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Preface

Thiscontinuation of the development of the Regional Watershed Spreaddiieeels (RWSMyas
completed with funding provided e Regional Monitoring Program for Water Quality in San
Francisco Bay (RMP). This repothé&fourth on this project and wilbe succeeded by a final report and
model publication sometime in later 2008 2017 This report provides a short update to ifaate

review of model development.
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Exective Summary

The Regional Watershed Spreadsheet Model (RWSdeigionalscale planning tool
developed primarily testimate longterm average annual loads from the small tributaries
surrounding San Francisco Bayd secondarilyo provide supporting iformation for
prioritizing watersheds or areas within watersheds for management actidms RWSM has
been in development since 2010 previous years, obstacles to calibrating the PCB and Hg
models includedsisues associated with GIS datalerlying theModel, a simplistic model
structure and parameterizatigriack of availablempiricaldata forcalibratingconcentrations
associated wittspecific land uses and source areasithe high uncertainty with thempirical
calibration datasetThe modeling efirt in Year2014 and2015 (Year 4 and 5 of the model
development)focused on improving thenodelcalibrationto attempt to resolvethese issues
The major changes includswitchingfrom a sedimentbased model to a watelbased model,
elimination of doublecounting of source areas on top of general land uses, changes in the
modelcalibrationapproach, and changes to the land use grouping.

The PCB and Hgodels were calibratedfeer makingthese modifications, anche calibration
results were evaluated ugjna twoestep method: (1) examining the calibrated PCB and Hg
concentrations for eackand usegroup; and (2) comparing the modeled and observed
concentrations and loads for the calibration watershetise assessment of the calibration
results indicates thisthe PCB modedalibration appeargmproved overprevious modelsnd
reasonable enough to move da the next step of estimatingegionalloads,while the Hg
model calibration remains uncertaas the model overestimates concentrations in cleaner
areas b fails to capture the high concentrations in the most polluted watersheds

The regional PCBadsestimated from the Model appear to beconsistent with previously
reported estimateswhileHg load appear lower than the previous estimates and neetl¢o
interpreted within the context of dess satisfactorynodel calibration Althoughthe similarity
between the modeled PCB loads and the TMDL estimate should not be used as a success
indicator andthere is stillroom for improvement in the calibration, theCBmodel that ha
emerged from efforts during 2014 and 2015 nreow be ready to be used for planning
purposes.
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1. Introduction

The San Francisco BRggional Water Quality Control BogSFBRWQQBas identified a

number of Pollutants of Concein San Franoi® Bayincludingmercury(Hg)and

polychlorinated bipheng(PCB). To help addresmformation needsfor these POCand

providea coordinated approacfor stormwater programs and the RM®& monitor and model

POC loads to the Bagt Small Tributaries Loadi Strategy (STLS) was developed that outlined
four key management questions about loadings and a general plan to address these questions
(SFEI, 2009). These questions were developed to be consistent with Provision t8.ersif
Municipal Regional Stmwater Permit (MRP) for MS4 phase | stormwater agendd&e 1.8,
SFBRWQCB, 2009; 2qufpdate))

MQ1. Which Bay tributaries (including stormwater conveyances) contribute most to Bay
impairment from POCx

MQ2. What are the annual loads or concentrationfisPOCs from tributaries to the Bay

MQ3. What are the decadadcale loading or concentration trends of POCs from small
tributaries to the Ba¥

MQ4. What are the projected impacts of management actions (including control measures)
on tributaries and whre should these management actions be implemented to have the
greatest beneficial impa@t

To helpdeterminethe magnitude ofegionatscale loads foPOCss well ago support the
SaldAYlFGA2y 2F NBIA2YyLf €21 Ra MdyollulaktSof F dzi dzZNBE T 2
Ay (i S NBStrétegyralled KoShe development of &Regional Watershed Spreadsheet Model

(RWSM2 NJ (i K S ). the RRSB/fwés envisionedaaegionalscaleplanning toolprimarily

to estimate average annudbads from the small tribtaries, but secondarilyto provide

supporting information for prioritimgwatersheds osub-watershed areas for managemeniA
spreadsheet modelas chosen primarily becaugtaés easy to construct and use ategional

scale The RWSM is structured withree standaloneempiricalmodels: hydrology model,

sediment model, and pollutant models. The hydrology model uses runoff coefficients based on

land usesoitslope combinations to estimate annualnoff from a watershed and caserve as

the basis folanypollutant model(Figure 1) The sediment model uses a furoetiof geology,

slope andand-use to simulatesuspended sedimentransportin landscapevhile adjusing for

watershed storage factorShe pollutanty 2 RSt Aa SaaSydAl ff &albeda 02y 0!
driven by either the hydrologmodel (for pollutant concentrations iwater, Figure ) or the
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Runoff X
coefficient

Rainfall | X Land area

Event Mean
Concentration

Runoff volume | X

Figure 1General sucture of a hydrologybased polltant model.

sediment model (for pollutant concentrations on fine sediment partiele®article ratiosfor
specific land use or source areas). The choice of modeling appsyaaliutant-specific and
dependson whether a pollutant is maly sedimentassociated and the type of concentration
data that isavailable.

Startingin 2010, a multiyeareffort was undertaken to systematically develop and calibrate the
Model. The development procedsas beerdocumented through threg@reviousprogress

reports (Lent and McKee, 2011; Lent et al., 2(MI2Kee et al., 20)4Themodel development
plan was tacstructure the pollutant mocels of the RWSMwith the option of being able to use
either a hydrologymodelor suspendedsediment(SSmodelas the basisThe modeling plan

also included linkages to other efforts Bay Area Stormwater Management Agencies
Assaiation(BASMAAand the RMPStudies to improvésIS data about the sources of PCBs and
Hg in the urban landscape of the Bay Area and to characterize stormwater concentrations
during wet weatheprovided input data for the Mod€ISFEI, 200%cKee et al.2012;McKee

et al., 2013; Gilbreath et al., 201MicKee et al, 201 review; McKee et al., 2016 in revipw
Functionally, the PCB and Hg models relate physical characteristics in each wattoshed (

suspended sediment production, land uses, and sewareas) to the average annual PCB or Hg
loads at a watershed scale. The outputs of the PCB and Hg models are the Event Mean
Goncentrations (EMC) or patrticle ratios for specific land use and source area groups that can be

! Particle ratios = pollutant concentration in water (ng/L) / suspended sediment concentration (mg/L) equivalent to
mg/kg.
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used to estimate the pollutant kds for unmonitored watersheds and for the region as a whole.
Issues associated withe accuracy and specificity of ti@&S datan relation to PCB and Hg
source areaghe simplisticmodel structure angparameterizationannual time stepland-use
basedstructure) the lack of availabl&MCand particle ratio datdor PCB and Hg fapecific

land uses and source areas, as well as the high uncertaitttythe calibration dataset and
representdivenessof the calibrationwatershedsmade it difficult in the pastto achievea
reasonablecalibrationfor all three modelsThe PCB antigmodelcalibrationwas further
complicated by the issues associated with 8@nodel, includngan unstable model

calibration This report documents how manof these challengehave beertargelyresolved.

In light of thesechallenges,lite modeling effort in Year4 ands (2014 and 2015yasfocused
onimprovingthe calibration othe PCBandHgmodek. This Progress Report details the
improvemens made on GIS data, model stiture, and calibration approachandpresents
modelcalibration resultandupdatedregionalload estimatesAlthoughthere are still sme
calibration challenges, the models that have emerged from efforts during 2014 and 2015
producemore reasonable resut(especially for PCBNhd maybe ready for planning level
applications The findingsF N2 Y (i K A & arg@lfSturésepsforSrfprodei&ntare
summarizedat the end of thigorogresseport.

2. Methodological Improvements

2.1. Quality Checking antmprovementof GlSData
The GIS layefsr land use and source arsarethe basis othe PCB antHgmodels andthe
quality of these GIS layers is critical to ensure the models are structured properly and calibrated
reasonablyThe term land use (LU) was used toatédse the set of standard urban lange
categoriescommorly usedfor urban planningzoningand scientific investigationsndustrial,
commercial, residential, agriculture, open spaaed transportation(Park et al., 2009 he
term source area (SA) wassed to refer to specific locations where PCB or Hg may have been
transported, used, or spdd, potentially leaving a legacy of contaminated equipment and/or
higher concentrations in soils amilor near surface water. Source areas can and often do cut
across land use boundaries (for example railway lines) and one SA type can be embedded in all
land use classes (e.glectrical transmission facilitiedjlowever the predictive value of SA
mapping is inherently limited by high variability in sfjgecificmechanisms of actual release
and digpersal of pollutantsparticularly for PCB$he present components of the SA category
(seeTable 1below) are based on general correlation of known uses or activities with PCB
occurrence and do not account for severajor source categories includingCBemediation
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siteswith cleanup targets above those now of interest for TMDL purpaiegal dumping, and
past releases of P@®ntaining caulks, sealants or other building materials.

During 2014 and 2015h¢ improvanent of GIS data was focused on determining the degree of
inconsistencies in generalUcategories across theegion Thegeneral LWataset(ABAG 2006
used in the2013 version of the RWSM was compared to the recently publislagidnal Land
Cover Databas(NLCD2011) (Homer et al., 20idbrheckfor significant differencein urban

land uses. In general, urbatys ilNLCD2014re consistent withthe ABAG2005 dataset(<4%
absolute difference). Some discrepancies (>10%) were noted but were associdteaten@énd
use subgroups we chose for coalescing the more than 200 categories within the ABAG
database into the six basic land use categories (industrial, commercial, residential, agriculture,
open space, and transportation). Based on this anglytisedata that were used to support the
2013 RWSM updateere deemed appropriate andontinued to be useds the basis fo2015
RWSMupdate

2.2. Changes itModel Sructure
PCBand Hg Mvdels canconceptually be based on either water concentrations (ng/L) or particl
based concentrations (mg/kgMcKee et al., 2014). Initially (in 2011 a priori decisionwas
madeon either basis before running early versions of the model; ratheintent was to use
the Model to explore and justify the basis. However, thiéial preferencewas to use sediment
as the basis for the PGIBd Hg Mvdelsin watersheds or landscape components that have
higher sedinent production rates such agyicultural and open space areas. This was seen as a
means for preserving the variability of lhgant supply associated with the erosion of clean
sediments in the model structur&ince the Model calibration procedures require a reasonable
range of concentrations or particle ratio data for each parameter as a starting point,
considerable effort wataken to generate this information, butedpitetheseeffort,
information onconcentrations in flowing stormwater in relation to land uses or source areas
remained sparseTherefore, even though the sediment model calibration was unstable, the
decision wa madecontinueto base the PCB and mercury models on sediment and use particle
ratios as the calibration parameters

However, upon a more thorough examination, it became clear that the unstable nature of the
sediment Model and the elevated SS loads dduced were the main reason why the PCB and
Hg Models failed to calibrat@herefore the useof the hydrological Mdel as the basis for the

PCB andHg Modelswas explored in 2015The models were then calibrated to water
concentrations instead of particlatios. Where initially there had been concerns about the lack
of enough water based concentration data in land usesonrrce areas to support the water

based Models, lessons learned during the trials with the sediment Model were used to develop
the constraints for each parameter in the water based Models.
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Tablel. Land use and source area categorssed in model development.

RWSMyear 5progress report

land area in the land area in the 22 Iarl?]:r;; n
2013 data structure 22 calibration 2015 optionl calibration 2015 option2 L
calibration
watersheds watersheds
watersheds
Null 0.42% Null 0.42% Null 0.42%
Agriculture 2.2% Open 40% Open 40%
Industrial 2.5% Agriculture 2.2% Agriculture 2.2%
Land | Commercial 8.4% New Residential 7.1% New Residential 7.1%
USes | Transportation 13% New Commercial 1.8% New Commercial 1.7%
Residential 33% Land | New Industrial 1.7% Land New Industrial 1.6%
an
Open 40% USeS | New Transportation 2.4% uses | New Transportation 2.3%
100% Old Industrial 1.3% Old Industrial 0.91%
Cement Old Residential 26% Old Residential 26%
Crematoria Old Commercial 6.3% Old Commercial 6.2%
ElectricPower Overlay "double Old Transportation 10% Old Transportation 10%
ElectricTransf Foud”t'”g" with 100% All source areasombined 1.7%
. n
Highways ang use Cement 100%
categorieso :
ManufMetals facilitate varia_ble Crematoria Overlay "double
Military mass production ElectricPower counting" with land
OilRefineries in relation to land ElectricTransf usecategories to
Source K use context. For . facilitate variable
OldUrbanAndIindustrial . Highways o
areas example, a rall 9 Y mass production in
RecycAuto line that crosses ManufMetals relation to land use
RecycDrums through differing | Source | Military context. For < Noédoubl
RecycMetals land uses would | - areas | RecycAuto example, a rail line | ©0Urcé 0 t‘?“, €
have a mique that crosses through| 23S counting.
RecycWaste unit area mass RecycDrums differing land uses
Streets production for RecycMetals would have a unique
TranspAir eachland use. RecycWaste unit area mass
TranspRail Streets productionsfor each
) ) land use.
TranspShip TranspAir
TranspRail
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2.3. Improvements to the ModelCalibrationApproach
A weakness in theriginal model structures was the output of single estimates of calibration
coefficients and singles estimates for regional loads causing the need to use best professional
judgment to estimate potential model uncertaintyh@ calibration approach for 20Ifodeling
wasimprovedto provide a model structure that generates an estimate of uncertainty during
the process of model calibratioinstead of calibrating th®odel to a single average median
concentration the Model code was rewritten taalibrate toarandomly selected calibration
point drawn from thedistribution of observed datat each calibration siteThegoalof this
approachwas to provideconfiderceintervals forthe calibrated concentrationandresulting
loads estimates to quantifthe uncertainty associated withhe data and thecalibration
process Thedetailedcalibrationprocedure wa as follovs:

1) Construct a distribution of thebserveddata for each calibration watershed. The4og
normal distribution was deemedppropriatebased on datanalysis and théypical
pattern of stormwater data

2) Randomly generate observed data poibesed on the distributionone for each
calibration watershed

3) Calibrate theModelfor each watershegimultaneously irthe samemanner previously
appliedusing he Box method (optimization process), and saveNtalel parameters
when the calibratioris deemed completed

4) Repeat the process (steg-3) for a number of iterations (currently set as 100) and save
the Model parameters for each iteration.

5) Establish thaistribution of model parameters from the 100 points that wegneduced
by all iterations.

Based on the recommendation from our advisors (Stenstrom and Mangarella, personal
communication, October, 2015), tibth percentile median and 73h percentile ofcalibrated
concentrationsvere thenused to estimatea range oPCB andHgloads forthe whole region

2.4, Land Use and Source Area Grouping
In addition tothe new calibration approach, considerable effort was also spent on exploring
how to groupLUs andSAsin the models to best describe PCB aigbbserved in Bay Area
stormwater runoff In the 2013 modelthe bestsixcategorymodel structure was proposed for
PCB andhe best fivecategorymodel forHgafter a series of trialsf different grouping options
(McKee et al., 2013). However, questions remainetbaghether these model structuewere
reasonable oif the groupswere well represented in the calibration watershediswas
recognized that the selection of one group over another had a large influenc¢he resulting
regional loads as well as the relative load estimates between waterskeder, the model
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estimates based on the previogsoupsresulted in very high yields in certain watersheds for
GKAOK aidl(1SK2f RSNEQ | ywaodiRenidtefresilty.2 6t SRIS RAR Y

During the completion of the 2013 model development, one of the emerging concerns was the
potential for excessive double counting. During the early phases of model development (Lent

and McKee, 2011), it wakecidedthat a limitedamount of double counting would be beneficial
allowing, for example, a SA such as a railway line to have unigue coeffassitpasses

through multipke LU types. As such, the 20h®del structure was purposely designed to

compile estimates of load pemit area for each LU and SAdaadd those together (therefore

leading to a doubleounting of load wherever there was a SA given that the LU coverage was
complete for the region). Howeveas the model development and testing evolved, it was

discovered thathe overlapping of SAs (for example, older industrial, railway lines, electrical
facilities, and waste recycleré)l & Ayl ROSNI Syt é& Ol dzaAay3 +y SEOS
O2dzyUAy 3¢ 2F LRttdzilyd t2FRa Ay OSNdmtialyy 1 &SN
beyond the simplistic nature of the model structure and parameterizatiomddition, the

stakeholders, in parallel, had been working on a multiple linear regression appwa@chnP,

2014; CCCWP, 2014; SMCWPPP, 2014; SCVURPPta2@igppored a land use grouping

that was slightly different from the choices in the 2013 model (McKee et al. 2013). Therefore,

SPLWG reviewers recommended that a new set of categories should be explored to be more
inclusive of the SAs and more aligned with the taligings chosen by the stakeholders.

Two optionswere exploredduring2014 and 2015 to address concerns over ldred use and

source area groupingadto improve model calibrationl) treat the SAs the same way as with

the previous modks anddouble coun their loads except remove Old Industrial and Old Urban

Fa aSLINXYaGS {!'a YR AyaildSIR AYLNRO®S GKS [! RS
urban land use categorieand 2) remove double counting altogether by lumping all source

areas as a sepamiand categorgnd integrating iinto the LU coverage

To support the exploration of these options, tdS definitios of the main LU categoriesere
revised. Tie SA categories of Old Urban and Old Indusasadefined in the previous model

were elimnhatedto reduce double countin@All uwrban LUs (Residential, Commercial, Industrial,
and Transportation) were split into Nevand Old; (breaking at 1968 for Industrial and 1974 for
other three LUs) to makit easier and more flexible fgrouping them dung the calibration
process To explore Option 2, all source areas (now excluding Old Industrial and Old Urban)
were lumped together and burned into the general LU layer such that Source Area became a
new general LU and each Source Area was identifiedasn8ource Area and maintained no
other general LU category.

The model calibration results using Option 2 were more desirable than Option 1 (Appendix) and
thereforethe Option 2 groupingvasselectedto construct the model. This option has the
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following adrantages: alSAsareincluded withinthe model calibratiorthus avoiding the trap of
selective inclusion or exclusion of SAs, Hreltotal area of therevisedLU groups adds up to

the total area for each watershed (Taldle Adding this @rce Area groupa four-category

model wasconstructedfor both PCB and Hg, with three land use groups as defined and shown
in Table2.

3. CalibrationResults

After making the improvements described in the previous section, the Model was calibrated for
PCB and Hg. Tlalibration results were evaluated using a tst@p method: (1) examinindné
calibrated PCB and Hg concentrations for each group armb(@parng themodeled and

observed concentrationandloadsfor the calibration watersheds. For the first step, a figsi
evaluation was made if the values for each LU matahedonceptual understanding of unit

load productionbased on the PCB and Hg contaminant profiles (McKee and Lent, 2011). If this
first criterion was met, the modeled concentrations were compareibss all the calibration
watersheds to determine how closely the modeled concentrations matched the observed data.
Also, he measured loadsom a fewer number of watersheds {ivatersheds for PCB ard
watersheds for Hg) (McKee et al., 2008re comparel to both modeled loads and estimated
loads to further verify model performance. The mode(ed simulatedjoads were calculated

by multiplying the calibrated concentrations with modeled runaefhile the estimated loads

were calculated by multiplyintipe calibrated concentrationsith measured runoffComparing
these two loads helped identify whether the mismatch for each watershed was due to the
modeled concentrations or the modeled flow.

The calibration for the PCB model appears to be reasonable bastt dwo-step evaluation

process. The PCB model calibration results (Table 3)kvar&d & SMER L y>R dEa2{f NA2I gt S R

0KS {! 3INEP dzyIR2 5 &5 & KCBINDIFNISVS 6  dINE INE G413 deNBE  H

C

3 Sy S Matchirigdur conceptual understading ofdzy A i f 2 R LINE R dz§ RA 2128 ST MR
CKS Y2RSOEGROSFHWIZBA 2yWa 2 OSNI-BA YHIE GG SI®er 2F A QSN

watershedsandunder-simulation of thedirtiest watersheds Figure 3. This pattern is

2y araiByiNE@EA Dzt A 6 NI ({Mckey et al.[12013)dkflécts the inherent
limitations of a regional, onsizefit-all model With the calibration dataset exhibiting variation
as high as two orders of magnitude, the calibration that was aitoedinimize the sm of
errors between simulated and observed data at all stations was bound tesaverate some
and undersimulate othersigure 3.

The measured, simulated, and estimated PCB loads for the subset of calibration watersheds
where load measurements are alable are shown in Figure 4. The simulated loads match the
measured data well at four of the watersheds, including the highly polluted Sunnyvale East
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RWSM

Table2. Land useategorygroupingsfor the PCB and Hgadels

year 5 progress report

Land use or source arg

»aPCB Model LU Grou

Land use or source are

aHg Model LU Groug

LU Old Industrial

Old Industrial

LU New Industrial
LU Old Residential

Old urban / new

LU New Commercial
LU New Transportation

LU Old Commercial industrial
LU Old Transportation

LU Agriculture

LU Open

LU New Residential Clean

SA manufMetals
SA recycAuto

SA recycMetals
SA recycWaste
SA recycDrums
Marine repair scrap yar
SA electricPower
SA electricTransf
SA transpRail

SA transpAir

SA military

All Source Areas

LU Old Industrial
LU New Industrial

Industrial

LU Old Residential

LU Old Commercial
LU Old Transportation

Old urban

LU Agriculture

LU Open

LU New Residential
LU New Commercial
LU New Transportation

Clean

SA manufMetals

SA recycAuto

SA recycMetals

SA recycWaste

SA recycDrums

Marine repair scrap yard
SA electricPower

SA electricTransf

SA transpRail

SA transpAir

SA military
SA crematoria
SA cement

All Source Areas

SA Refinery and petrochg
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Table 3Low, median and high ogentrationsestimated bythe calibratedPCB modeNote,
the model calibration process tended towards the lower boundary for the clean (0.5 ng/L) and
allSA group (50 ng/L).

(L . 25th percentile | Median 75th percentile
Land use or source arga  Grouping

(ng/L) (ng/L) (ng/L)
Old Industrial Old Industrial 50.0 98.0 312.4
Old Commercial
Old Transportation old urban 147 245 41.4
Old Residential
New Industrial
New Commercial
Agriculture
New Residential Clean 0.5 05 0.5
New Transportation
Open
All Source Areas combined allSA 50.0 50.0 65.8

g
: ]
é
-

Figure 2 Boxplot showing the range simulatedPCBconcentrations for eactand use group in
the calibrated ModelThe box is bounded by #band75th quartilesof the calibrated
concentrations The upperand lowerwhisker extend from the hinge to 1.5 * IQR of the hinge,
where IQR is the distance between 25th and 75th quartidega beyond the end of the
whiskers are outliers and plotted as points
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Figure 3Simulatedand observed mean PCB concentrations/aterat calibration watersheds
Ghoé¢ I 20aSNBSR Knyt&theddg scHlé on theaiid). Notef theie SeRess
watersheds included ifigure 4doelow becauseneasured loadare availablen just a small
subset of watersheds.
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Figure 4Measured simulated,and estimatedPCHoadsin water at calibration watersheds
(note the log scale on the-gxis) Note, there are less watersheds included in this figure
compared toFigure 3above becauseneasured loadare availablen just a small subset of

watersheds.
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Channel and the cleaner watersheds of Walnut Creek, in addition to San Leandro creek, and
Guadalupe Riveat SJ Airport. Fdrower Coyote Creednd Guadalupe River above Almaden,

the simulated loads vary more greatly from the measured loads, yet the simulated loads are
very similar to the estimated loads, suggesting that the runoff simulation is reasonable for

these watersheds and the discrepancy between measured and simulated loads is largely due to
the calibrated PCB concentrationd he largest discrepancy between measured and simulated
loads was for North Richmond Pump Station where the model-prextictedPCB load by

~200%. Further investigatioa neededon both model results and measured loads to better
understand the load results.

In comparison, the calibration of the Hg model appears less satisfactory. The calibration results
show a relatively even digbution of Hg concentrations among LU and SA groups, with the
highest from the clean LU group ¢agen-new urban) and the lowest from the combined SA
group (Figure 5, Table 4). This relatively even distribution of concentrations generally matches
our corceptual understanding of the diffuse nature of Hg sources in the landscape and the
influence of atmospheric deposition. The simulated Hg mean concentrations tended toward the
middle range of the observed data (Figure 6), resultingver-predictionof 15 watersheds and
under-predictionof the threedirtiest watershedgsignificantly so for the most polluted
watershed,Zone5LineNL While the simulated mean concentrations for all the watersheds

were relatively equal, around 100 ng/L, the observed mean cdanatons showed a small

slope in the first 18 watersheds from 14 ng/L up to approximately 100 ng/L, and then a sharp
increase in the final three watersheds. This again highlights the limited ability of a regional
model to explain the large variations ingimonitoring data, especially at extremities, but it

also suggests that the calibration for the Hg model is not yet complete or satisfactory. There is
clearly something unique about thi#one5LineMlataset that neither the model nor our

anecdotal knowledgef the watershed can explain; further investigation into the potential Hg
sources within the watershed should be made and given the impact on the model calibration,
resampling the watershed could be considered to verify these high concentrations.

TheHgload comparisoror individual watershedshows aroverallreasonable match between
the simulated loadand measured loads at the majority of the watersheds but with clear
discrepanciebetween measured andimulatedloadsat three watershedgEast Sunnyval
Channel, San Leandro Ck and Zone 4 Line A; Figdneerlargest discrepancy wias East
Sunnyvale Channelhere the model ovepredictedHgloads by~ 13% But since the
estimated loads matches the simulated loads wélk (only difference between #se estimates

% Other outcomes are possible too. For example, for some shts the difference between concentration and
load results can be explained by flow. If a watershed is calibrated poorly for concentration but shows a better
estimates load, this tends to indicate a likely cganulation of runoff.
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Hg concentration (ngiL)

A

Figure 5 Boxplotshowing the range of Hgpncentrations for each land use group in the
calibratedmodel. The box is bounded by 25th and 75th quartiles of the calibrated
concentrations. The upper and lower whisker extend from the hinge%c IQR of the hinge,
where IQR is the distance between 25th and 75th quartiles. Data beyond the end of the
whiskers are outliers and plotted as points.

Table4. Low, median and higboncentrations estimated by the calibrated higpdel Note, the
modelcalibration process tended towards the lower boundary (7 ng/L) for the industrial
parameter.

. 25th percentile| Median |75th percentile

Land use or source arga  Grouping

(na/L) (ng/L) (ng/L)
New Industrial Industrial 7.0 7.0 110.2
Old Industrial
Old Residential
Old Commercial Old urban 62.2 73.3 86.2
Old Transportation
Open
Agriculture
New Residential Clean 52.1 83.8 134.6
New Commercial
New Transportation
All Source Areas combined| allSA 7.0 32.6 88.1
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is the flow volumg, suggesting that the calibrated Hg concentrations may be biased high for

the watershed. For North Richmond Pump Station BathasPump StationSouth the

estimated loads are significantly higher than both simulated and measured loads, indicating the
flow volume issignificantly underestimatednd Hgconcentrations aréoo high?. Revisiting the
Hydrology Model and recalibrating using th®nitoring data that has been collected since the

last Hydrology Model calibration may be warranted based on these findiwmgstionally, these
loads results needufther investigationin the context of uncertainty in both the calibrated

model and measum data.

In summary, the PQBodelcalibration appearseasonableenough to move onto the next step
of estimating loadsbut theHg modekalibration remains uncertain. Therefore the regional Hg
loads described in next section shobleinterpreted with this caveat

4. Pollutant Load Estimatesnd Discussion

Total Maximum Daily Load reports (TMDLs) (SFBRWQCB, 2006; 2007) call for the development
of improved information about PCB and Hg sources and loads and a reduction of stormwater
PCB loads from 20 kg 20kg by 2030 and Hg loads from 160 kg to 80 kg by 2028 with an interim
milestone of 120 kg by 2018. These needs were reflected in the first Municipal Regional
Stormwater Permit (MRP) for MS4 phase | stormwater agencies (SFBRWQCB, 2009; 2011
(update)). MRR..0, as it came to be known, contained provisions aimed at improving

information on storm water loads (Provision C.8.) and piloting a number of management
techniques to reduce PCB and Hg loading entering the Bay from smaller urbanized tributaries
(Provisons C.11. and C.12.).

Therefore, in relation to provision C.8tex the calibration step, the Model was used to

estimate regional loads of PCB dfd The loads were calculated four different ways. First, the
load of pollutants from the different land egypes was calculated. Second, all the results of the
Model weresummedto calculate the total load for the whole region. Third, the load from
individual watersheds was estimateAnd, finally, the yield or the load normalized by
watershed area was cal@aied for each watershed. Presenting the model results in these four
ways provides usefulemonstration ofinformation for management decisions about

prioritizing watersheds and land use types for load reduction actions and demonstrating
progress toward adbving the goals of the TMDLs.

itis sometima verydifficult to determine the relative sensitivity of the model to estimdttow or land use.

Although there are considerable challenges with the quality of the land use and source area data that are used as
inputs to the model, in this case, it appearsttifiaw volume affected both the PCB and Hg model calibrations. The
seemingly different impacts on each model come largely from the calibrated concentration coefficients. The Hg
model remains more challenged at this time by the choice of parameters anesking calibratedcoefficients.
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4.1. Loads byLand Use Type
The simulatedregionalloads were summed bignd use typdo help understand the relative
contributions of PCB angfigloads from different land use or source area categordghe
regional level57% of PCB loads were contributed by Old urban, 24#eb$A group, 16% by
Old Industrial, and only 2.7% by Clean able2, Figure §. This pattern generally fitour
conceptual model PCBwere primarily used in urban and industrial applications an
atmospheric redistribution iassumed to b@ small component of the PCB environmental
cycle'. Therefore, the majority of loads come from urban agand the Clean LU contributes
the least.However, it isalsopossible that PCB loastimateéd ¥ N2 N 8 U hasd
low. Thismay require further investigation, @iternatively, thenonurban landuse could be
dropped altogether with little impact on theegional loadestimation

In contrast, for mercuryan estimated32% ofthe regional load is coing from Clean LUs, and

the other threeLUgroups together contributed 18%ith the SA group contributing only 0.6%
(Figure 9. The large load from Clean LUs is the result of both a high concentratiefficient

for the Clean LU category)argetotal area for this land use groy@nd finally

disproportionately greater rainfall in the northern third of the region which is also
disproportionately low in urban land useAs discussed in Sectiontl3e current Hg model
calibration is not robust and needigrther verification and the interpretation of the regional

loads needs to take this into account. Unfortunately, the maddibration experience to date
suggests only modest improvement could be expected, unless the proposed improvements in
parameterizatbn® and the increased size of the calibration data set end up having a larger than
expected influence on model performance. With this caveat natieel relative contribution

from each land use or source areantrasts considerablyetweenPCBand Hg, constent with

the expectation of anore ubiquitous dispersion of Hg relative to PCB.

4.2. Regional PCB and Hg Loads
One of the primary objectives of the spreadsheet model was to generate improved estimates of
regional scale loads. Functionally this is donestbyming upthe simulated PCB artdgloads
for each of the individual watersheds the region or for a subegion As discussed above in
Section 2, in contrast to the previous modeling phases (McKee et al., 26&3gdional and
sub-regional loadof PCB and Hg were computed by the model far inedian(best estimate)

* Qoncrete and other constrztion materials recycling is presently being explored by BASMAA agencies as a

possiblelocal atmospheric sourda the areaswhere it is occurring

® Presently, the parameterization of the twpdel is a little weaker than for the PCB model due to a greater focus

2y O2YLX SGAy3  o6SGGESNIt/. OFftAONIGA2YDd ¢KSNBE I NBE AYyRA
overall the lack of a large variation between the parameter coefficiemggests overall parameterization of the Hg

model needs considerable improvement.
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PCB

® Old urban/ New Industrial
B Old Industrial
W Total source areas

B Clean (Ag/Open/New urban)

Figure 8 Relative comribution of mass from eachUgroup in the PCB model

Total mercury

H Old urban
M Industrial
W Total source areas

M Clean (Ag/Open/New urban)

Figure 9 Relative contribution of mass from eacblgroup in theHgmodel.
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25" percentile(low estimatg, and 7% percentile(high estimate) of the calibrated
concentrations (Table 3 and 4).

The new estimate of regional PCB loadsged from11.6kgto 30.1 kg, with abest estimate
(median valugof 16.8kg (Table5)°. This isvery similar tathe estimated regionalloadin the
San Francisco Bay PCB TMDL (20 kg: Water Board j12&08as based on extrapolation of
loading data from Guadalupe River and Coyote Creek to the area of urban landhes&ay
Area. It is also similar to tHE8 or19 kg load(using two slightly differing scaling methods)
recently presented by McKee et al., 2Q{irbreview)

In the case of mrcury,the best estimate (median logdrom the modekimulaion was 95kg,
abouthalfas big as the loadstimatedin the San Francisco Baercury TMDL (160 kg urban;

25 kg nonurban: Water Board2006) butthe high estimateof 170 kgis more consistent with
TDML loadGiven thanterim milestone of 120 kg written into the Hg TMDL 2018 it is
somewhat important to generate a reasonalalgcurate regional loadRecently McKee et al.
2015(in review) presented a new regional estimate of 113ddgurban loads. Thus, although

the new modeled loads are very similar to the other recent regional estimates, the main
contrast is in the relativeroportions of urban to nofurban; the RWH predicts a high

percentage of total loads from nemrban land uses, whereas previous estimates were based on
the assumption that urban areas contributed the majority of Idadsis is yet another

indication tha Hg model needs further examination or that the assumptions underlying our
conceptual model of Hg loads need to be reassessed; again important issues given the need for
clarity around the regional loads estimates fortHgt would be timely in 2018 in ration to

the TMDL interim milestone.

Although overall the similarities in loadings estimates for PCB, and to a lesser degree for Hg, are
generally encouraging, that loads are similar to previous estimates does not provide evidence
that the estimates arearrect. In fact, both the current estimates and the previous estimates

tend to bias towards the central tendency of the data, failing to properly address the
weaknesses of the data and our general lack of knowledge about highly polluted areas: how
many thae are, where they are in the Bay Area, and their pollutbaracteristicsWork is

ongoing to identify more of these areas and further exploration is needed to improve the way

the calibration of the model accounts for the extremes of the calibration dataThese

® Although it is encouraging that the modelgjstting some convergence in a narrow rantfet there is agreement

with loads estimates generated using other methods is naindictation of performance. Improvements are still
possible that will potentially lead to regional loads estimates that are greater than those suggested by the present
model calibration

"This needed to be resolved since it has large implications fdoenefits of treatment
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cautions in mind, the model results are closer to other regional load estimates than any
previous calibration attempts. It appears that the subgtaihchanges that were made in 2014
and 2015 to the GIS layers, model structure, and the calibration procedures have greatly
improved model performance.

Table5. Estimated gb-regional and regional loads (kg) of PCB lHgth RMP Bay segments

Total PCB load (kg) Total mercury load (kg)

Bay segment Watershed area] Low High Best Low High Best
(km2) estimate| estimate| estimate| estimate| estimate| estimate

Central (East) 87 0.62 1.83 0.92 0.51 2.67 1.08
Central (West) 155 0.53 1.26 0.80 1.21 5.10 2.48
Lower South Bay 1,313 2.50 7.01 3.87 7.17 24.81 13.09
San Pablo Bay (Southeast) 174 0.56 211 0.90 1.61 4.60 2.61
San Pablo Bay (Northwest) 1,851 1.81 3.56 2.35 24.22 65.34 39.30
South Bay (East) 1,360 2.25 5.71 3.20 8.40 26.73 | 14.47
South Bay (West) 258 1.07 3.13 1.70 1.14 6.41 2.77
Suisun Bay (East) 621 1.52 3.94 2.15 4.19 14.05 7.30
Suisun Bay (West) 908 0.78 1.53 0.93 7.39 20.11 11.87
Total Regional load 6,726 11.6 30.1 16.8 55.8 169.8 95.0

4.3. Loadsby Watershed
Theregionalloads @an beviewed on a map to illustrattheir spatial distributionFor the sake of
simplicity, thebest estimate of loads(based on the median concentration coefficientsre
usedin subsequentiguresand tables Althoughuncertainty remains fotheseload estimates
due touncertainty with model input data, structur@nd calibration individual watershed loads
are presented to providan overallpicture of load productioracross the region. This overall
pattern canbe further examined based on our conceptual understanding of the regioadl
distributionandlocal krowledgeon individual watershed® verify model performance

As expected, the model simulations predicted that the larger watersheds in the Bay Area
contribute generally larger PCB loaé#gre 10. This was generally true for mercluay well
(Figure 1) althoughsimulatedHgloads were a little more influenced bynoff volume and PCB
loads weremore influenced by urban and industrial land usesséah, thereis another group

of smaller watersheds in the size range between a few sgkidometers up toa fewtensof
square kilometers where the presence of more polluting land a$&s resulted in high
simulatedPCBoads fromindividual watershed<Overall the 25 watersheds with the largest
loads account fod5% of the total regionaPCBoad, while fa mercury,the 25 watersheds that
are estimated to produce the largest loads account4@¥ of the total regional loadr&ble6).
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4.4, Unit Loads (Yields) by Watershed
Watersheds with high areaormalized loadgyields)indicate concentrated sources of
pollutants. Discharges from watersheds with high pollutant yieldy contribute
disproportiorate loads to smalleor semienclosed geas on the Bay margin. &teas where
water circulation and mixingnd water and sediment dispersion may feeluced localized
impacts may be more prevalent. Areas with this typelisproporional impact and their
watersheds have been referred to @sigh leveragé; management actions focused in these
areas may beelativelycosteffective and have a greatehance oimprovingwater quality.

The simulated results from the RWSM indicate that ameemalized load$or PCRyields:

Hg/m2 per yeaj range froml4-32 pgim?in the top 25 simulated watershedBigure 12, while
Hgyields range betweef4-36 ugm? (Figure 13Table7), which are within the range of
reportedvaluesobserved in the Bay Arekor example, PCBeayds from multiple years of
monitoring at Zone 4 Line A amtbrth Richmond Pump Statiare 3.5 pg/m? and 47 ug/m?,
respectively, and yield of §5g/m? have been observed at Pulgas Creek South (McKee et al.,
2015 in review). The model appeared unabletedict the high yieldt Pulgas Creek Pump
StationSouthwhen using the best estimates of calibrated concentrations, in large part due to
the regional model calibration toward the central tendency of the data rather than the
extremes, but also because thgdrology model undesimulates flow in the watershed and
because of limitations in the GIS data set (the lack of source areas identified in Pulgas within the
current GIS data sets meant that the model did not assign mass there). However, when using
the high estimate of calibrated concentrations, the model could produce the PCB yield of 57
ng/m?for this watershed, which compared more closely with the measured loads. This example
highlights the possible need for recalibration of the hydrology model nowrtiae calibration
datasets are available, the importance of improving the GIS datasets to identify source areas
within high leverage watersheds, and the need for monitoring watersheds with those source
areas such that they are included in the calibratadrihe concentration coefficients.

From a management perspective, it is easier to manage and reduce loads when they emanate
from concentrated sources and smaller watershed ardag Model results indicate that PCBs
tend to have concentrated sources whiteercury sources are widespread. For PCligstdp 25
highest yielding watersheds generate k@ of PCBrom just 49.6km?2of area, or 66 of the
simulated annual average PCB load from jus¥bf the regional area. In contrgsihe Model
predicts thatthe top 25 highest yielding Hg watersheds generat® Xfithe simulated annual
average Hg load (or 18.7 kg) from an equal proportiodd1df the regional area (or 684n?)

(Table 7). Comparisons like these are useful for comparing and contrasting loadebetw
differing land use types within a single Model and for exploring the potential for multiple
management benefits across multiple pollutants.
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Table6. Watershedsn the Bay Areavith the 25 largest estimated PCB aftyjloads.

Total Ared PCBs load Total Area| Hg loads
Watershed (km2) (kg) Watershed (km2) g(kg)
MouthofNapaRiver 339 0.84 [MouthofNapaRiver 339 4.6
MallardReservoir 317 0.81 [SuisunSlough 344 4.2
SuisunSlough 344 0.59 [MallardReservoir 317 3.7
GuadalupeRiver 93 0.53 [MouthofSonomaCreek 149 3.1
DonnerCreek 80 0.37 [PetalumaRiver 108 1.9
ColmaCreek 41 0.36 [AlamedaCreek5 141 1.5
WardandZeileCreeks 55 0.31 [UpperSonomaCreek 49 15
LowerCoyoteCreekbelowAndersonDam 106 0.28 [LynchCreek 42 1.41
SanTomas 70 0.26 |AdobeCreekLakeville 36 1.31
EstudilloCanal 29 0.25 [UpperCalabazas 47 1.27
PetalumaRiver 108 0.25 [FaganCreek 74 1.24
HermanSloughandCastroCreek 10 0.25 [LowerCalabazas 49 1.22
CalabazasCreek 53 0.22 [LowerCoyoteCreekbelowAndersonDgm 106 1.20
AC_unk09 14 0.22 [Petaluma 60 1.10
SanFrancisquitoCreek 82 0.21 |[TolayCreek 30 1.08
SanRafaelCreek 31 0.21 [NathansonCreek 36 1.07
OldMillCreek 39 0.20 [LowerSilverThompsonCreek 112 1.05
MartinezCreek4 16 0.19 [SanFrancisquitoCreek 82 1.05
PinelLake 62 0.19 |ArroyoMocho6 97 1.04
KirkerCreek 45 0.18 |HeathCanyon 41 1.04
GraysonCreek 45 0.18 |GalinasCreek 68 0.98
LowerPenitenciaCreek 76 0.18 |PinelLake 62 0.96
GalinasCreek 68 0.18 |YorkCreek 34 0.95
CorteMaderaCreek 24 0.17 [BearCanyon 38 0.94
SunnyvaleWestChannel 19 0.17 [CamerosCreek 38 0.90

® Note, there are 324 watersheds in the model. It is not practical to create an appendixnthades all watersheds

in the model sorted by county that would includeatershed area, annual load, annual yiéd every watershed

for flow, copper, PCB and Hg. Such an appendix wmilkry long and span many pages given the numbers of
watersheds in the model. Such data can be made available upon request but is probably best provided as a GIS
data file given that the watershed names aodations are often not selxplanatory
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Figure 12 The dstribution of PCB yieldafea normalized®CB loadsn watersheds of the Bay
Area estimated from th&@WSMAlthough there are still improvements to be made, the

distribution shown by this map seems generally reasonable.
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Figure 13 The distribution oHgyields (area normalized Hipadg in watersheds of the Bay

Area estimated from th&@WSM The distribution shown by this map does not follow the
conceptual model that urban areas should produce higher yields ahtpgovements could
includeimproving parametrization with a focus on subdividing the land uses and source areas
more carefully in relation to sediment productig¢appears this may mattanore for Hg than

for PCBsand recalibratiorwith some unexplainable outlieis the Hg data setemoved
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