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Air ToxicdData Analysis and Regional Modeling
in the San Francisco Bay Area to Support AB617

1. Introduction
1.1 Background

The adoption of Assembly Bill 617 (AB617) established collaborative prograesite
community exposure to air pollutants in neighborhoods most impacted by air pollution. Air
District staff have been working closely with the California Air Resources Board (ARB), other
local air districts, community groups, community members, envitental organizations,
regulated industries, and other key stakeholders to reduce harmful air pollutants in Bay Area
communities.
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activities by assessing patint formation, quantifying the relative contribution of emission
sources to ambient pollution levels, and assessing population exposures and the benefits of
emission controls in impacted communities around the Bay Ad@atherpurposeisto support

the AB617 activities by identifyggeographic areas that are significantly overburdened relative
to the Bay Area as a whole, prioritizing among the overburdened areas for AB617 community
selection and characterizing relative ambient concentnasi in rural, suburban and urban

areas. Results of this effort are expected to help identify strategies for reducing regional
concentrations of key species of air toxiésalyses in this report focus on air toxics
concentrations in the whole Bay Area wdh emphasis olVest Oakland. Followp analyses

will include other Bay Area communities.

For theair toxicsanalyses, we evaluated ambient meteorological and air quality data, and
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concentrations at a-km horizontal resolution over the entire Bay Area for 2016 (Figure 1.1).
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the modeling inventory, leaving all other model inpp#rameters unchanged. We calculated

annual averagair toxicsconcentrations using the output of each simulation. The first

simulation provided the annual average toxicsconcentrations for 2016 over the entire Bay

Area, which will be used fair toxics cancer riskvaluation The second simulation provided an

estimate of backgroundir toxicslevels in West Oakland (i.e., th& toxicsconcentrations that

would exist in the absence of local West Oakland sources).

Backgroundir toxicsconcentrationswill be combined with locascale modeling of West

Oakland sources using the AERMOD dispersion model to provide a complete picire of

toxicslevels in the community and the relative contribution of different emission sources to

those levelsFigurel.2 shows the AERMOD modeling domain for West Oakland. The area
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area will be modeled in the AERMOD simulations. The red hatched area represents the
ANBOSLIIZNI RANYIIKY | NBI F2N gKAOK LRtfdzilyd 02y
AERMOD.

The application of the CMAQ model involves the preparation of meteorological and emissions
inputs, model runs, analysis of simulated pollutant concentrations, and the evatuattimodel
performance via comparison between simulated and observed pollutant concentrations. A
simulation year of 2016 was selected because (1) this is a recent year that is likely to be
representative of current conditions in West Oakland and other momities; and (2) special
measurement studies that took place in 2016 provide additional ambient data to support
evaluations of model performance.

A total of 11 air toxicgvere simulated diesel particulate matter (DPM), 5 toxic gases
(acetaldehyde, acrein, benzene, 1Butadiene, and formaldehyde), and 5 trace metals
(cadmium, chromium VI, lead, mercury, and nickeievious analyses have indicated tRdM
andthe 5 toxicgasessumulatively account fomore than90% oftoxicair contaminant
emissiorsin the Bay AregTanrikulu et al., 2011)

District staff have been applying and evaluating the CMAQ model in the Bay Area over the last
several years, along with the Weather Research and Forecasting (WRF) model, which provides
meteorological inpts for CMAQ. Findings from previous modeling work are documented in

District repors on air toxicsdata analysis and modelirf@anrikulu et al., 209 and 201) and

PM.sdata analysis and modeling (Tanrikulu et al1PPaswellasi y G KS 5 AGearNA Ol Qa
Air Plan (BAAQMD, 2017). Both the CMAQ and WRF models were tested and evaluated for

many cases in the Bay Areand their performance has been iteratively improved. The 2016

simulations used the begierforming configuration of the model. The 20&issions inputs

KIS 6SSy dz2ZJRIFGSR G2 NBTfESOG !'w. Qa Yz2aid NBOSy
extent possible.
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Figure 1.1The regional km modeling domain used for CMAQ simulations.



West Oakland
Community Emissions
Reduction Plan
Modeling Domain

AERMOD receptor domain

D AERMOD source domain
West Oakland community
West Oakland community with 500 ft buffer

Regional modeling grid (1 km)

* West Oakland monitoring site

Coordinate System: BAAQMD LAM 30N120W
Projection: Lambert Conformal Conic
Datum: Sphere EMEP

False Easting: 0.0000

False Northing: 0.0000

Central Meridian: -120.5000

Standard Parallel 1: 30.0000

Standard Parallel 2: 60.0000

Scale Factor: 1.0000

Latitude Of Origin: 37.0000 N
Units: Meter

Kilometers

Figure 1.2The West Oakland AERMOD modeling domain. The area outlined in blue represents the AERMOD
source domain, and the red hatched area represents the AERMOD receptor domain

1.2  Air Toxicsaand TheirHealth Impacts

Air toxics area complex mixture ofjasessuspened particles and liquid droplets in the
atmosphere Most air toxics originate from humamade sources, including mobile sources

(e.g., cars, trucks, buses) and stationary sources (e.g., factories, refineries, power plants), as
well as indoor sources (e,ggome building materials and cleaning solvents). Some air toxics are
also released from natural sources such as forest fires.

One of the najor human health outcomes resulting froair toxicsexposureis cancer riskThe

unit risk factor describes the excess cancer risk associated with an inhalation exposure to a
concentration of Inmg/m?3 of a given toxic air contaminant (assuming ayear lifetime

exposure). Table 1.1 lists unit risk factors for the modaledoxicsthat were recently updated
based on CAPCOA recommendations. Unit risk factors for toxic metals tend to be higher than
those of other air toxicsfor examplethe unit risk factorfor hexavalent chromiuns ordersof-
magnitude highethan unit riskfactorsfor other air toxics. However, typical atmospheric
concentrations of toxic metals are much smaller than those of other tpttias, overall cancer
risks due to the metals anelatively small.



Tablel.1: Inhalation unit cancer risk factors for the @ikic species included in this study

Air Toxic$ Unit Risk Factor f@/m?3)?)
Formaldehyde 0.000014

Acetaldehyde 0.0000068

Benzene 0.000068

1,3-Butadiene 0.00041

Diesel PM 0.00074

Hexavalent Chromium 0.38

Nickel 0.00062

Cadmium 0.010

Lead 0.00066

1Acrolein and mercuryere alsosimulated in this studyhowever they haveno known cancer risklherefore, they

are not included in tistable.

Section 2 of this report presentéssummary ofir toxics observations in the Bay Area and
results ofanalysis obbserveddata; Section 3 presents modelingiethods including emissions
inventory preparation, preparation of meteorological inputs and application of the CMAQ

model.Section 4 presentsiodel evaluationSection5 presents theexcess cancaisk

associated with air toxic§ection6 presentsa summary andliscussiorof overall results

There are severappendiceghat provide additional detailsn air toxics emissionsstimates
(Appendix A)primary vs secondary air toxics formation (Appendix &mulation of toxics

metals (Appendix CandWest Oaklad-specificcancer risk evaluation (Appendy.

Simulation of toxics metals is discussed in Appendix C rather than the main body of this report

becausehe emissions estimatefor these species are preliminary aodcertain.In the
absence of local data, emission estimates for metals wagten fromthe9 t ! Qa

HAaMn

Air Toxics Assessment (NATA) inventorgtmaybe unrepresentative oR016emissionlevek in

Bay Area communities. Simulated metal concentratipresented in Appendix C are

preliminaryandwill be updated when improved emissions estites are availabléNote that,
while these preliminarycontributions of metals to Bay Area total cancer reste includedin the
overall resultsat their currently estimatedevels, metalscontribute only about 2%o the total

Bay Area cancer risk.
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2.  Observations and Data Analysis

2.1 Ambient Measurements

Ambient ar toxics datehave been continuously collected in the Bay Area for many years. In
2016, there were20 air toxicsmonitoring stationsoperatingin the Bay Arealhese stations
whicharelisted inTable 2.1along with their sampling schedules, can be categorized into two
types (1) National Air Toxics Trend Stations (NATarl) (2) Hazardous Air Pollutants Stations
(HAPS)There isone NATTSstation (San Jose; Jackson Streegnd nineteen HAPSations(all

others) in the Bay Area.

Four air toxics species (formaldehyde, acetaldehy¢plitadiene and benzene) were

measured athe San JosBATTS®very6 days in 2016Two air toxics specie$,8-butadieneand
benzene) were measured at HAPS every 12 d@ysmium, cadmium, nickel, leadnd
mercury weresampledas part of PMsspeciation at Livermore, OaklaWdestand Vallejo every
6 daysand at San JoseJackson Street every 3 days

Acrolein was notneasured in the Bay Area in 20T@e air quality monitoring network plan

LJdzo f AAKSR o6& .!!vas

monitoring network.
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All ambient data used in this study were subjected to quality assurance checks and validated
prior to being used. These data were used for the establishment of relationships among
emissions, meteorology and air qualiBndthe evaluation of modelsDailyaverage data are

used for most analyses and model evaluation, but annual averages are presented here for

brevity.
Table 2.1: A list of aioxicsmonitoring stations in the Bay Area witheir sampling scheduléor 2016. Highlighted
columns and rows shomeasurement schedule.
o) o )
Nt 5 e
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NATTS
San JoseJackson St. 1 in6days 1in3days
HAPS andpeciatedPM. 5
Livermore ;
Oakland West lin12 1in 6 days
Vallejo days
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HAPS
Berkeley
Bethel Island
Concord
Crockett

Fort Cronkhite
Laney College

Martinez

Oakland East days
Redwood City

Richmondg 7" St.

San Francisco

San Jose Knox Ave.
San Pablo

San Rafael
Sebastopol

2.2 Data Analysis

Table 2.2 showthe annual averagebservedair toxics concentrationr 2016.

Concentrations below the minimum detection limit are not included in the annual averages.
Stations with no annual average concentration value for a given pollutant either did not have
measurementdor that pollutant in 2016 or did not capture any samples above the minimum
detection limit. Highlighted values in Table 2.2 represent averages calculated from less than 12
samples above the detection limit.

Formaldehyde and acetaldehyde were measunaty at San Jose Jackson Streef he annual
average concentrationsf these speciewere 2.8 pg/m? and 1.39ug/m?, respectivelyOver
70% of atmospheric formaldehyde forms as an intermediate prodiittie oxidation
(combustion) of methane and other carbon compouridemba et al, 2019 he remaining
atmospheric formaldehyde is directly emitted to the atmosphemainly from its use in
industrial processes such as oil refining &émel production of resins for particle board and
coatings. Acetaldehyde forms as an intermediate prodii¢he oxidation of ethylene and
ethanol.

Benzeneand1,3-butadienewere monitored at all Bay Aremxicsmonitoring stations. The
highestannual averagbenzene concentratiom the Bay Are40.39 ppb) was aban Jose
Knox AvenueAt savenother air monitoring stationsBerkeleyNapa, Vallejo, Oakland West,
Oakland East,d®flwood City and San Josdackson Street)he annual average benzene con-
centrationsexceeded 0.2 pplBenzene is used ascanstituent in motor fuels; as a solvent for



fats, waxes, resins, oils, inks, paiqikgstics, and rubber; in thextraction of oils from seeds
and nuts; and in photogravure printing

The highest Bay Area annual averdg&butadieneconcentration (0.1 ppbyvas meaared at

the San Jose Knax Avenue air monitoring statiorConcentrations at Sebastopol, Vallejo, San
Josec¢ Jackson Street, Redwood City and Oakland West were above 0.07 ppb, higher than the
remining Bay Area stationBmission sourcesf 1,3-butadieneinclude:motor vehicle exhaust,
manufacturing and processing facilities, forest fires or other combustind cigarette smoke.
Higher levels of 1;Butadiene may be found in highly industrialized cities or near oil refineries,
chemical manufacturing plants, and plastic and rubber factories.

As mentionedPM samples were speciatedfaur Bay Area air monitoring stationSgn Jose
Jackson Streewallejo, Livermore and Oakland West)d concentrations oECand five metals
were extractedamongother speciesAsshownin Table 2.2, the annual average EC
concentration at San Josglackson Street is the lowest among the four statibimyever,
while samples were speciated at San Jpdackson Street throughout 2056d averaged over
the entire year they were speciated only during winter, spring andrfadinthsat the other
three stationsand averaged over those three seasons. SilMe®ncentrationsare higter
during wintermonthsthan summer months in the Bay Areajgmismatched averaging period
led to lower annual average concentration at San dpdsckson Street comparead other

three stations.

The annual average lead concentrations are significantly high@alkandwest thanat the
other 3 stations (Livermore, San Josdackson Street and Vallej@x Oakland West here
were six samples during 2016 with concentrations around 100 fighd aboveas a resultthe
annual average concentration at this station stands out.



Table2.2: Annualaverage observedir toxics concentrations for 201Blighlighted values represent average
calculated fronmess than 12 valid samples.
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[no/m*] [mg/m’] [ppb] [ppb] [ng/m°] [ng/m’] [ng/m’] [ng/m’] [ng/m®] [ng/m’]

Berkeley 0.2108

Bethel Island 0.1263

Concord 0.1356

Crockett 0.1399 0.0540

Fort Cronkhite 0.079€

Laney College 0.1991 0.0635

Livermore 0.1785 0.0638 0.5981 11.6242 3.8260 2.2144 2.6552

Martinez 0.1494 0.0670

Napa 0.2192 0.0666

Oakland East 0.2360 0.0606

Oakland West 0.2239 0.0779 0.5580 9.0201 56.9884 4.4872 2.2439

Redwood City 0.2210 0.0703

Richmond - 7th St 0.1424 0.0370

San Francisco 0.1731 0.0485

San Jose - Jacksor] 2.1871 1.3921 0.260¢ 0.0741 0.3608 8.4436 17.4300 4.1820

San Jose - Knox A 0.3971 0.1067

San Pablo 0.1841

San Rafael 0.1602 0.0625

Sebastopol 0.1583 0.0850

Vallejo 0.2027 0.0838 0.491% 8.8598 3.1431 1.3480 2.7547

Data for EC and metals are components of speciateglsPM
Data forchromium include all oxidation states.



3. Modeling
3.1  Emissions Inventory Preparation

Emissions inputs for the CMAQ model were prepared using the Sparse Matrix Operator Kernel
Emissions (SMOKE) processing system, version 4.5, which converts emissions inventory data to
the spatial, temporal, and chemical rdgbon required by the air quality model. CMA®ady
emissions inputs for 2016 included 11 air toxics: diesel particulate matter (DPM), 5 toxic gases
(acetaldehyde, acrolein, benzene, -hG@tadiene, and formaldehyde), and 5 trace metals

(cadmium, chromiun¥I, lead, mercury, and nickel).

The starting point for the emissions processing was the 2016 criteria pollutant inventories

previously assembled fordm PM s modeling (Tanrikulu et al., 2019). These 2016 data, which

include estimates for area sourcéppint sources, onroad mobile sources, nonroad mobile

sources, and biogenic sources, were assembled from a variety of data sources, including the
S5AaUNKDIDE dYraarizya SadAaAyYridisSazr SyrAaarzya RIGI
EMFAC2017 model. Adidihal details on data sources and processing steps for air toxics

emissions estimates are provided below.

3.1.1 Toxic Gases

SMOKE disaggregates total organic (TOG) an Eiissions into a series of model species

that CMAQ uses to represent atmospheric chemistry. For the 20k Riddeling, speciation
profiles developed for the SAPRCO07 chemical mechanism were applied to TOG emissions from
all sources, and profiles develapéor the AERO6 aerosol module (AE6) were applied tosPM
emissions from all sources (Tanrikulu et al., 2019).

The SAPRCO07 mechanism treats some toxic species explicitly, including acetaldehyde, benzene,
and formaldehyde. However, other air toxics armped into model species that act as

surrogates for multiple compounds with similar mass and reactivity. For the 2016 toxics
modeling, existing SAPRCO07 speciation profiles for TOG were modified to treat additional air
toxics (acrolein and 1;Butadiene) exficitly.2 Once the revised speciation profiles were

generated, the District used SMOKE to speciate existing 2016 TOG emissions estimates into the
5 toxic gases of interest, as well as other model species used by the SAPRCO07 chemical
mechanism.

3.1.2 Diesd Particulate Matter

To track DPM emissions separately from other PM emissions, speciation profiles related to
diesel exhaust were edited to include DPM tracer species. For example, speciation profile

1 Area sources are stationary sources such as dry cleaners that are too small or numerous to treat as individual
point sources.
2The District contracted with Ramboll to perform this work.
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91106 (for heavy duty diesel vehicle exhaust) was fremtlio include the DPM components
shown in Table 1 below.

Table 3.1: DPM components for speciation profile 91106.

Component Description Weight fraction
DIESEL_PMEC Elemental carbon 0.7712
DIESEL_PMOC Organic carbon 0.1756
DIESEL_PMFINE | Unspeciated Pl 0.049109
DIESEL_PMSO4 | Sulfate 0.00295
DIESEL_PMNO3 | Nitrate 0.001141

Running SMOKE with these revised diesel exhaust profiles produced separate DPM species that
could be used to estimate DPM concentrations in CMAQ.

3.1.3 TraceMetals

The toxic metals of interest are not included in the AE6 mechanism; therefore, emission
SAGAYIFGSa F2N) GKSaS aLISOASAa 6SNB Gl 1Sy FNRY @
data includes air toxics emissions estimates for the entire U.S. aioinety (for area, nonroad,

and onroad sources) or facility (for point sources) level. Emissions records for cadmium,

chromium VI, lead, mercury, and nickel were extracted from the NATA data for all counties in

the 1-km modeling domain, processed througilSKE, and merged with emissions data for the
remaining toxic species being modeled.

Additional details on SMOKE processing steps, including ancillary data sets (e.g., spatial
surrogates) used in SMOKE, are provided in a companion report on the 2Qk8r@kleling for
the Bay Area (Tanrikulu et al., 2019).

3.1.4 Emissions Summaries

This subsection provides emissions density plots and summary tables for DPM, the main driver

of cancer risk in the Bay Area. Similar information for additional air toxics can be found in

AppendixA. Figure 3.1 shows annual average DPM emissions for-knerhodeling domain.

Table 3.2 summarizes the annual average DPM emissions by county and source sector, as
NBELI2ZNILISR o6& GKS {ahY9 SYAaaAizya Y2RStod® 2A0KAY
emissions total 4.2 tons per day (tpd). Nonroad and odro®bile sources account for 57%

and 41%, respectively, of total DPM emissions in the Bay Area.

11



(Ibs/day)

0-0.1
o -1
1-2
2-5
5-10
4 10-15
B 15-20
B 20 -s0

DPM Emissions je

Figure 3.1: Spatial distribution of annual average DPM emissions forkireriodeling domain for 2016.

Table 3.2: Summary of 2016 DPM10 emissions (tpdebgraphic area and source sector.

Comm i

Geographic Area Area Nonroad | Onroad Point Total
Alameda 0.00 0.30 0.56 0.03 0.88
Contra Costa 0.00 0.23 0.23 0.00 0.47
Marin 0.00 0.09 0.05 0.00 0.14
Napa 0.00 0.10 0.06 0.00 0.16
San Francisco 0.00 0.65 0.11 0.01 0.76
San Mateo 0.00 0.38 0.10 0.01 0.49
Santa Clara 0.00 0.36 0.39 0.02 0.77
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Solané 0.00 0.06 0.10 0.00 0.17
Sonomé 0.00 0.22 0.13 0.00 0.35
BAAQMD Subtotal 0.00 2.38 1.74 0.08 4.19
NonBAAQMDCounties| 0.02 1.44 1.11 0.03 2.60
DomainTotal 0.02 3.81 2.85 0.11 6.79

aEmissions totals for Solano and Sonoma counties only include the portion of those counties in
.1 lva5Qa 2dz2NARaARAOGA2Yy ®

For the West Oakland AERMOD modeling domain, annual averagesBildsions total 0.1

tpd, or 2.4% of the BAAQMD total. Figure 3.2 shows that the distribution of emissions by source
sector in West Oakland differs from the District as a whole. In West Oakland, onroad and
nonroad mobile sources account for 85% of total DR&Missions, while the same sources
account for 98% of total PM emissions districtwide. Figure 3.3 shows the spatial distribution

of DPM emissions across thekth grid cells that coincide with the loes¢ale AERMOD

modeling domain. Grid cells withdhi DPM emissions along the western edge of the domain

are impacted by motor vehicle emissions from the Bay Bridge and marine vessel activity. Grid
cells with high DPM emissions in the eastern portion of the modeling domain are impacted by
motor vehicle enssions, especially from the8B0/I-980 and 4580/1-980 interchanges.

BAAQMD DPM Emissions West Oakland DPM Emissions
(Total = 4.2 tpd) (Total = 0.10 tpd)
Point Point
2% 15%

Nonroaut
45%

Onroad
41%
Nonroad  ©Onroad
57% 40%

Figure 3.2: DPM emissions by source sector for the District (left) and West Oakland (right) for 2016.
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Figure 3.3: Spatial distribution of annual average DPM emissions inQVe&ktnd for 2016.
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3.2  Meteorological Modeling

The Weather Research and Forecasting (WRF) Model version 3.8 was used to prepare
meteorological inputs to CMAQ. Four nested modeling domains were used (Figure 3.4). The
outer domain covered the entirgestern United States at 3ém horizontal grid resolution to
capture synoptic (largscale) flow features and the impact of these features on local
meteorology. The second domain covered California and portions of Nevadakat 12
horizontal resolution to apture mesoscale (suiegional) flow features and their impacts on
local meteorology. The third domain covered Central Californiakamh 4esolution to capture
localized air flow features. Thekén domain included the Bay Area, San Joaquin Valley, and
Sacamento Valley, as well as portions of the Pacific Ocean and the Sierra Nevada mountains.
The fourth domain covered the Bay Area and surrounding regionsgat tesolution. All four
domains employed 50 vertical layers with thickness increasing with hemhtthe surface to

the top of the modeling domain (about 18 km).

Meteorological variableare estimated at the layer midpoints in WRF. The thickness of the

lowest layer to the surface was about 25 m. Thus, meteorological variables near the surface
were edimated at about 12.5 m above ground level. The model configuration was tested using
available physics options, including: (1) planetary boundary layer processes aruobisee
evaluation of mixing heights; (2) cumulus parameterization; (3)-fnensiond data

assimilation (FDDA) strategy; (4) horizontal and vertical diffusion; (5) advection scheme; and (6)
microphysics and radiation scheme. The final choice of options was thi#nathieest

characterize meteorology in the domain.

WRF was applied for 2016 to estimate parameters required by the air quality model, including
hourly wind speed and direction, temperature, humidity, cloud cover, rain and solar radiation
levels. Observationsere assimilated into the model during the simtibns to minimize the
difference between simulations and reabrld measurements. Two types of nudging methods
were employed (analysis and observation). Nagional Centers for Environmental Prediction
(NCEPNorth America Mesoscale (NAM)-k&h analyzedneteorological fields were used for
analysis nudging as well as for initializing the model. The NCEP ADP Global Surface and Upper
Air Observational Weather Data were used for observational nudg@img analysis nudging was
applied to the 3e&km and 12km damains. Frequency of surface analysis nudging was every
three hours, while the frequency of 3D analysis nudging was every six hours. The 3D analysis
nudging of winds was performed over all model layers, but the 3D analysis nudging of
temperature and humidit was limited to layers above the planetary boundary layer. The
observation nudging of wind was applied to all four domains every three hours.

The WRF model was rigorously evaluated for accuracy. Observations used to evaluate WRF
gSNB (I 1Sy ANty 8yktiém, e BARAIMD meteorological network, and the
National Climate Data Center. Hourly and daily time series plots of observed and simulated
wind, temperature and humidity were generated at each observation station and compared to
each otherhour by hour and day by day. Simulated hourly areal plots of wind, temperature,

15



humidity, planetary boundary layer height, pressure and other fields were generated and
guantitatively compared against observations where observations were available.

Figue 3.4 Nested WRF modeling domains.

These plots were also qualitatively evaluated for known meteorological features of the

modeling domain, especially atkdn and tkm resolutions. These features include slopavip
channeled flows, sea breeze alwmiv-level jet The vertical profile of observed and simulated
meteorological fields wscompared at several upper air meteorological stations, including
Oakland, Medford, Reno and Las Vegas, and at a temporary station established at Bodega Bay.
RambolQ a a 9 prpgtam (Emery et al., 2001) was used to statistically evaluate the
performance of WRF.

The WRF model performed reasonably well in every evaluation category. The estimated bias,
gross error, root mean square error (RMSE), and index of agreement ¢EDwitain

established criteria for acceptable model performance for every day of 2016. In other words,
performance obtained from the Bay Area applications of WRF is similar or slightly better than
performance obtained from applications elsewhere, availdtwen literature. Additional
information on model application and evaluation can be found in Tanrikulu et al., 2019.
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