gas 9.4 24.5 13.2 8.1 23.3 21.5

McDonald Island Gas 8.4 24.8 12.4 8.8 14.2 31.4

Lodi Gas 8 26.6 12.5 7.1 12.4 33.5

Los Medanos Gas 3.1 22.1 18.8 15.1 25.2 15.6

Wild Goose Gas 12.4 23.5 10.5 8.9 14.3 30.5

Princeton Gas 10.6 22.2 11.8 13.1 16.3 26

Kirby Hill Gas 5.9 22.1 15.3 14.7 19.7 22.3

Pleasant Creek Gas 6.6 24.3 13.8 13.1 16.9 25.3

1.B.1.2  Exposure climatology mapping

In order to analyze the concentration over flux ratio (C/Q) values, six contour levels were 
selected. The contour levels were selected as 65, 75, 85, 95, 99, 99.9 percentiles of the 
cumulative distribution. Considering the total area of the grid, those percentile levels can 
be interpreted as the area under the contour value, being approximately 175, 125, 75, 25, 5, 
0.5 km2.

Larger concentrations are always found during nights and evenings, as expected. This is due 
to the increased atmospheric stability and generally calmer winds during nights. Overall, 
night–afternoon differences are approximately 2–12 times, depending on the contour  
level and facility, with a mean of 3.7 times. Playa del Rey exhibits the largest differences, 
while Los Medanos exhibits the smallest difference between night-afternoon hours.
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(a) (b) 

(c) (d) 

Figure 1.B-20. Annual mean tracer concentration over flux ratio for Aliso Canyon (a) and Gill 

Ranch (b), Honor Rancho (c) and Kirby Hill (d) UGS facilities. Side panels are the concentration 

profiles along the transects marked on the map.
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(a) (b) 

(c) (d) 

Figure 1.B-21. Annual mean tracer concentration over flux ratio for La Goleta (a), Lodi Gas (b), 

Los Medanos Gas (c) and McDonald Island (d) UGS facilities. Side panels are the concentration 

profiles along the transects marked on the map.
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(a) (b) 

(c) (d) 

Figure 1.B-22. Annual mean tracer concentration over flux ratio for Montebello (a), Playa del Rey 

(b), Pleasant Creek Gas (c) and Princeton Gas (d) UGS facilities. Side panels are the concentration 

profiles along the transects marked on the map.
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Figure 1.B-23. Annual mean tracer concentration over flux ratio for Wild Goose UGS facility. Side 

panels are the concentration profiles along the transects marked on the map.
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1.B.2 Dispersion Modeling Contours for Flammability Assessment
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Figure 1.B-24. Mean tracer concentration over flux ratio (ug m-3 / ug s-1) scaled by 109 at various 

underground storage facility for the four time bins (00-06 PST, 06-12 PST, 12-18 PST and 18-24 

PST). The black contour shows the extent of the storage facility.
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Figure 1.B-25. Mean tracer concentration over flux ratio (ug m-3 / ug s-1) scaled by 109 at various 

underground storage facility for the various time bins.
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Figure 1.B-26. Mean tracer concentration over flux ratio (ug m-3 / ug s-1) scaled by 109 at Wild 

Goose underground storage facility for the various time bins.

References

Briggs, G.A., 1973. Diffusion Estimation for Small Emissions, ATDL Contribution File No. 79, Atmospheric 
Turbulence and Diffusion Laboratory.

Gifford Jr., F.A., 1961. Use of routine meteorological observations for estimating atmospheric dispersion. Nucl. 
Safety, 2, pp. 47-51.

Gifford Jr., F.A., 1968. An Outline of Theories of Diffusion in the Lower Layers of the Atmosphere (No. TID--24190). 
Environmental Science Services Administration, Oak Ridge, Tenn.).

Pasquill, F., 1961. The estimation of the dispersion of windborne material. Meteorol. Magazine, 90, 33-49.

Pasquill, F., 1974. Atmospheric Diffusion, John Wiley, New York.

Smith, A., N. Lott, and R. Vose, 2011. The Integrated surface database: Recent developments and partnerships. 
Bull. Amer. Meteor. Soc., 92, 704-708, https://doi.org/10.1175/2011BAMS2015.1

Sutton, O.G., 1932. A theory of eddy diffusion in the atmosphere. Proceedings of the Royal Society of London. Series 
A, Containing Papers of a Mathematical and Physical Character, 135 (826), 143-165.

Turner, D.B., 1967. Workbook of Atmospheric Dispersion Estimates. Public Health Service Publication 999-AP-26, 
Robert A Taft Sanitary Engineering Center, Cincinnati, OH.




