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1. Introduction

Dissolved copper (Cu) is an environmental concern because it is toxic to
phytoplankton at the base of the aquatic food chain. There is also evidence that Cu may
affect the sensory functions of certain fish species. California’s Samtfi&ncisco Bay
was designated an impaired water body under the U.S. Clean Water Act due to the
presence of several metals, including Cu. Cu enters the Bay via direct anct indire
routes. Direct releases of Cu include the use of algaecides and leachintpafiagti
coatings of marine vessels. Indirect releases include releaseshatanedia that find
their way into the watershed.

Brakes are considered to be a significant source of Cu entering the environment.
Every time a driver applies the brake, friction material, which may contaims@vorn
off and released either onto the vehicle, onto the road surface, or into the air. This work
addresses the fate and transport of the fraction of material that seckiato the air.
Once emitted into the air, Cu-containing brake pad wear debris (BPWD) isseidtey
wind. Some portion of the BPWD is carried out of the region of concern, while some
portion can eventually find its way into the watershed when it is deposited via wet and
dry deposition onto waterbodies, or onto pervious and impervious surfaces within the
watershed. As a part of the Brake Pad Partnership’s efforts to quantifyntinéwation
of vehicle BPWD to Cu concentrations in the San Francisco Bay environment, air
modeling was undertaken to understand the transport and fate of BPWD in the
atmosphere.

Figure 1 shows the role of air deposition modeling in the technical approach of
Brake Pad Partnership. The goals of the atmospheric deposition modeling-&skltwo
First, direct deposition fluxes to the bay are estimated, providing an input to the bay
model. Second, estimated wet and dry deposition fluxes to pervious and impervious
surfaces will be provided to the watershed models to simulate the migratigmosftdd
Cu through the watershed.

The modeling approach and model setup and formulation are discussed in Section
2. The copper source loading estimates are used as emission inputs to the air deposition.
Besides BPWD, industrial atmospheric releases are the only other maj satggory
that releases Cu into the air. Copper emissions related to resuspended dust from unpaved
roads, agricultural land, and construction sites are not modeled due to a lack of data.
Other parameters relevant for modeling the atmospheric behavior of EfP&\Ebtained
from the physical and chemical characterization work. These input datesardee in
Section 3. With each input, the associated uncertainties were compiled to the extent
possible. Section 4 provides a discussion of the results, including sensitivity studies of
the estimated deposition fluxes to key uncertain inputs. Measurements of dry and wet
deposition, combined with the sensitivity analysis, guided the development of aset of
posteriori results, which reproduced the behavior observed to an acceptable level of
accuracy. The best estimates and uncertainty ranges of the air deposigsrafieix
processed into suitable time and spatial resolutions for use in the watershed and bay
models. Conclusions are provided in Section 5.
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2. Model setup and formulation
2.1 Modeling approach

BPWD is emitted into the air as a population of particles demdint sizes.
According to Schaultman (2005, personal communication), the mass meagtedia
airborne BPWD particles is 3.5 micronsn{). Particles smaller than 0.5 microns and
larger than 18 microns were observed in the laboratory. While cparteles may
deposit fairly close to the source, fine particles (aerodynamimeter smaller than 2.5
mm) have an atmospheric lifetime of several days in the absémrecipitation and can
be transported hundreds of km from the source. For the CastreyV@ieek
subwatershed, BPWD may originate from local roadways (e.g.,wdigh 580 and
surface streets in Castro Valley) or from other parts ofgtleater San Francisco Bay
Area. This range of spatial scales needs to be taken intmrdgcm the modeling
strategy. A multiscale approach was selected for this wdrkre a box model was used
to simulate the regional background (excluding emissions from th&oC¥slley
watershed) and a detailed source-based dispersion model was usiedulete local
impacts. Local impacts were simulated at a finer spatisblution compared to the
regional background. Both models use an internal time step of one-Results from
the regional and local models were summed for the Castro la#iesrshed. For other
locations, a scaled regional background (without emissions fromdbatidn) can be
deduced based on the total emissions to be considered in the regioeat.c@taled
local impacts can then be added. The local results from Casliey Wall be scaled
based on local emissions to represent the variability at diffeardtuse types based on
the proximity to sources.

The detailed modeling approach is presented in Figure 2. Thelingpde
procedure was designed to accomplish both the modeling and senditigifyobjectives
of the Association of Bay Area Governments (ABAG)/BPP contféasks 2-4 in the
BPP contract).

BPP — Air deposition modeling 3
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Figure 2. Air deposition modeling tasks

2.2  Modeling domains and periods

The study domain for air deposition modeling is the Castro Valley Creek
subwatershed (see Figure 3) of the San Lorenzo Creek watershed. The d&stro Va
Creek subwatershed, which covers a 5.5 square mile area including the unincorporated
city of Castro Valley, is located in Alameda County and is considered to be quite
representative of urban watersheds around the San Francisco Bay in testesnofuse
and other geographic characteristics.

For the purpose of air deposition modeling, the Castro Valley Creek subwatershed
is part of the greater San Francisco Bay airshed, and concentrationpaifuaants in
the Castro Valley area are affected by emissions elsewhere iayh&r&a. The wet and
dry deposition fluxes contain a regional component from Bay Area emissionsauad a |
component from emissions within the Castro Valley Creek subwatershed. Tatestim
the regional component of the BPWD deposition fluxes, a simple model of a well-mixed
box was used, in which all Bay Area watersheds (see Figure 4) were reguesent

A modeling period of one year (March 04 to February 05) was athlgnd
compared to deposition measurements (Yee and Franz, 2005) availabke @Gadtro
Valley Creek subwatershed (bottom panel of Figure 3). Dailytsesdre used in the
comparison. For the best estimate case, both models were rény&ars with daily
varying meteorology so as to provide representative estinfatesoth wet and dry
seasons for use in the watershed and bay models.
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Figure 3. Castro Valley Creek subwatershed and monitoring location® (tefht:
Castro Valley Community Center, CV Elementary, Redwood Professional igyildi
Madison Reservoir; Yee and Franz, 2005)
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Figure 4. San Francisco Bay Area watersheds.
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2.3 Model formulation

The box model (Pun and Seigneur, 2001) includes all significant physical
transport processes that govern the atmospheric concentration and deposition fluxes of
BPWD and its copper content. Such processes include dry deposition, wet deposition,
emissions, horizontal transport, and vertical mixing. BPWD was treated esgaeies
in the simulations, with no chemical reactions and/or phase transition. Coagulation
between BPWD and other particles was ignored. The formulations of wet and dry
deposition have been improved over previous applications and are highlighted below.

The dry deposition flux, Fng/mé/s), is expressed as the product of the
concentration of the species of interestn@/i"°), and a deposition velocity,;\(m/s).

Fd =C Vd (1)
The following formulation is used for the dry deposition velocity of particles.

V=V, b 2)
r,+r, + rarbVg

where g is the aerodynamic resistancgisrthe quasi laminar layer resistance, agisV
the particle settling velocity due to gravity, ig a function of meteorology, is a

function of the surface and particle charactesstand V| is a function of the particle size
and density.

Wet deposition of particles is the result of twetient processes: in-cloud
scavenging (rainout) and below-cloud scavengingdjpitation scavenging or washout).
In-cloud scavenging comprises nucleation scaven(adicles that act as cloud
condensation nuclei growing into cloud droplets] anterstitial aerosol collection, which
is a slow process (Seinfeld and Pandis, 1998).aB#xBPWD are emitted at the surface
and we are studying their fate and transport imadd domain (the Bay Area), BPWD
are unlikely to be present in significant concetimres at cloud heights. Therefore, in-
cloud scavenging was not considered important fWHB in this study and we only
considered washout as the wet deposition route.

The change of mass concentration of particlesgnt’), due to below-cloud
scavenging during a rain event is modeled as falow

dC/dt=-1 C 3)

whereL (1/s) is the scavenging coefficient, which carcharacterized as a function of
rainfall intensity, rain drop size, and the sizstalbution of particles (Seinfeld and
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Pandis, 1998, Figure 20.12). The formulation usdflis study is consistent with the
Industrial Source Complex Model (EPA, 1995), wheris the product of rainfall and a
particle size-dependent paramdtddindal and Heinold, 1991). Wet deposition
estimates may be quite uncertain due to unceregiimithe size distribution
characteristics of BPWD particles.

An important assumption made in this study is tmy the fraction of BPWD that
initially becomes airborne can remain airbornedaignificant enough length of time to
undergo atmospheric transport and deposition. (fdeion of BPWD that is directly
released to the roadway is assumed to consist afseoparticles that would not be
transported over long distances even if resuspemdedhe atmosphere.) The airborne
BPWD that deposits on roadways is resuspended lwnignaraffic. Initially, deposited
BPWD re-emissions were thought to be proportionaiotd dust emissions. Road dust
emissions were estimated using an empirical formbésed on EPA’'s AP-42
methodology (EPA, 2003):

Eaust= 1.8 (sL / 2§°° (W/3)"° (4)

where Bust IS the PMs emission rate (Ib/vehicle miles traveled, VMT) frorehicle
traffic on a paved road (g /VMT); sL is the silt ¢ent (g/nf) of road surface; and W is
the average weight (tons) of vehicles traveling tbad (which depends on traffic
activity). Estimates of sL and W were obtainedrirthe California Air Resources Board
(CARB, 1997) for counties in the San Francisco Baga. VMT information was
obtained from Rosselot (2005a). Hourly emissionerewestimated based on a
proportional relationship between the deposited BP¥W/x and the silt content. There is
currently no methodology to treat resuspension freumfaces other than paved and
unpaved roads and agricultural surfaces, the lattersources are expected to be smaller
than the paved road resuspension term.

Since Equation 4 is empirical in nature, its amgbility to the emissions of
BPWD dust is highly uncertain. In fact, the emgafinature of Equation 4 requires no
mass balance for silt and dust emissions, essgraissuming that there is a reservoir of
silt on the roadways based on the assumption ajrstant concentration (i.e., silt is
continuously being generated by passing vehicl&seasame time road dust is emitted by
traffic). The same cannot be said about BPWD, lmzavhat is re-emitted must
originate from BPWD emissions. A preliminary simtibn was conducted to estimate
the re-emissions of BPWD from deposited BPWD orvays, considering only BPWD
directly released to the air. This estimate indidahat all BPWD deposited on Bay Area
roadways would be reemitted. Therefore, for trggamal model, the resuspension term
is simplified to contain a portion of the depogitithat is proportional to the surface area
occupied by roads compared to the total surface are

Local impacts were estimated using the dispersiodahlSC-ST version 3 (EPA,
1995). ISC-ST stands for the Industrial Source @Glem(Short Term) model and is an
EPA-approved model for local air dispersion modglinwhile ISC was originally

BPP — Air deposition modeling 8



developed to model industrial sources, EPA hasaptied ISC for the modeling of
urban areas (EPA, 1999).

ISC-ST is a computationally efficient model thaats transport, dispersion, dry
deposition and wet deposition. The treatment pfddposition in ISC-ST is similar to
that presented in Equation 2. Wet deposition bgveeloud scavenging (washout) is
treated in ISC-ST. The wet deposition flux ks defined as follows.

F,= /Cdz (5)

w
z

where C is the concentration of BPWD in the mixiager, and (s?) is the scavenging
coefficient. The scavenging coefficient is thedarct of the precipitation rate (mm/hr)
and ¢, a scavenging parameter (hr/mm/s)depends upon the particle size distribution
and the nature of precipitation.

The ISC-ST model was not modified to treat re-eioiss Treatment of
resuspended BPWD in this model using an iteratreegrure will be discussed in the
sensitivity studies section.

BPP — Air deposition modeling 9



3. Input data
3.1  Airborne emissions of brake pad wear debris

The emissions of Cu from BPWD were estimated bydetmt (2005a). However,
for air deposition simulations, properties and @nirations of the Cu-containing
particles of BPWD, and not Cu itself, dictate thet\and dry deposition behavior. Total
air emissions of BPWD were obtained from Ross&l006b). For the regional model,
Castro Valley Creek subwatershed emissions weteigad for the calculation of
regional background. Industrial air emissions weotuded. Rosselot (2005c) estimated
Cu emissions from industrial sources to be 359 k@g/the Bay Area watersheds. No
information was available regarding the charadiesf particles associated with
industrial Cu emissions. Therefore, an assumptias made to relate Cu mass to particle
mass using the same ratio as BPWD emissions (62@edew). Table 1 summarizes the
emission data used in the air deposition models.

Table 1. Emissions of Cu-containing particles usetthe air deposition models.

Local model kgly
Castro Valley Creek subwatershed highway emissions 2,896
Castro Valley Creek subwatershed surface streetssonis 1,644
Total Castro Valley Creek subwatershed emissions 4,544
Regional model kgly
Bay Area watersheds mobile source emissitns 781,848
Industrial emission¥’ 5,983
Total Bay Area watersheds emissions 787,831

(1) total watershed emissions 786,392 kg/y minustrtéa/alley Creek subwatershed emissions 4,544 kgly
(2) total Cu emissions 359 kg/y divided by an assdiparticulate Cu content of 6%

Using the information in Table 2.1-6 of RosseRA{5a) and the Kline
McClintock approach for calculating uncertaintid® tincertainty in the emission factor
of BPWD should be 0.1 mg/km (as compared to 0.2kmgfor the Cu emission factor)
for passenger vehicles. For medium and heavyvkhicles (Table 2.2-2 and Table 2.3-
2 of Rosselot, 2005a), the standard uncertaindy26 mg/km and 0.14 mg/km for
BPWD, respectively (compared to 0.4 and 0.2 mgftknthe emission factors for Cu).
The emission of Cu represents 6% of the emissibB®WD, but is associated with a
larger absolute value of standard uncertainty. rdfoee, the uncertainty associated with
Cu deposition should be dominated by the uncestamthe mass fraction number (see
below). Nonetheless, the uncertainties of BPWDssians were 33% in the bay area
airshed and 31% in the Castro Valley Creek subwhésr (K. Rosselot, August 2005,
personal communication); these uncertainties arestilgated in a sensitivity study.

The mass fraction of Cu in BPWD was needed to edritie modeled quantities
to concentrations and fluxes of Cu for comparisath weposition data. Rosselot

BPP — Air deposition modeling 10



(2005b) compared the BPWD emissions and Cu emis¢iosselot, 2005a) and
determined that BPWD contains an average of 6% Tus mass fraction was consistent
with the nominal values (x standard uncertaintyd ¢£4)% and 5 (£3)%, respectively,
for factory and non-factory brake pads lining maisr The Cu content in BPWD may
differ from that of the lining material becauseaction of the brake pad lining material
volatilizes during braking and the BPWD includesawmaterial from the rotor or the
other member of the friction couple. Nonethel#ss,uncertainty range seemed
applicable. Therefore, a nominal value of 6% wseduwith a standard uncertainty of
4% when converting BPWD deposition estimates ta&uosition estimates.

The fine resolution domain covered the Castro Yalleeek subwatershed. Line
sources (represented by elongated area sourc8€)mlere used for highways and area
sources were used for traffic distributed on swafstteets. Due to the availability of
emission estimates, only a portion of I-580 (rugnir\W) was included at the southern
end of the domain as a highway source. For spat@iation of the highway emissions
within the fine-resolution domain, a Geographicohnfiation System (GIS) approach was
used, together with location data based on the Cefisus Bureau’s 2000 Tiger Line
Transportation Layer for U.S. highways. An aversgpd width was estimated based on
the number of traffic lanes on [-580 in Castro ¥gll A sensitivity study was carried out
to test the sensitivity to the spatial allocatidnihee emissions. The highway emissions
were doubled within the fine grid domain with aresponding decrease in the regional
domain. The increased highway emissions were atidegproximate highway
emissions from the stretch of 1-580 running SE-NdW&e west of Castro Valley Creek
subwatershed.

For temporal allocation, the default allocation vaasniform distribution due to a
lack of seasonal, monthly, day-of-the-week or holuthe-day specific emission
information. Highway traffic tends to be more cestgd during weekdays than during
weekends. Chinkin et al. (2003) found that in Bogeles, traffic activity of passenger
vehicles decreased by 15-20% on weekend days cethpaweekdays, while VMT of
heavy duty vehicle decreased by 40-80%. Assunmagthe emissions of BPWD were
proportional to the activity pattern for each véhiclass, weekday vs. weekend brake
emissions were estimated (shown in Table 2) angktlialues were used in a sensitivity
study.

BPP — Air deposition modeling 11



Table 2. Weekday vs. weekend emissions of BPWD

Emissions Bay area watershedg  Castro Valley CreegkCastro Valley Creek
(kg/day) subwatershed | 580 | subwatershed
surface streets

weekday| weekend | weekday | weekend weekday weekend
Passenger + 1698 1358 6.15 4.92 3.50 2.80
medium duty
vehicles®
Heavy duty 668 267 2.57 1.03 1.46 0.59
vehicles®
Total 2366 1626 8.73 5.95 4.97 3.39

(1) Weekend traffic activity assumed to decreas2d% over weekday levels for passenger vehicles and
medium duty vehicles
(2) Weekend traffic activity assumed to decreaséd% over weekday levels for heavy duty vehicles

As described in Section 2, in the regional modéBBWD deposited on
roadways was expected to undergo re-emissionsce;leg-emissions were modeled as a
fraction of the deposition fluxes. The fractionsadetermined by the fraction of road
surface vs. total surface area in the Bay Area agldomain and was nominally 3.3%
(T. Cooke, personal communication, August 2005t tkRe fine grid modeling, the re-
emission term on highways is 100% of the air demosiflux resulting from direct air
emissions. Remissions on surface streets, refeesby an area source, will be 8% of
the deposition flux, which is the fraction of strearface to total surface area in the
Castro Valley Creek subwatershed (T. Cooke, petsmmamunication, August 2005).
The net air deposition fluxes on the highway arngeptoad surfaces would be zero after
re-emissions is taken into account. An upper lgstimate of the air deposition fluxes to
road surfaces was obtained when re-emissions waseated in the base case. Fluxes at
receptors next to roads or on top of buildings \dde affected by direct and re-
emissions of BPWD. For those sites, re-emissiogre Weated as a sensitivity case in
the local scale simulation (see the Section 4).

3.2  Terrain data

Elevations of the sources and receptors were defreen the USGS 10-meter
Hayward 7.5’ Quadrangle Digital Elevation Model fil&his elevation file was also used
as an input file to the model. ISC uses this imfation to calculate the depletion of
plume material due to dry deposition along the fhatin source to receptor.

3.3 Receptor locations

The locations in latitude/longitude coordinatesesfeptors were provided by
Donald Yee of the San Francisco Estuary Institsée Figure 3).
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3.4 Meteorological data

ISC-ST3 requires hourly meteorological data asaifrtke basic model inputs.
The inputs required include temperature, pressatative humidity, precipitation, wind
speed, wind direction, stability category, mixingidht, surface roughness length,
Monin-Obukhov length, and surface friction velocity.

Surface meteorology information was derived frone¢hsources: the National
Climatic Data Center (NCDC) Integrated Surface Hodata format file for the
Hayward Air Terminal, the NCDC Local Climatologidahta format file for the
Hayward Air Terminal, and the RAWS data from thestéen Regional Climatological
Center for the Las Trampas monitoring station. &f@r soundings were obtained from
the NOAA Forecast Systems Laboratory radiosondesorements at the Oakland
Airport.

In order to convert the raw data from various sesitto the format required by
ISC-ST3, two EPA meteorological pre-processors weesl. The first was the Mixing
Height processor, which converts surface and uapetata into twice daily mixing
height estimates. The Meteorological ProcessoRegulatory Models (MPRM) was
then used to combine surface data and mixing heligtat to create the hourly
meteorological file required for ISC.

Of the meteorological variables, rainfall was expddo be the most
geographically variable. The California Irrigatidfanagement Information System
(CIMIS) of the California Department of Water Resms (DWR) manages a network of
over 120 automated weather stations in the sta@abfornia.
http://wwwcimis.water.ca.gov/cimis/welcome.jsp wdeantified as an alternative source
of rainfall data (Arleen Feng, personal communaratl3 July 2005). We downloaded
data from the Union City station (July 2005) asaliarnative dataset use in the fine-
resolution modeling.

35 Characteristics of BPWD

The characteristics of BPWD patrticles dictatertbehavior in the deposition
process. Important particle characteristics ineltite particle size and particle density.
Both parameters affect the gravitational settlietpeity (V) of particles. The particle
size also affects the wet scavenging coefficient (The particle size distribution was
represented explicitly as mass fraction in each sange in the fine resolution model.
The coarse resolution model used a more simphsficesentation using only the mass
median diameter.

Based on Haselden et al. (2004), Rosselot (20@sajmmended the size
distribution shown in Table 3 for describing BPWDhe mode of the mass-based size
distribution is in the 3.2 to 5:8m size range, which is in agreement with ambient
measurements of copper size distribution in a tumngilwaukee, WI (Lough et al.,
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2005). The mass median aerodynamic diameter cditherne fraction of the
hypothetical representative brake pad materialdedsrmined by Schaultman (personal
communication, August 2005) to be approximately|81b (using the geometric mean
size of each range). This value is larger thamtbasurements of Garg et al. (2000) (0.6
to 2.5mm) but smaller than those of Sanders et al. (2(83)to 7.2mm).

Table 3. Particle size distribution for use in modg(Haselden et al, 2004).

Particle size rangd, G€0metric mean siz€ mass 9% of total | mass % of copper
um (nm) particles particles

all particles 23.81 100.00 = 5.39 100.00 = 8.47
10 - 18 13.42 93.80 = 5.20 94.76 £ 7.91
56-10 748 88.65 £ 5.02 91.18 + 7.73
32_56 4.23 70.88 t 4.46 74.66 £ 6.72
18_32 240 44.48 * 3.45 46.23 * 5.00
10-18 1.34 24.74 + 2.87 31.97 * 3.99
056—1 0.748 12.11 + 2.37 15.76 + 2.87
0.32 - 0.56 0.423 6.84+1.76 9.42 +1.80
0.18 - 0.32 0.240 2.62 +1.60 4.62 £ 1.55
0.1-0.18 0.134 0.77£1.25 2.01 +1.39
0.056 - 0.1 0.075 0.50 £ 0.73 0.25+1.02
<0.056 0.042 0.50+0.42 0.05+0.61

Uncertainties of the particle size distribution eeompiled by Haselden et al. (as
shown in Table 3). When constructing an alteraparticle size distribution, mass
balance needed to be taken into account. Comipigctite analysis further, cutoff sizes
at the stages of the MOUDI instrument are not perfét a given stage, some particles
larger than the lower cutoff of the previous stagiébe collected and particles smaller
than the lower limit of the current stage may aleposit. In the base case, we used the
upper cutoff as the characteristic size for a rasfgearticle sizes that was collected in a
single bin. A sensitivity test was constructedéhkabelling each size bin using the lower
cut off size rather than the upper cut off sizée Thass median diameter was decreased
from the nominal value of 3/8m to 3.1mm in the sensitivity simulation (M. Schaultman,
personal communication, August 2005), with &alue of 2.0 x 18 h/mm/s (decreased
from the nominal value of 2.4 x Th/mm/s).

Trainor (2001) reported a value of 2.98 gidor BPWD, and Sanders et al.
(2002) measured a range of 2.32 to 2.94 gfemdifferent brake materials. One study
(Ford) estimated a density of 5 g&mWe used a nominal value of 3 gftim the
models. A sensitivity study was conducted usirgttiyher density of 5 g/cin
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4, Results

Table 4 summarizes the model runs. Runs 1 thr8ughre designed to analyze
data uncertainties as discussed in Section 3. Rtm®ugh 12 were conducted to test
some key assumptions and to provide additionalmébion for the analysis of the
results.

Table 4. List of model runs.
Run Description Changes with respect to the nominal base
number run
1 Base case A range of copper content (6%+4%) expb i
bound uncertainties in estimating copper
deposition based on modeled fluxes of
deposition of BPWD particles
2 Treatment of re-emissions inRe-emissions estimated from base case run;
the local scale model iterative run performed with direct +
reemissions
3. Uncertain particle size and | Alternative description of particle size
distribution distribution, with a lower mass mean diameter
(and reduced. for regional simulation)
4. Meteorology Alternative rainfall data; eitheriagut to
model or used to scale output
5. Air emission factor of Increased of 30%
BPWD
6. Domain allocation Additional emissions sourceguded in the
fine resolution domain
7. Temporal profile Weekday vs. weekend day emissio
8. Particle density Increased from 3 glam5 g/cnd
9. Sources of BPWD Highway emissions only
10. Redistributing surface Spreading out surface emissions over entire
emissions of BPWD watershed instead of only areas with high
density of roads
11. Doubling surface emissions Braking per mile should be higher on surface
of BPWD streets than on highways
12. Elevation of highway Increase elevation to account for the presence
emissions of sound wall (10-16 ft)

4.1 Base case results

Results for wet deposition of copper in the basesimulation are compared to
the observed deposition in Figure 5. Data werdaha at two monitoring sites, Castro
Valley Community Center (CVCC) and Castro Vallegiientary School (CVE). On
average, wet deposition fluxes were well represehtethe model. The average
observed wet deposition flux at CVCC was 2nin’ for seven two-week samples and
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the average simulated flux was 1/g/m?. Wet deposition measurements from ten two-
week periods averaged to be 2rigin? at CVE, with a corresponding modeled flux of
2.44ng/n’. Limiting the CVE data set to only periods wittriesponding measurements
at CVCC, the seven-period average was 2124, with a corresponding prediction of

1.94ny/n’. Therefore, on average, similar wet depositiards were recorded and
simulated at CVCC and CVE.

During individual periods, the model over- or urgtedicted wet deposition
fluxes. Comparing the data taken at CVCC and Awégn be seen that the
measurements displayed higher variability thamtleelel, which tended to predict fairly
similar results for these two sites (Figure 6). t\eposition fluxes depend on rainfall
and atmospheric concentrations. Rainfall was aiitelar at CVE and CVCC for many
of these periods. Therefore, spatial variabiligsvikely present in the concentrations of
BPWD concentrations that was not represented bynthakel. Several examples are
discussed below:

A period with significant underprediction occurrégring 17 November to 3
December 2004. Measured wet deposition fluxes Wwéreg/n? (13 mm rain) to
1.5ng/n’ (12 mm rain) at CVE and CVCC, from Yee and Fra&2G06).
Simulated wet deposition fluxes were @fmfat CVE and 0.4rg/m? at CVCC.
On an absolute basis, the most significant unddrgien was seen for the 17-31
March 2004 period. Based on Yee and Franz (2008)utative rainfall for 17-
31 March 2004 was 17 and 18 mm at CVCC and CVEertsely. Therefore,
the differences in the observed wet deposition it CC > CVE by a factor of
2.8) must have been due to different amount of epppntaining particles
entrained in the raindrops.

During 9-23 February 2005, the observed wet dejpaosilux was higher at CVE
compared to CVCC by a factor of two (rainfall resed at these sites differed by
only 20%). The relatively uniform flux predictegt the model matched the
higher flux at CVE very well, but overpredicted tG&CC observation.

On average and during many measurement periodigletbwet deposition
fluxes contained a strong regional component.atn, fduring the 3-17 December 2004
and 29 December 2004-12 January 2005 periodsethenal components of copper
deposition were modeled to exceed the total obdeteposition fluxes (Figure 7). The
regional component accounted for 82% of the avenaggeled deposition flux at CVCC,
and 75% at CVE on days corresponding to measuraeméditie modeling results seemed
to be consistent with the locations of these twessiwith CVE closer to 1580 and busy
surface streets in Castro Valley than CVCC.
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Figure 5. Comparison of observed and predictesv&@udeposition fluxes at CVCC (left
side) and CVE (right side).
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Figure 6. Measured and modeled Cu wet depositioredl at CVCC and CVE
corresponding to matching sampling times.
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Figure 7. Observed Cu wet deposition fluxes ardlipted regional and local
contributions to Cu wet deposition fluxes at CVAé€ft(side) and CVE (right side).

Model performance for dry deposition fluxes wassiderably less satisfactory
than for wet deposition fluxes. Measured dry depwsiluxes averaged to be 28.9
ng/n? at Redwood, 14.6y/n? to 17ng/n? at CVE and CVCC, and 8réy/nY at
Madison. The model overpredicted the average dppsigon flux at Redwood by a
factor of 2.8. However, at sites that are lessaiotgd by traffic emissions, dry deposition
fluxes were underpredicted. At CVCC and CVE, thedcted dry deposition fluxes
represented 52-57% of the measured fluxes. At Madishich is farthest from the
highway and major roads, the model predicted omaaezonly 11% of the observed dry
deposition of Cu. In sum, the model predicted &mstronger gradient for dry
deposition fluxes than was observed (Figure 8).

Unlike wet deposition fluxes, local influence waedicted to be much stronger
on the dry deposition fluxes compared to the regjifinxes at CVCC and CVE.
Regional fluxes accounted for 10 to 17% at thesbwatershed sites. At Redwood, dry
deposition fluxes were controlled by local emissiot the Madison site, deposition
was predicted to be regional in nature; local eimnssdid not affect the simulated dry
deposition fluxes. Using the results of Case nurBbé was also concluded that
simulated deposition fluxes at the Redwood sitgivated predominantly from highway
emissions. Modeled deposition fluxes at CVCC andE@viginated predominantly from
surface road emissions. From these results, itteasluded that local sources, including
highway and surface streets, have limited rangeflefence on dry deposition fluxes.

These results indicated that the model underpredieither the regional or local
or both components of dry deposition fluxes atssikat are relatively far away from
major sources, but overestimated the local compaatesites like Redwood that were
very close to major sources of brake wear debeis {ise sensitivity section for further
discussion).
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Figure 8. Observed Cu dry deposition fluxes aredijsted regional and local
contributions to Cu dry deposition fluxes at CVG@/E, Madison, and Redwood.

4.2 Sensitivity cases
4.2.1 Copper content

The content of copper in BPWD was determined ta bejor source of
uncertainty in the estimates of airborne emissairSu from brake wear (Rosselot,
2005a). A range of Cu contents corresponding toinal (6%) + standard uncertainty
(4%) was used to determine the sensitivity of thel@position modeling results to this
parameter. The range of predicted wet depositioe$ is presented in Figure 9 as error
bars to the base case simulated values. The aimtgrin the predictions due to Cu
content was significant enough that most of theepkesd fluxes lied within the range of
predicted values.

Despite the overprediction at the Redwood sitejehpredictions were
nonetheless consistent with the observed dataritiicertainties due to Cu contents.
However, at CVE, CVCC, and Madison, observed value® above the error bars of the
modeled fluxes, indicating that other sources aeutainties dominated those dry
deposition predictions.
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Figure 9. Comparison of observed and predictesv&€@udeposition fluxes £ uncertainty
due to Cu content of BPWD at CVCC (left side) adEQright side).
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Figure 10. Observed Cu dry deposition fluxes amdlipted Cu dry deposition fluxes *
uncertainty due to Cu content of BPWD at CVCC, CWdison, and Redwood.

4.2.2 Rainfall

Rainfall is a highly heterogeneous quantity. Afivgen site, the comparison
between measured and modeled wet deposition fisxaghly sensitive to the accuracy
of the rainfall data used by the model. For examniplthe meteorological data used in
the model indicated a lack of rain when there wasgct rain, the predicted wet
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deposition flux would be zero compared to a nomm-odrserved value. Indirectly, the
amount of BPWD deposited due to wet depositioncédfeoncentrations in the
atmosphere and the dry and wet deposition fluxesglthe subsequent time steps.

Rainfall data from Union City were used in a sews$y run. For individual
periods, the predictions can improve or degradeerd was no obvious advantage for
using data from Union City instead of Hayward Airp@-igure 11).

For individual periods, we investigated the scalgvet deposition fluxes by
more localized measurements of rainfall. We usedsurements from Bellingham
Drive, Castro Valley and rainfall measured at theglers for this purpose. (These data
could not be used in the modeling run because tintmus rainfall record could not be
obtained.) The Bellingham Drive monitor, beindhagher elevation, recorded more rain
than the other rain measurements considered. hEdt& January — 9 February 2005,
scaling using the Bellingham Drive rainfall datd te significant overpredictions. For
other periods when the model overpredicted wet sipa fluxes, scaling the wet
deposition predictions using Bellingham Drive dgémerally did not improve model
performance (e.g., periods starting 29 Decembe4 20@ 9 February 2005).

A priori, the highest likelihood of improvement wdube to scale predictions
using precipitation data obtained with wet depositneasurements. However, this did
not seem to be the case, perhaps because thdlnameésurements from a wet deposition
sampler are not equivalent to those obtained wsiragn gauge. Some examples are
provided below (see Figure 11).

During 17 November to 3 December 2004, measurediemisition fluxes were
1.0ng/n? to 1.5my/n at CVE and CVCC. Simulated wet deposition flunese
0.5nmy/n" at CVE and 0.4rg/m? at CVCC. Rainfall data used in modeling
indicated only 6.2 mm rain at Hayward airport, ppased to 13 mm at CVE and
12 mm at CVCC. The lower rainfall amount usedhi@ tnodels compared to the
observations could explain the underprediction\AE®ut not at CVCC.
Cumulative rainfall for 17-31 March 2004 was 17 &8dnm at CVCC and CVE,
respectively (rainfall used in the models was I, responsible for some but
not all of the underpredictions by the model). rEfhere, the models were unable
to reproduce the observed wet deposition fluxes efeer scaling.

The models significantly overpredicted wet depositiluxes at CVE during the
3-17 December 2004 and 29 December 2004 — 12 3aR0@5 periods. Rainfall
recorded at CVE was 61 mm and 112 mm for 3-17 Dbeeer2004 and 29
December 2004 — 12 January 2005, respectivelynf&bdata used in simulation
were 48.5 mm and 97.6 mm, respectively, for theseds. In both these
instances, the difference in the rainfall datartht explain the model
overprediction.

From these examples, it was concluded that raid&dlh were not the most important
source of uncertainty in the predicted wet depaositiuxes for some periods.
Uncertainties were present in the modeling of theoapheric concentrations (including
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variability, as discussed in the previous sectammj/or the scavenging process of
atmospheric particles.
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Figure 11. Comparison of Cu wet deposition fluwx@sserved vs. predicted using Union
City rainfall data (Run 4) vs. scaled using Belhagn Drive, Castro Valley data and data
from wet deposition monitoring sites.

4.2.3 Spatial and temporal allocations of BPWD emissions

The sensitivities of the model predictions to sdadnd temporal allocations were
tested by using alternative methodologies to conthgcallocations. In Run 6, the local
model’'s domain was enlarged to include anothei@®df 1580 as it turns NW East of
the Castro Valley Creek subwatershed. An approtaramount of emissions was
assumed to be equal to that of the 1580 emissidgtmsnwCastro Valley Creek
subwatershed for this simulation. An equivalenbant of emissions was subtracted out
of the regional domain.

The local contribution to wet deposition fluxesreased with an additional length
of highway increased by 16% on average at CVCC88a&t CVE. There was little
change in the regional contribution of the wet dgjpan flux. As a result, there was a
3% increase in the predicted wet deposition flleteSVCC and a 2% increase at CVE.
Thus, the effects were quite negligible on the eegiosition predictions.

For dry deposition, adding the extra length of gl increased the local
contribution by 0.4vg/n? for both CVE and CVCC. The impact of the addedssions
was limited by the presence of hills between thgedemission source and the receptors.
Local contributions to the dry deposition fluxegvidison increased by less than 0.1
g/, consistent with the limited reach of highway esiiss. The Redwood site was
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most impacted by the additional highway sourcegikéieg an extra dry deposition flux of
0.9my/n?. The reason for this increase may be Redwood&tilon along the path of the
prevailing wind blowing from an extended portiontleé highway. The regional
component of dry deposition fluxes did not changaicantly due to the redistribution
of sources. Therefore, enlarging the domain ofdbel simulation to include more
highway emissions had negligible effects on theligtens of wet and dry deposition
fluxes of BPWD.

Because wet deposition fluxes were aggregatedtaxeweeks, the increase in
weekday emissions and decrees in weekend emidsaoha very small effect on the
average predictions (0.01 to 0.0§/n?). Predictions of 6 samples changed by more than
10%, but not always in a direction towards the oleens.

Applying a weekly profile also had no significaffteet on the average predicted
dry deposition flux at Madison, a 0.1 to @@/n¥ change on the average prediction of
dry deposition fluxes at CVE and CVCC, and ar@gih? change at Redwood. Dry
deposition measurements were aggregated for twe alay, hence differences in
predictions were more prominent in individual saaspl At CVCC and CVE, the model
generally underpredicted dry deposition fluxeserBifiore, an increase in local emissions
during the week resulted in slight improvementth performance of the predictions of
the weekday dry deposition samples. A correspandimderprediction of weekend
samples was simulated. The reverse was true fdw&&d. Because of the general
overprediction there, weekday measurements wenpadicted by even greater
amounts, whereas predicted weekend dry deposltiaed showed some improvements
over the base case. The regional dry deposittonviias less affected than the local flux
by the application of a weekly emission profilenbe only small changes were simulated
at Madison, where the regional flux dominated ofaerlbcal contribution.

In sum, the application of a weekly temporal pefb the emissions did little to
alter the overall model performance.

4.2.4 Particle size

Based on the experiments conducted by Haseldan (@004), the mass median
diameter was determined to be betweem®iland 4.0rm, with a nominal value of 3.5
mm. We used the lower value in the range and anrative definition of the particle
size distribution in a sensitivity study. Reducpeyticle size had the overall effect of
increasing modeled wet deposition fluxes at theeagp of dry deposition fluxes.
Regional contributions to wet deposition fluxes ¢faled using the mass median
diameter) decreased, while local contributionseased due to the different responses for
different size bins. The increased total predigiovhen the model already overpredicted
(e.g., 3 December and 29 December for CVE) degraudwmtel performance for wet
deposition during those periods. Overall, modelqguenance improved slightly for both
CVE and CVCC.
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Dry deposition fluxes decreased when particlessgexreased in both the regional
and local models. Larger relative decrease waaslated in the local contributions (30 to
70%, largest decrease at Madison, smallest decat&ssdwood) than the regional model
(approximately 30% at all sites). As a result,dlrerage dry deposition fluxes at
Redwood and Madison were approximately 70% of tlse lsase values. The predicted
dry deposition fluxes at CVE and CVCC were 60% %63 the base case values in the
particle size sensitivity run compared to the base While the predictions at Redwood
improved in the sensitivity case, the correspondiegradation of model performance at
CVE and CVCC provided no justification that the #ergoarticle size was a more
realistic value.

4.2.5 Particle density

Particle density affects the dry deposition velpof particles. Its effects on the
wet deposition fluxes are indirect, through a cleaimgthe ambient concentrations of
BPWD. Particle density was increased from 3 §/tovb g/cni. The regional
contribution of wet deposition fluxes decrease@ {826 at CVE and CVCC. The
corresponding decrease of the local contributios ##8%. A 4% change in wet
deposition fluxes resulted from the combination.

Dry deposition fluxes increased with particle dgns both the regional and
local models. On average, the dry deposition iflcxeased from 1.6g/m? to 1.4ng/n?
at Madison (compared to the observed value off§/8¥). This change was akin to the
response of the regional model to increased densityCVCC, the predicted dry
deposition flux increased from 8.9 to 10m/n? (the sensitivity result was about 63% of
the averaged observed value). At CVE, a similardase was simulated, from 8.3 to
10.4ng/m? (compared to the observed average flux of ig/67). Despite a fairly
strong sensitivity to the density parameter, treglmtions at these residential area
monitors remained below the observed values. [Bpodition fluxes increased also at
the Redwood site, from 81 to &3/n’ when particle density was increased, resulting in
larger overprediction compared to the observedevaftl29ny/nr.

4.2.6 Emissions

Based on the estimates of Rosselot, uncertaintig® emissions of BPWD were
approximately 30%. These uncertainties were caledlbased on the propagation of
uncertainties in the estimates of brake pad emmdsictors and VMT. Significant
variability in the emissions was not representétet and dry deposition fluxes scaled
almost linearly with emissions in the regional dochl scale models. Therefore,
increasing emissions by 30% increased the overgreds of wet deposition events
where the model already overpredicted, and resuitad average overprediction at both
CVCC and CVE sites.
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For dry deposition fluxes, the increase in emissi@sulted in corresponding
increases in dry deposition fluxes at all sitebe Tesulting average dry deposition fluxes
at Madison, CVCC, CVE, and Redwood were 1.3, 1105,1106ng/n?, respectively.

4.2.7 Re-emissions

Because the regional model accounted for re-eomssh the base case, this
sensitivity study only affected the local modele-&mnissions served to redistribute air
deposition from road surfaces to other areas oCmro Valley Creek subwatershed.
As a result of re-emissions, the net air deposibBPWD on road surfaces would be
zero. At the receptors, the wet and dry deposteoms increased slightly.

Wet deposition increased by 1% at CVE and 4% afCV The increase resulted
from an 8% increase in the local deposition fluae€VE and 13% at CVCC when re-
emissions from local roads were taken into account.

The dry deposition fluxes increased by 3% at CW& @VCC and 2% at
Redwood. Summing local and regional contributi(wsich did not change from the
base case), the increase in deposition fluxes ofdtes order of 2% at Redwood, CVE
and CVCC. There was no change at the Madison site.

4.2.8 Summary

Model performance for wet deposition was quite &attsry in the base case,
with an average overprediction of 15% at CVE andwerage underprediction of 18% at
CVCC. Predicted wet deposition fluxes were comgadeboth regional and local
influences, with the regional influence being quitgortant on average. While there
was room for improvement in the prediction of irndival wet deposition samples, it
appeared that there was some variability in thei@mbvet deposition fluxes that could
not be captured by the model. Parametric uncemaitested in the sensitivity studies
tended to change the magnitude of the fluxes irggtout did not improve individual
predictions. Rainfall data uncertainties, whilgpnaving model performance for some
periods, did not explain the largest overprediciand underpredictions.

Dry deposition performance was less satisfactditye models reproduced the
relative magnitude of dry deposition fluxes, higtarest to 1580, moderate at the
residential sites at CVE and CVCC, and low at tigladr elevation site at Madison.
However, the modeled range of dry deposition fluxas much higher than observed,
resulting in a significant overprediction at Redwamd underpredictions at the other
sites, especially at Madison. Predicted dry deosftuxes were dominated by local
influences at Redwood, CVCC, and CVE. Regiondlerices constituted a small
percentage of the fluxes at these sites, but virerenajor contribution at Madison. Local
influence, therefore, had limited range for dry a@spon fluxes. Sensitivity studies
showed that known uncertainties tended to chargeharall magnitude in the same
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direction at all sites, rather than to reduce tteets-site differences. The next section
explores some possible limitations in the formolatf the air deposition models,
including possible flaws in the data approaches.

4.3  Hypothetical investigations

This section explores a number of what-if scenasmgnd the data uncertainties
that have been characterized by BPP researchéesfo€us of these investigations was
to determine if key assumptions about BPWD emissidispersion, and deposition may
be flawed, especially in light of the models’ in#lito reproduce the relatively gentle
gradient of the dry deposition fluxes between Restivimext to 1580) and Madison
(upper watershed).

4.3.1 Sources of dry deposition at Madison

As shown in Section 4.2, predictions of dry deposifluxes at Madison were
almost an order of magnitude less than the obserale@s. As the model was set up in
the base case and sensitivity cases, dry depofiiixes at Madison were dominated by
the regional influence. Therefore, the mismatadwben model results and data may be
caused by (1) underpredictions of dry depositiordk originating from regional sources
or (2) lack of local influences predicted by thedals, or a combination of the two
factors.

Hypothesis: Regional influence dominated the dry deposition fluxes at Madison
and was underpredicted by the regional mod&hy increase in the predicted regional
influence would affect all sites equally; hencelsan increase would also improve the
model performance for the prediction of dry deposifluxes at CVCC and CVE, but not
Redwood. The average observed dry depositiondttMadison was 8.8g/m?/day or
0.37ng/m’/hour. The average emissions rate of Cu in thienegwatershed was 5.35
kg/hour (6% x 2142 kg/day) for BPWD plus a smalloamt of industrial air emissions.
The regional emissions were distributed over aa afe3,913,383,406 fiin the
watershed, resulting in a density of Ori/m’/hour. Comparing the emission rate and
the deposition rate based on this hypothesis, stantial portion (61%) of the Cu
emissions needed to deposit within the Bay Areeveian average wind speed of 11.2
km/hour (3.1 m/s), 61% of the Cu would need to dé&po 8 hours before the wind
parcel traversed the bay area watershed. Dry depos modeled as an exponential
decay function

Cfinal - th
—=ex 5
c P ®)

initial
Using an average mixing height (H) of 686 m durihgrch 2004 to February 2005, a
time period (t) of 8 hours, and 0.39 as the ratiQiCiniial, the deposition velocity (Y
would need to be approximately 2 cm/s. This diyosétion velocity is consistent with
particles that are larger (e.g., >d® in diameter) or that have a higher density (exg.,
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10 g/cnd) and inconsistent with current knowledge about BEPVWhe nominal BPWD
particle is 3.57m in diameter and has a density of 3 gfcr typical deposition velocity
associated with the BPWD is 0.1 cm/s.

A fraction (9%) of the BPWD is associated with deger of > 10im. For this
fraction to be responsible for a regional depositiate of 8.8y/m?/day, total BPWD
emissions would need to be about 10 times higlaar the current estimate, which
seemed unlikely given that the emission estimat®aly uncertain by a factor of 1.4
(95% intervals; Rosselot, 2005a).

Given current knowledge of BPWD emissions and BPpdRicle characteristics,
it would be unlikely for the regional contributiai BPWD at Madison to explain the
entirety of the underpredictions of dry depositatrihat site.

Hypothesis: Local non-highway influence on dry deposition fluxes was
underrepresented in the model, especially lacking at MadiStwe highway-only
simulation indicated that highway emissions coniieol only a small amount to the
simulated dry deposition fluxes at CVE, CVCC, aedligibly at Madison.

Ideally, a detailed representation of surface sgearces would require at the
very least the location and width of probably hwtdr of individual street segments. In
addition, traffic data on each segment of the sineeild also be needed to properly
apportion emissions. The data requirements fdn ancapproach were incompatible
with the data resources available to this projéa.a compromise, surface street sources
were represented by area sources in the Castreyatieek subwatershed. There are
obvious limitations to this approach. First, ared high and low road/traffic density
receive the same emissions input pér Becond, since emissions are spread out over
road and non-road surfaces, the density (Rgffhemissions would be lower than actual
on-road values. Third, because uniform distributdas assumed, any effects on the
monitored fluxes due to the distance from road wdod obscured.

In the base case simulation, we visually inspeat€astro Valley street map and
located the area with the highest density of sdreeér which an area source was placed.
The area did not include the panhandle part oiidershed where the Madison site was
located. Given the limited range of influenceaddl sources, it was likely that the lack
of local influence simulated in the base case wkdead to the placement of the area
sources. Therefore, we ran a simulation (Run I®resthe surface emissions were
redistributed to include areas higher up in theavgited without a dense network of
roads. To maintain a consistent total surfacestmission in the Castro Valley Creek
subwatershed, the area source emission densitgatesxd by 6% in this run due to the
increase in the area. Average dry deposition Hwatet sites are presented in Figure 12.
Including the panhandle area for surface strees&ons substantially improved the dry
deposition fluxes predicted at Madison without chagghe predictions at CVE, CVCC,
and Redwood. This simulation showed the sengitofithe modeled dry deposition
fluxes to the distribution of local emissions frenrface streets. In addition, the
similarities between the predicted values at CVECC, and Madison in the larger-area
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simulation highlighted the effects of using the saamissions input for areas with higher
(e.g., CVE) and relatively low (e.g., Madison) trafictivity.

Average dry deposition (microgram/m 2)

90.0 |
80.0 @ observed
m predicted (base)
70.0 - O predicted (large area)
60.0 -
50.0 -
40.0 -
30.0 -
20.0 -
0.0
CvCcC CVE Madison Redwood

Figure 12. Observed and predicted Cu dry depasitixes in base and area source runs
at CVCC, CVE, Madison, and Redwood.

4.3.2 Possible reasons for underpredictions of dry deposition fluxes at CVE@n
CvCcC

Based on the presence of larger roads near Casatl@\downtown, it does not
seem unreasonable that emissions per area wouligber at the lower part of the
watershed compared to the higher part of the wagells A simulation was performed to
understand the sensitivity of dry deposition predits to surface street emissions by
doubling the surface street emissions (Run 11)udktg the panhandle area. As
expected, the predicted dry deposition fluxes aE@vid CVCC increased by 80% to
90% and the results at Redwood road increased Wy Iherefore, it seems possible
that the observed gradient in the wet depositioxef$ between CVCC and CVE on one
hand and Madison on the other is due to the stresfggmissions on the nearby surface
streets. The underprediction of CVE and CVCC maygdrrected if surface street
emissions could be re-distributed by VMT, numbestops, or other measures of traffic
activity (e.g., number of lanes or speed limitghfortunately, such traffic activity data
were not available within the scope of this praject

4.3.3 Overpredictions of dry deposition fluxes at Redwood
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The dry deposition fluxes at Redwood were domohaéteemissions from 1580.
The Redwood site was located within 50 m of 158Be monitor was located below
1580, despite being on a commercial building. Tdeadtion of 1580 is lined with a sound
wall. It is possible that the sound wall blocke frath of a portion of the BPWD
emissions and prevented it from reaching the Redviidlding on the other side. ISC-
ST, the local model employed in this work, doeshate the capability to model an
obstacle between a source and a receptor. Theepdfect of such a blockage would
be (1) an apparent release height that is higleer titie actual road surface, and (2) a
reduced source strength as experienced by a recaptbe other side.

Typical sound walls are approximately 10 to 16ifh. Elevating 1580 by 6 m
(upper limit of the sound wall height) (Run 12) hedchost no effect on the dry deposition
predictions at Redwood. In fact, it took elevatihg highway by 30 m in a hypothetical
scenario to reduce the average dry depositiondtukedwood by 50% from the base
case value of 8rg/n7’ (the average observed flux was 28wnr). Obviously, the
presence of the sound wall cannot be approximatesintply increasing the release
height of the highway source.

An average concentration profile in the vertida¢ction at the sound wall was
calculated using emissions from the appropriaté@eof 1580. Based on this profile, 75
% of the emitted BPWD could have been blocked b9-& sound wall. Therefore, the
presence of the sound wall was expected to decoeaeentrations by 0% to 75%. The
lower limit corresponded to the case where padidlining into the sound wall were
reflected, but no mass was lost (all material evalht escaped after an infinite number
of bounces). The upper estimate correspondecetoate where all the blocked material
became immobilized on the sound wall. The obsefluedcorresponded to 36% of the
predicted dry deposition at Redwood. Therefore niodel’s inability to model the
sound wall may well have some effects on the mpddbrmance at the Redwood site,
where dry deposition was apparently dominated byndarby highway source.

Overpredictions at the Redwood site would reduce seenario where BPWD
emissions were reduced on highway 1580. The culrase case emissions estimates
were based on the application of a BPWD emissiotofdo VMT on different roads.
Because less braking occurs on the highway thasudace streets (surface streets have
traffic lights and stop signs), it does not seemreasonable to envision a scenario where
the BPWD emission factor (emissions per VMT) is lowe highway than on surface
streets. Using the results of the base case an®Rhe dry deposition fluxes were
estimated in a scenario where highway emissionseaiteced by 50% and surface street
emissions were allocated as in the base case.pf@dctions at the Redwood site was
much reduced without significant effects on thedm#ons at the CVCC, CVE, and
Madison sites (see Figure 13).
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Figure 13. Observed and predicted Cu dry depuositixes in base and reduced
highway emission scenario at CVCC, CVE, Madison, Radwood

4.3.4 Remarks

Another possible reason for the local model to tealhigher-than-observed
gradient of dry deposition fluxes may be relatechte-predictions in the deposition
velocities (Equations 2) from meteorological ingata. If dry deposition velocities were
overpredicted, they could cause large overprodusta dry deposition fluxes (Equation
1) near source, resulting in a too-rapid depletibair concentrations and a subsequent
underprediction of the dry deposition fluxes fartaeay. Possible flaws in the
deposition model formulation, especially the retahamodel ISC-ST3, could not be
investigated here.
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4.4 Best estimate

Except for some variability in the wet depositidunxes that was not represented
by the model predictions, wet deposition fluxegririne base case compared reasonably
well with the monitoring data and no adjustmenthi® simulation was proposed based on
those data.

Some limitations were identified in the modelingdo§ deposition fluxes, but
none of the uncertainties in the input data unaigrsmproved model performance at all
sites. The hypothetical investigations indicateat the dry deposition results from the
local model would improve in a scenario where BP®@fbissions were (1) reduced on
highway 1580, (2) increased on the surface sti@sigecially those located in the lower
watershed), and (3) included in the upper watershed

The base case emissions estimates used in Seatieredased on the application
of a BPWD emission factor to VMT on different road3iscussion with the brake pad
manufacturers indicated that it was not unreasenabéxpect BPWD emissions per
VMT to be lower on highway than on surface streetsell on brake wear data (Phipps
and Peters, 2006). The following conceptual meded used to define several sensitivity
studies. The wheel well provides a temporary kesefor brake wear particles. Brake
wear material enters the reservoir at the brake ve¢e, and is emitted at a different rate.
The base case used in Section 3 represents oeenexivhere the reservoir is large
compared to the volume of the emissions. Emisdiams this reservoir are constant
independent of the driving conditions. Hence,&hsmo difference between emission
factors of brake wear debris on surface roadsigbways. In the other extreme case, the
reservoir is small compared to the brake wear fllilke brake wear rate is equivalent to
the brake emissions rate in this case. Basedutetl data, the maximum difference of
brake wear rates between city driving and highwawirt is a factor of 30, which
represents an upper bound on the difference okbredar debris emission rates per VMT
between surface streets and highways. Sensistityies were conducted to determine
the model response to different emission distrdyusitrategies (Appendix A). For the
best estimate case, brake pad wear debris emisg&son city streets were modeled to
be a factor of 5 higher than the correspondingsratehighways on a per VMT basis
within the Castro Valley Creek model watershed.

Surface emissions were allocated to the panhameéeia upper Castro Valley
Creek subwatershed. For a more realistic scenaremissions were taken into account
from all road surfaces. Revised estimates of tlad isurface as a percentage of total
surface area were provided by URS in April 2006f(ldu et al., 2006). Over the entire
BPP study area, 5% of the total surface was esuiatbe covered by roads (the
original estimate was 3.3%). The percentage ad mmwverage in the Castro Valley Creek
model watershed was revised (from 8%) to 12%. &stimates were used in the final
simulation. Other aspects of the base case fotionlavere retained for the final
simulation.
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A five year simulation was conducted using receptistributed throughout the
Castro Valley Creek model watershed, on both pess/and impervious surfaces, as
designated by the watershed modeler. Wet andefygsition fluxes were estimated on a
daily basis for those receptors.

BPP — Air deposition modeling 32



5. Conclusions

Wet and dry deposition fluxes of Cu from airboBfeWD emissions and
industrial sources were estimated using a regioaalel and a local model. Model
performance for wet deposition fluxes was generatigeptable when compared to the
observations at CVE and CVCC. Wet deposition ffuixethe Castro Valley Creek
subwatershed were predicted to contain both refardhlocal components, with the
regional contribution being more significant thae tocal contribution during most
monitoring periods.

Dry deposition predictions were dominated by fleeeiginating from local
sources. The model performance was less satisyacitne model overpredicted dry
deposition fluxes at the Redwood site, which wasated in close proximity to the major
BPWD source in Castro Valley Creek subwatersheq: d@position fluxes at the mid
and upper watershed sites were underpredicted.gfiugent of the dry deposition fluxes
from low to high watershed depended upon the gnhdiethe source strengths of the
highway vs. area sources. Refinements in the raghwg. surface emission factors
(lower on highways, higher on surface streets para/MT basis) may improve the
estimates of dry deposition fluxes. One surfamsesemission density was used for the
entire Castro Valley Creek subwatershed. Howewverbelieve that the model
performance on dry deposition could be improveattivity-based allocation could be
used for surface streets, e.g., high traffic dgnsiads at the lower watershed should
receive higher area emission rates. Regional waakg could not explain the observed
dry deposition fluxes at the Madison site, but repréing roads within the mountain
ridge development led to improved predictions cormpdo the observed value. The
accuracy of the predicted dry deposition fluxes Waged by the inability of the model
to represent a barrier (sound wall) to the transpoBPWD from 1580 to the nearby
Redwood site and by the lack of detail in the mimgedf surface street emissions.
Uncertainties in the model representation of dnyas$éion were not investigated within
the present scope.

Model predictions were most sensitive to the amofi@u estimated to be
present in BPWD (x 67% in the predicted wet andfliryes). The next most influential
piece of data was the emission rates of BPWD (2&-Bbwet and dry fluxes for
individual periods in response to a 30% changemis&ons).
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MEMORANDUM

TO: Brake Pad Partnership

FROM: Betty Pun

RE: Redistribution of Brake Pad Emissions (revised)
DATE: 6 February 2006

Background

The air deposition base case was conducted usirggiem information that is derived
based on a single emission factor (mg/mi) (Ross2@5a, b). The base case results
indicate the base case simulation was unable tesept the dry deposition gradient that
was observed in ambient measurements (Pun e08b)2 Because of the dominant
effect of local emissions on dry deposition fluxtbe modeling results led us to believe
that the distribution of brake pad emissions betwdghway and local roads can be a
significant source of uncertainties.

Conceptual Model

The distribution of brake pad debris emissions keassited in a teleconference call on
October 14, involving the BPP steering committegijawers of the air deposition
modeling draft report, and consultants. Brake fadufacturers explained that brake
pad wear is likely higher on surface streets coegbéo highways not only because of
higher frequency of braking on surface streets alad because surface street braking
occurs at higher temperature than highway brakinile anecdotal evidence from “Car
Talk” and personal experience also confirm highrake use during local driving
compared to highway driving, quantitative infornoation the distribution of brake use
was sparingly available. Bob Peters suggestedhtbat of test performed at Akebono
may provide some basis to design a sensitivityystadredistributing brake pad
emissions. These tests compared brake pad wearaftity driving compared to that of
highway driving in Detroit. Of the two differemti¢tion materials tested, the ratio of
wear rates is of 5:1 and 30:1. While the variablietween the two materials is



significant, the ambient variability is expectedwmeven larger, because the available
data represent a small sample of the fleet of Wehibraking systems, friction materials,
driving cycles, etc.

While there seems to be an emerging consensubrtilet wear rates are higher on
surface roads than on highways, there is more defsatto how such a difference is
translated to brake wear emissions. In one expariyfibrake wear products are emitted
at a higher rate during braking, but are also @shitiontinuously during driving with no
braking. For example, tests of vehicle brake eimissin a 30 mph test with no braking
had mass and copper emissions {(Pahd PM s) of a factor of only 2 to 5 lower than

city driving tests with many braking events. Timdicates that brake wear collects in the
wheels, and is emitted during driving with no braki(G. Lough, e-mail

communication, 13 December 2005). At this poiotybaver, Dr. Lough does not endorse
use of the experimental data at all. “(Y)ou canTN@ke my factor of 2-5 and apply it,
nor can you apply any other experimental factdner€ are too many unknowns ... To
my knowledge, nobody has those answers applicablkesi-world conditions, so there is
no way to directly apply any factors for ... modegli (G. Lough, e-mail communication,
20 December, 2005). Dr. Lough suggested usingepesition results to infer an
adjustment factor for emissions on surface streethighways, and acknowledged that
“limited experimental evidence indicates that sadactor may be a reasonable
expectation.”

Dr. Lough’s suggested approach may be acceptatiiené is only one source of
uncertain data and an abundance of evaluationsdatathat we can use a portion of the
data for the determination of an input parametenaithhold the rest for model
evaluation. We do not have sufficient measurerdatd for the dual purpose; and it is
critical to use the available data for model eviium so that the model can be applied to
other scenarios beyond the period covered by deposneasurements, including a 5-
year base case to support watershed modeling.e Bnrermany possible courses of action
in the face of limited data. Itis true that werds have a lot of information on the
representativeness of the individual pieces of @latduding the factor of 2-5 from Dr.
Lough’s study, a factor of 3 from a study from NEealand, and factors of 5-30 for
brake pad wear). However, not using the availdbta at all is a luxury we cannot
afford. Our overall approach has been to use a@viaimeasurements data to define an a
priori input value and an uncertainty range, anel sensitivity studies to improve the
modeling results and generate a posteriori inplutega In this case, we feel that the
same approach can be used, provided that the ra qamge is large enough to be
consistent with all available data.

Approach

To incorporate the difference between wear rateesmidsion rates for brake materials,
we use a conceptual model is that includes the Wwheleas a "temporary reservoir" for
brake pad wear debris on the car. Brake wear rabhé&grters the reservoir at the brake
wear rate, and then gets emitted at a differept rdhe base case represents one extreme



where the reservoir large compared to the volumbegtmissions. Emissions from this
reservoir are constant no matter the driving comalst Hence there is no difference
between emission factors of brake wear debris diaseiroads vs. highways. On the
other extreme, we can envision a case where tleeviasis small compared to the brake
wear flux. The brake wear rate is equivalent tolilake emissions rate for this other
extreme case. Based on very limited data on tlee ve¢es, the brake wear rates may be
a factor of 5 to 30 larger on surface streets trahighways.

The model sensitivity test is designed by assumimghange in the total emissions of
brake pad materials within the Castro Valley (C\Wbwatershed (4543 kg/year) and for
each type of vehicles (2945 kg/y for passengerokehi 1221 kg/year for heavy duty
vehicles, and 377 kg/y for medium duty vehicleBpr each type of vehicle, the emission
factors on highways and surface streets were adjsst that the highway emission factor
is a factor of 5 or 30 lower than the surface steegission factor. As a result, total brake
pad emissions on surface streets are higher th&s»8&d in Castro Valley subwatershed,
although the ratio of total emissions is less tadactor of 5 or 30 due to the distribution
of VMT on highways vs. local roads. Table 1 shoesemissions used in the sensitivity
cases.

Table 1. Distribution of brake pad wear emissidgy() in the base and two
sensitivity (factors of 5 and 30) cases .
Vehicle | CV Ccv CV 1580 | CV surface| CV 1580 | CV surface| CV total
type 1580 | surface| (sensitivity; streets | (sensitivity; streets | emissions
(base)| streets| factor = 5) | (sensitivity; | factor = 30)| (sensitivity;
(base) factor = 5) factor = 30)
E)assenger 1877| 1068 766 2179 163 2782 2945
HDV @ 778 443 317 904 68 1153 1221
MDV © 240 137 98 279 21 356 377
All 2895 | 1648 1181 3362 251 4292 4543

(1) base case emission factor for passenger vehgl mg/km. Highway and surface street emission
factors are 3.3 mg/km and 16.3 mg/km, respectivelthe sensitivity case where surface-to-highway
emissions are adjusted by a factor of 5. Highway surface street emission factors are 0.7 mg/kain an
20.8 mg/km, respectively, in the sensitivity cadeere surface-to-highway emissions are adjusted by a
factor of 30.
(2) base case emission factor for heavy duty vesid 33 mg/km. Highway and surface street ennissio
factors are 13.4 mg/km and 67.3 mg/km, respectjvelthe sensitivity case where surface-to-highway
emissions are adjusted by a factor of 5. Highway surface street emission factors are 2.9 mg/ksn an
85.9 mg/km, respectively, in the sensitivity casdere surface-to-highway emissions are adjusted by a
factor of 30.
(3) base case emission factor for medium duty Vehis 12 mg/km. Highway and surface street emissi
factors are 4.9 mg/km and 24.5 mg/km, respectivelihe sensitivity case where surface-to-highway
emissions are adjusted by a factor of 5. Highway surface street emission factors are 1.0 mg/kan an
31.2 mg/km, respectively, in the sensitivity cadeere surface-to-highway emissions are adjusted by a
factor of 30.



Results

Wet deposition does not change significantly duthéoredistribution of local emissions
between highways and surface streets. At the Ghvhmanity center (CVCC), the
average wet deposition flux during 7 wet deposisampling periods increased from
1.77 to 1.91 (factor of 5) and 2.03 (factor of &@¥rogram/mi, compared to the observed
average flux of 2.15 microgramfmAt CV Elementary (CVE), the average flux
decreased from 2.44 to 2.35 micrografimboth sensitivity cases, compared to an
observed flux of 2.28 microgrammThese results are shown in Figure 1, where the
error bars in the modeled values reflect the stahdacertainty estimated based on the
dominant source of uncertainties due to the coppetent of particles (67%).

Effects on dry deposition is more significant, ewn in Figure 2, where the error bars
on the modeling results represent the dominantrteiogy due to copper content. (Note
that the uncertainty is systematic in the sensgeittttae parameter value is increased, all
measurement results will increase, and vice verdaiipg a factor of 5 to redistribute
brake pad emissions from highway I-580 to surfaess significantly reduce the
overpredictions at the Redwood site, which is ledah close proximity to the highway.
Increasing the surface emissions on surface staésmigeduces the underpredictions at
the mid watershed sites of CVE and CVCC. Finallye to the surface emissions being
distributed throughout the watershed, includingupper watershed, the dry deposition
flux increases at Madison in the sensitivity ca@e.the base case, local emissions are
not represented in the “pan handle area” in theupatershed due to a much lower
density of roads in the upper watershed.)

Further increasing the difference (factor of 30men surface street emissions and
highway emissions of brake wear amplifies the clarggen in the factor-of-5 sensitivity
case. The reduced emissions on [-580 result madl sinderprediction of dry deposition
fluxes at the Redwood site. Dry deposition flusethe mid watershed sites, CVE and
CVCC are somewhat overpredicted. The overprediatdVadison, the upper watershed
site, becomes more significant.
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Figure 1. Observed and predicted wet depositiaxesf in the base case and sensitivity
cases where brake pad emissions are redistribeteebn the freeway and surface
streets. (Observed values are corrected for ainedaas in the copper recoveries in
analyses of the standard reference material; bena for the mean observed values
represent the best estimates of standard err¢ihe imeans due to random errors in the
observations.)
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Figure 2. Observed and predicted dry depositioxe in the base case and sensitivity
cases where brake pad emissions are redistriblogefieteway and surface streets.
(Observed values are corrected for a negativeibitdee copper recoveries in analyses of
the standard reference material; error bars reptéise best estimates of standard errors
in the means due to random errors in the obsenajio



Conclusions

We recommend using higher factors for brake padgsions for surface streets compared
to highways in the final base case modeling ruactérs of 5 and 30 difference in the
emission factors was tested here as sensitivitgscaBoth seem to produce results that
are more consistent with the observations tham#ése case. In the absence of a
comprehensive set of data, this approach mightigeahe best estimate for the purpose
of completing the air deposition modeling for BRPtIsat watershed and bay modeling
may proceed. We recommend using a factor of Juserthe distribution results in
reasonable values at the near-highway site andvaiershed sites, and only a small
overprediction at the upper watershed site, althdhg overprediction at the upper
watershed site may in part be attributed to oveneded emission rates in this area with
lower road density.

The sensitivity simulation also reveals the impacgof accurate spatial distribution of
emissions when modeling deposition (and concentigfiat a fine resolution. The
redistribution of emissions between highways anthse streets represents an
improvement over using a single emission factobfath types of roads, and seems to be
a reasonable expectation based on limited expetahewvidence.
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