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Purpose

This reportdescribes the methods and calibration of the hydrologic module component.ohth€erm
Vulnerability Assessment and Adaptation Planning for the San Francisco Public Utilities Commission
Water EnterpriseThe hydrologic module of the Vulnerability Assewent is comprised of hydrologic
models spanning three hydrologic regions (i.e., UpcouAtameda(or Eastbay, Peninsulasystem¥and
using two hydrologic modeling methods: the Sacramento Soil Moisture AccountingSS¥E model

and the Precipitation Roff Modular System (PRMS).

All of the modeling components for the three regions have been completed. The input data and the
computational tools (all relevant scripts) needed to run the model havedresferred to SFPUC.

Integration of the hydrologimodels into the Vulnerability Assessment will be straightforward, with
scripts written in R or Python as needed to facilitate translating climate assumptions to inflows into
reservoirs for use in the dependent water system model.

1. Introduction

One ofthe dominant operational drivers of a water system is water availability, which varies in both time
and space, and at multiple temporal scales. Water availability in the San Francisco and Sierra Nevada
region in particular varies significantly within thear, from year to year, and is increasingly expected to
change over the long term as climate changes, yet in uncertain ways. Understanding and representing
ranges of potential future hydrologic conditions is thus a core component to th& &ong/ulnerakdity
Assessment and Adaptation Planning for the San Francisco Public Utilities Commission (SFPUC) Water
Enterprise project (AVulnerability Assessmento).
specifically to map uncertain climatic conditionsoinincertain reservoir inflow conditions and inflow

estimation capabilities.

The SFPUC Regional Water System (RWS) operations are directly impacted by hydrologic processes in
three regions: the Upper Tuolumne Ricoemtwygtershed
Al ameda Creek watershed in the East Bay (AAl ameda
principal subwatersheds comprising each of these three regions are slioguréi-1. To represent

hydrologic processes in each of these contributing subwatersheds for the Vulnerability Assessment, a

suite of hydrologic models was developed for each region. Together, these models comprise th

Hydrology Module of the Vulnerability Assessment, as described in the Detailed Analytical Design and

Work Plan.

For each of these regions, this report summarizes the importance of the region, hydrologic modeling

methods, calibration resultand hydrolo@ drought analysidn the Vulnerability Assessment, the

hydrol ogic models will be used to evaluate the hy
particular 1T to various climate assumptidtns. The
Assessment are discussed last.
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The organization of the hydrology module into three different regions with different hydrologic models is
a matter of convenience and legacy efforts toamfigure the previous Upcountry hydrologic model.
Organizing arand three different regions is convenient in that the model development process can be
divided amongst hydrologists. It also recognizes the unique fgabgraphic characteristics of each
region. The use of different modeling methods (described belowa@$tom earlier preliminary
investigations of modeling options. It was decided to retain and extend the existing model of the
Upcountry regioni(e., PRMS) and develop new models for the Alameda and Peninsula regings
SAC-SMA. Though this regionalaion is worth noting, from a modeling perspective it is of little
practical importance, as all models will be integrated into the hydrologic module when used with the
water system model. The climate inpytseCipitationandtemperatureand model output§nflows to
reservoirs) will be uniform and consistent.
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Figurel-1 Map showing watersheds for the three regions that SFPUC receives waters from.

2. Overview of methods

PrecipitationRunoff Modeling System (PRM$Markstrom, et al., 2015nodels were developed for the
Upcountry region, while Saamento Soil Moisture Accounting (SAEBMA) (NOAA, 2002)models were
developed for the Alameda and Peninsula regions, as described below. Though these modeling tools
differ in their methodological approaches, their overall $tmegcand purpose are similar. Hydrologic
processes are calculated for discrete areas, called Hydrologic Response Units (HRUs), within which
physical characteristics are assumed homogeneous. Inputs to the hydrologic models (i.e., to each HRU)
include meteaslogical conditions (daily precipitation and temperature, and other conditions depending on
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the specific model), land use / land cover information (which may be implicit in a model parameter rather
than explicitly accounted for).

For each model, necessamputs were obtained from historical records as available, with model

calibration used to estimate unknown parameters based on observed runoff. Outputs include several
hydrologic response variables, including surface/subsurface flow, base flow, actudianspration,

and snow water equivalent. Simulated streamflow can then be used directly or aggregated in a range of
systems related processes and decisions (e.g., inflow to reservoirs, input to determining water year type,
etc.).

Calibration of each modies a significant and important part of the hydrologic matéelelopment

process. There are often many unknown parameters in a hydrologic model, which must be estimated
through some systematic approach. Typically, optimization is employed fondklisl @rameter
estimationprocess, as optimization methods, by design, can help identify the best combinations of values
to achieve some performance objective. In each of the models developed, evolutionary algorithms were
used for the calibration process. Wittetevolutionary algorithm approach, initial random sets of

hydrologic parameters are successively improved by identifying which combinations of hydrologic
parameters result in a better performing hydrologic model. Several evolutionary algorithms egfst, whi
differ primarily by their strategy for improving parameter values through successive iterations.

In each calibration process used, the goal is to estimate the parameter values that result in the best match
between observed and simulated runoff at locatwith historical observations. Hydrologic calibration

often uses some combination of various measures of model performance. Other metrics were also used in
the calibration process, but metrics differ between model types.

Though metrics used for calibia targets differed between models, calibration results are described
consistently using NasButcliffe Efficiency (NSE)xnd KlingGupta Efficiency (KGE)which indicats
overall fit,and percent bias, which provides some measure of whether the modeigsradore (positive
bias) or less (negative bias) compared to observatiemgher explanation of calibration metriss
available in appendik.

3. Upcountry Hydrdogic Model

3.1.Introduction
The Tuolumne River and its tributaries provide the water in the Upcountry watersheds in the Sierra
Nevada. Three major reservoirs located in the Upcountry waterst@dsrry, Eleanor and Hetch Hetchy
1 account for most of the stage in the SFPUC systeithe SFPUC is the junior water right holder on
the Tuolumne Riveat Don Pedro Reservoivhile the senior water rights holdesis Don Pedrare the
Modesto and Turlock Irrigation Districts (MID and TID). An agreement with MID aliallowed for
the creation of the Water Bank, a virtual reseruoibon Pedro Reservoirherein the SFPUC can meet
its water rights obligations in advance of inflowshydrologic model of the Upcountry region, partially
built by SFPUC and extended by UMass, will help identify vulnerabilities not only to immediate water
supplies but also to Water Bank operations.
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3.2.Methodblogy

3.2.1. PRMS
ThePrecipitationRunoff Modeling System (PRMS) is a deterministic, distribygathmeter, physical
processhased hydrologic modefFigure3-1) developedind maintained by the U.S. Geological Survey
(USGS). PRMS is developed with modules that are used to simulate various hydrologic processes. A
given process can be represented with several modules, where each module represents an alternative
conceptualizton or approach to simulation of thegecificprocess.

PRMSIV, the version adopted in this study adabreviated as PRMS here, accepts three files as input: a
control file, a parameter file, and a data file. The control file initializes the PRMS impdetivating

necessary modules and contains the absolute paths for the parameter file and the data file. The parameter
file specifies dimensions and parameters required for a PRMS simulatiothé.parameter values for

each HRU) The data file contas the timeseries data used as the input for the madde| precipitation

and temperature time serigSigure3-2 shows the computational sequeneithin PRMS.

Input to the PRMS model includes fixed parameters and time series input data for each HRU. There are
options for more than one hundred parameters in PRMS for each HRU. For the Upcountry PRMS models,
43 parameters were selected as impoftntalibration. Input time series data incluthly precipitation

(P), minimum temperature @h), and maximum temperatures{d). Table3-1 shows area and humber of
HRUsassociated witeach Upcountry subwatershed.

To facilitate running the PRMS models for both model calibration and the many climate scenarios
anticipated for th&/ulnerability Assessment, a wrapper library for PRMS catledsRwas developed

using the R scripting languagprmsRgenerates the necessary input text files (control file and parameter
file), runs PRMS, and parses the generated output files. In adgitosRcan parse control files and
parameter files from previouslyn scenarios, such as those generated previously by SFPUC for the
Hetch Hetchy/CherrEleanor regions. This tool will be critical for batie modelcalibration anda large
number ofPRMS runs with climate change scenaringhe Vulnerability Assessment.
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Figure 3-2. Computational sequence of PRIMarkstrom, et al., 2015)

Table3-1 Upcountry HRUs

Area

Subwatershed (thousand acres # ofHRUs

Hetch Hetchy 290 280
CherryEleanor 126 211
Don Pedro 564 574




3.2.2. Calibration
The PRMS was used to develop three models for the Upcountry region: one for inflows to Hetch Hetchy,
one for combined inflows to the Cherry and Eleanor reservoirs, and a third for the region between Don
Pedro reservoir antthose threeipstream reservoirghe first two of these models (Hetch Hetchy and
CherryEleanor) were developed by SFPUC, while the UMass team developed a new PRMS model for
the Don Pedro sutegion. To have a unified and consistent calibration within the Upcountry region,
UMass referredo the Hetch Hetchy/Chenfgleanor models to calibrate the new Don Pedro model; the
model parameters being calibrated were kept same and some of parameters of the Hetch Hetehy/Cherry
Eleanor PRMS models were adopted by the Don Pedro PRMS (e.g.asdd®H moduleparameters).
The Upcountry subwatersheds are showRigure3-3, as are the HRUs for the Don Pedro subwatershed.

As the Hetch Hetchy and CimgsEleanor PRMS models were developed by SFPUC,

The calibration process entails estimating 43 hydrologic parameters for each HRU in each region. Particle
Swarm Optimization (PSO), a kind of evolutionary algoritfMarini & Walczak 2015) was selected to
perform the calibration for the Don Pedro PRMS, while a Monte Carlo experiments were performed to
find the best performing parameter sets of the Hetch Hetchy/CEraypor PRMS models.

PSO is inspired by the collective belaof social animals such as birds and fish. Particieshis

case, a possible set of hydrologic parameter valaes randomly placed in the search space of the

problem and each evaluates the objective function at its current location. Each particletédrmines

its movement through the search space through the combination of the history of its own current and best
fitness locations with those from the members of the swarm with some randomness. Then the next
iteration begins after all particles (pilsle parameter sets) have been moved. Eventually, all the particles
are likely to move close to an optimum of the fitness fundfiRoii, et al., 2007)The PSO algorithm is

depicted generally ifigure3-4.

In the Upcountry region calibration, the calibration objective (fithess function) for each region is to
minimize Root Mean Squared Error (FI). The calibration process of the Don Pedro madeio
maximizeKling-Gupta Efficiency KGE; Gupta et al., 2009andhas been finalized within an R routine

developed to facilitate the PRMS calibration takkGE can r ange between 1B an

fithess between discharge simulation and observation, while 1 means perfect fithess between modeled and
observed stream flows.
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3.2.3. Climate Data
The PRMS models are driven Qgily maximum and minimurtemperaturend precipitationThe

weatherstationscollected for the wgountry PRMS studgre showrnn Figure3-5, with the blue square
representing th@ temperature stationsid the green triangle representing $harecipitation stationsis
shown in the figure, six stations provide both precipitation and temperature.
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Figure 3-5 Up Country weather stations

TheUpcountryPRMSmodelsuse a subset dfieweather stations selected based on proximity, data
quality, and length of data recor@able3-2 provides a description of thene precipitation stations and
nine temperature stations ugedrivethe Up-country PRMSnodels.

Table3-2 Stations used in PRMS

Station CDEC ID | Precipitation Temperature Duration of Data
Record

Hetch Hetchy HEM Yes Yes 1/1/1930 to present
Buck Meadows BKM Yes Yes 7/19/1999 to present
Tuolumne Meadows TUM Yes Yes 10/15/1985 to present
Cherry Valley Dam CVM Yes Yes 12/25/1952 to present
Moccasin MCN Yes Yes 1/1/1930 to present
Paradise Meadow PDS No Yes 10/1/1985 to present
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Horse Meadow HRS No Yes 10/1/1985 to present
Slide Canyon SLI No Yes 10/1/1985 to present
Pinecrest PCR Yes Yes 7/10/1996 to present
Gianelli Meadow GNL Yes No 5/24/1988 tqpresent
Yosemite YYV Yes No 12/10/1998 to present
Early Intake EIN Yes No 1/1/1930 to present

While not direct inputs to the PRMS models, a total of 22 snow pillow and snow survey locations were
used to calibrate the PRMS snow outpEtgure3-6 shows the geographic locations of the snow
observation points. In addition to the snow pillow and survey dat®RMS snownodule was also
calibrated to the Air bwvideaveragssnavweasddmene r vat or yd s

In the following suksectionsthe use of precipitation and temperature data in the PRMS is described in
more detail.
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Figure 3-6 Snow pillow and survey sites for the Up Country region
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3.2.3.1. Interpolation of Precipitation Station
As the climate station data is often missing from one period to another, the precipitation stations Buck
Meadows (BKM), TuolumneMeadowsTUM), Pinecres{PCR) and GianelliMeadow(GNL) were
createcdby monthly (12)multivariate regressi@using the precipitation stations Hetch Hetchy (HTH),
Cherry Valley (CVM), Moccasin (MCN), Yosemite (YOS), and Early Intake (INTAKE)e
multivariate regression used to estimdaily precipitation at the gagéom available gagesduring the
monthmis given byEquation3-1.

0 o6 Opr 0 0 Qfp h 31

with 0 0 the estimated precipitation at the gader the time step during the montm. 0 0 is the

daily precipitation at the gagefKHTH, CVM, MCN, YOS, INTAKE}. &z and®p are the slopes

and intercepts of the multivariate regression. For the sake of model parsimony, the use of a single model
that could predict precipitation for all months was investigated. However, such a model leads to a
significantly bias in the seasonaltigan of precipitation with substantially lower precipitation during

winter months and larger estimated precipitation during summer months.

Note that application dEquation3-1 leads to two issues that need to be address prior using the
interpolated precipitation time series as input to PRMS model. First, since the slope paramgteen

take negative valuethe predicted daily precipitation can take negatialeles too. For these rare

instances, the negative values are replaced by 0. The second issue is when all predictor Gares0

for the time step, which leadthe predicted precipitatioh © to be equal to the intercepls;; . To

prevent creating artificially precipitation events while all predictors were dry days, the monthly volume of
precipitation falling during days where predictors are all null is redistributed over rainy dalystith

same month. The distribution is not even as days with the large rainfall gets more extra rainfall than days
with only few rainfall.

The regression parameters were calibrated over the period ofl092Othrough 2014.0-01 and

validated over the pird of 196910-01 through 19994.0-01. The calibrated parameters are shown in
appendixA. These parametewgere calibrated for the period of 1990-01 through 2014.0-01 and

while validated for the period of 196B0-01 through 19994.0-01. The estimated precipitations at BKM,
TUM, PCR, and GNL were then checked based on all rain gauge predictors, where no precipitation is
measured the rainfall assigned are set tdlese precipitation volumes were therdistributed to other
precipitation events to preserve msdance.

Figure3-7 andFigure3-8 shows the calibration and validation scatterplot for the monthly multivariate
regression. This methodology was accepted to extend out the stochastic weather generator (CliwxGen)
stations for the Uountry region.
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Figure 3-7. Calibrationscatterplot for the monthly multivariate regression
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Figure 3-8. Validation scatterplot for the monthhultivariate regression
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3.2.3.2. Interpolation of Temperature Station
Temperature interpolation was done by SFPUC for Hetch Hetchy and &iearyor PRMS Hydrology
models. The same input maximum and minimum temperatures were used, but the specific steps done by
SFPUC are available in Appendix

3.2.3.3. Bias Correctionof Temperature Station
Thetemperature dataset was bias corrected ugilagtile mapping with normal distribatis fit for each
month on a daily timeatep. The bias correction was done using maximum and minimum observed
temperature from 19690-01 through 201®9-30 and the input climate tirrgeries from the baseline
maximum and minimum temperature from the clienstress test.

3.3.Don Pedro Hydrology Calibration Results
The Don Pedro PRMS model contairisgarameters that no data was available, therefore they were
calibrated usig particle swarm optimizatiofhe particle swarm optimization function was applieth®
Don Pedro watershegith 150 particles (i.e., 150 parameter sets) improved ovétebtions. The Don
Pedro model contains 76 universal parameters and 53 distributed parameters. Out of the 129 parameters,
a total of ® parameters were calibratddough the particle swarm optimization schefigure3-4).
Below, Table3-3 lists the parametetseingcalibrated.

Table3-3 PRMS parameters calibrated witlapicle swarm optimization

Parameter Distributed Description

Rad_trncf No Transmission coefficient for shemtave radiation through the
winter vegetation canopy

Cecn_coef No Monthly (January t®ecember) convection condensation
energy coefficient

Imperv_stor_max No Maximum impervious area retention storage for each HRU

Pref_flow_den No Fraction of the soil zone in which preferential flow occurs fg
each HRU

Smidx_coef No Coefficient in nodlinear contributing area algorithm for each
HRU

Smidx_exp No Exponent in nodinear contributing area algorithm for each
HRU

Snowinfil_max No Maximum snow infiltration per day for each HRU

Soil_moist_init No Initial value of available water icapillary reservoir for each
HRU
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Soil_moist_max No Maximum available water holding capacity of capillary
reservoir from land surface to rooting depth of the major
vegetation type of each HRU

Soil_rechr_init No Initial storage for soil recharge zone fach HRU

Soil_rechr_max No Maximum storage for soil recharge zone for each HRU

Transp_tmax No Temperature index to determine the specific date of the sta
the transpiration period

Radadj_intcp No Intercepts in air temperature raregjustment to solar radiatio
equation

Radadj_slope No Slope in air temperature range adjustment to dedmge
equation

Jh_coef No Monthly (January to December) air temperature coefficient

K_coef Yes Travel time of flood wave from orsegment to the next

(segments) | downstream segment

X_coef No The amount of attenuation of the flow wave

Carea_max No Maximum possible area contributing to surface runoff
expressed as a portion of the HRU area

Fastcoef _lin No Linear coefficient in equation to roupeeferentialflow storage
down slope for each HRU

Fastcoef_sq No Nortlinear coefficient in equation to route preferential flow
storage down slope for each HRU

Sat_threshold No Water holding capacity of the gravity and preferential flow
reservoirs; difference between field capacity and total soil
saturation for each HRU

Slowcoef lin No Linear coefficient in equation to route gravity reservoir storg
down slope for each HRU

Slowcoef_sq No Non-linear coefficient in equation to route gitgvreservoir
storage down slope for each HRU

Soil2gw_max No Maximum amount of the capillary reservoir excess that is
routed directly to the GWR for each HRU

Ssr2gw_exp No Non-linear coefficient in equation used to route water from {

gravity reservoirso the GWR for each HRU
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Ssr2gw_rate No Linear coefficient in equation used to route water from the
gravity reservoir to the GWR for each HRU

Sstor_init No Initial storage of the gravity and preferentiaiw reservoirs for
each HRU
Gwflow_coef No Linear coefficient in the equation to compute groundwater

discharge for each GWR

Gwsink_coef No Linear coefficient in the equation to compute outflow to the
groundwater sink for each GWR

Gwstor_init No Storage in each GWR at the beginnaig simulation

Because th®on Pedro PRMS moddbmainis affected by upstream dam operatiaeconstructed
naturalized flowhave been deriveas calibration targetsing datdrom the Hetch Hetchy streamflow
gauge, Cherry/Eleanor gauge, and the La Grange streamflow. gauge

YOI OOd QO d An@0h ¢ "QOQEOQ & c# E A KA ATON 6 "QQ

The above natural target streamflow calculation resultsriresegative valuesThe negative streamflow
values were not calculated when factoring in for the performawatac ofthe Kling-Gupta Efficiency.

The calibrated parameter sets return&d=& of 0.70 on amonthly scale The KGEs for other temporal

scales Bpng with other performance metrics (NSE and RMSE) are also provideabla3-4. Error!

Reference source not foundshows the streamflow hydrograph f@rioustemporal scaleas well as

monthly scatterplot and flow duration curve for La Grange gauge, which is a summation of Hetch Hetchy,
CherryEleanor,and Don Pedro hydrology model8Vhen reviewing the daily streamflow plot, the

modelled Don Bdro model is observed to undstimae the peaks of the streamfloWowever, on the

monthly aggregate time step, the modelled peaks line up much better witiured target streamflow

Based on the annual hydrograph compatitfmmoverall calibrated model fitarefair for monthly

streamflow ashe modelnderestimatindor the wet yearandoverestimates during the dry years.

However, the annual fit is not wegood withunderestimation of streamflow oweetterperiodsand the
overestimation for thdrier periods. The scatterplot ierror! Reference source not foundhas a fitted

line which shavs the hydrology models underestimates observed monthly streamflow. The flow duration
curve shows the models underestimates during low flow peridbis hasesulted irrequiringan

additional correction modelvhich was developed and described in detasection3.5.

Table3-4 Performance indices of Don Pedaccretionscalibration

KGE (Target) NSE PercentBias (%)
Daily (Target) 0.65 0.56
2.2
Monthly 0.70 0.70
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Figure 3-9. Daily, Monthly, and Water Year hydrograph, monthly scatterplot, and monthly flow duration curve for
La Grange Streamflow at New Don Pedro Reservoir. Flow Duration Curve hasdkis ¥ logbased scale.

3.4.Definition of Water Available to the City (WAC)
A good reproduction of the unimpaired Tuolumne flow at La Grange is key for theadRW& Modesto
and Turlock Irrigation Districts (MID and TIDgntitlemens and Water Available to the City (WAC)
valuesare defined. The performance of the combined PRM&eahemulations through the mass balance
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equation somewhat averages out the performance obtained for the three calibrated PRMS models. Similar
to its upstream components, the simulated flow at La Grange presents a bias in variance at annual time
scale leading to overestimation of dry years and underestimation of wet years.

TID and MID have senior water rights on the water of the Tuolumne River. WAC represents the water
from the unimpaired flow in the Tuolumne River at La Grange that belongs to SFPUCaKédreARt
specifies how much and when Tuolumne river flows must be available to MID andli$tiic(
entitlements). On any given daye actual itrict entittements consist of the lesseripfl, 792 AF/day
(2,416 cfs) from June tdthrough April 14h or 8,064 AF/day (4,066 cfs) from April #through June
13th (aka: maximum district entitlemengndii) unimpaired flow in the Tuolumne River at La Grange.
The implication is that water available to SFPUC from the Tuolumne River (i.e., WAC) is any
unimpared flow at La Grange (below Don Pedro) that is greaterabfaraldistrict entittements Figure
3-10illustrates the WAC for an extremely wet water year (1983) arekaamely dry water year (1987),
which highlights the large variability of both the unimpaired flow of the Tuolumne River at La Grange
and the WAC. Regarding the calculated WAC from the PRMS simulations, it is noted that the
underestimation of the int@mnual variability of the unimpaired flow at La Grange leads to similar bias
for WAC. An overestimation of the WAC during dry years is a conesihprevens proper

representation of droughts.

WY 1983 WY 1987
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Figure 3-10. Water Available to the City (WAC) for an extreme wet year (left, 1983) and a dry year (right, 1987).
The year 1987 is the first year of the historical drought 19892. The shaded area shows the WAC and the dash
grey lineshows the maximum district entittement. Note that theiy differs for the two subplots.

3.5.Current Precipitation Inde§CP1I)
Given the importance of a good reproduction of the WBRIASS wllaborated withSFPUCto correct
the PRMS simulations across the Upcountry region. A-prastessing model was developed3iPUC
to correct the PRMS daily streamflow. The considered method attends to correct the residual model errors
using meteorological indices. For precipit i on vari abl e, an index call ed
used to account for the basin wetness. For temperature variable, a heat index similar todaglégree
used to account from the basin warmness. Note that the considerguiquestsed corotion isa
parametric method (i.e., it requires some parameters to be calibrated). The calibration of these parameters
was done with the main objective to better reproduce the dry yidecomplete writeup of theost
processing model, including calibi@t and validation, are provided AppendixJ along with the
calibrated parameter sets
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The comparison of the raw PRMS simulations (i.e., prioreotion) with the posprocessed simulations

(i.e., after correction) is shown Trale 3-5 and inFigure3-11 andFigure3-12. The results clearly

indicate a significant improvement of the internual variability of the simulatesireamflow, with

significant improvement of the KGE and NSE scores at annual time scale, especially for Cherry
Reservoir/Lake Eleanor watershed and Don Pedro accretion watershed. It also results in a much better
reproduction of the inteannual variabilityof the annual Tuolumne flow at La Grange and of the WAC.
The flow duration curveRigure3-11and the scatterplot&igure3-12) figures illustrate the significant
improvement of the simulations during the low flow years/months. The downside of the posssed

model is that it worsens the bias across the region. At La Grange, tiaél bias shifted from +3.2%

prior correction t66.8% after correction. Regarding WAC, the reduction of the bias inamtanal

variability (and a significant improvement of the low WAC years) comes with a significant improvement
of the high WAC yearsHigure3-11 andFigure3-12). Tade 3-5 also shows the improvement of the KGE
and NSE scores at all temporal scales, with a major improvement at annual scale, which, however, leads
to a slight increase in the negative bias (fr812% to-8.8%).

Tabe 3-5. PRMS streamflow calibration metrics for the Upcountry region before and after correction.
Performance criteria are estimated over the period 12025.

Raw PRMS simulations (prior correction) Postprocessed PRMS simulations (after correction)
KGE NSE  Percent Bias (%) KGE NSE Percent Bias (%)
Hetch Hetchy Reservoir inflow
Daily 0.85 0.70 0.87 0.74
Monthly 0.92 0.86 3.9 0.92 0.89 -3.8
Water Year 0.76 0.91 0.83 0.91
Cherry Reservoir/Lake Eleanor inflow
Daily 0.78 0.56 0.85 0.73
Monthly 0.91 0.83 3.0 0.90 0.88 7.3
Water Year 0.67 0.86 0.91 0.92
Accretion flow at Don Pedro Reservoir
Daily 0.65 0.56 0.67 0.63
Monthly 0.70 0.70 2.2 0.76 0.77 -20.8
Water Year 0.56 0.78 0.77 0.86
Naturalized Tuolumne flow at La Grange
Daily 0.79 0.68 0.87 0.79
Monthly 0.84 0.83 3.2 0.91 0.90 -6.8
Water Year 0.66 0.86 0.87 0.94
Water Available to the City (WAC)
Daily 0.71 0.56 0.81 0.70
Monthly 0.78 0.75 -8.2 0.88 0.85 -8.8
Water Year 0.61 0.82 0.84 0.93
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Figure 3-11. Flow duration curve for Tuolumne Flow at La Grange, Hetch Hetchy Reservoir inflow, Cherry
Reservoir and Lake Eleanor inflows, accretion flow to Don Pedro Reservoir, and WAC for annual water year and
monthly temporal scaleThe black, blue and red linefiow the flow duration curve for the historic observed flow,
the raw PRMS simulation (i.e., prior correction), and the gosicessed PRMS simulation (i.e., after correction). A
logarithm scale is used for the streamflow to ease visualization of theolwdlars/months.
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Figure 3-12. Scatterplot for Tuolumne Flow at La Grange, Hetch Hetchy Reservoir inflow, Cherry Reservoir and
Lake Eleanor inflows, and accretion flow to Don Pedro Reservoir for annualwaar and monthly temporal
scales. The black line represents the identity line whereas blue and red lines represent the linear regression
between the observed flow and the raw and-postessed PRMS simulations, respectively.

While the posfprocessing model improved the results, additional work needs to be performed to reduce
the bias.The hydrologic model used to simulate the streamflow on the Tuolumne watershed in response
to precipitation and temperature overestimatesrsiteav during dry years. For exampl€able3-6

showsthe flow computed at the Tuolumne River at La Grange is overestimated, and therefore WAC is
also overestimated by abt 482,000 acréeet during the drought sequence 198B2 (observed is

813,000 acrdeet versus simulated is 1,295,000 aieret).

Table3-6. Comparison of observed and simulated WAC over-1982drought using PRMS hydrology models

Water available to the City (acrefeet)
Water Year Observed Simulated Error
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1987 40,439 174,868 134,428

1988 23,521 112,425 88,905
1989 379,305 383,159 3,854
1990 46,632 114,957 68,325
1991 269,733 302,719 32,986
1992 53,525 207,221 153,697
198792 totals 813,155 1,295,349 482,194

3.6.Climate Stress Test

3.6.1. Hydrology
This section presents the results of climate stress test for all Upcountry subwatershed systems using the
weather generator output that reflect a number of scenarios for changes in precipitation and temperature.

As the PRMS modelsequireprecipitation ad temperature datasets inputsthe weather generator for
the Up Country regiogenerated,360climate scenarios using statistical modeling Witfifferent
temperature changes (i.e., temperature increases relative to the baseline rangif@ foorfQ) with an
increment level of IC), 17 different precipitatiorchanges (from40% to +40%, witt5% incremens),
andl0realizations. Therefore, sirgbket of climate stress test reflet86 different climatechange
scenarios

The climate stress test were applied to all three watersltidghs Up Country regiofHetch Hetchy,

Cherry & Eleanor, and Don Pedrayer the period of 2021 throughZDand te response surface was
generated based amnualmean streamflowkigure3-13 shows the response surface for the Hetch

Hetchy, Cherry & Eleanor, and Don Pedro watershwith thedotted linerepresenting thhistorical

baseline of annual flows. In addition, the dots reprediéiesrent GCMprojections of precipitation and
temperature changesderRCP 8.5 The Upcountryannual flowresponse surfaseshowthatannual

flows for Upcountry regions are not significantly sensitive to changes in temperature as demonstrated by
the vertical contour lines in the response surfaces. On the other hand, precipitation changes greatly
influence the changes in annual flowsleé Upcountry watershed systems.
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Figure 3-13. Climate response surface of annual flow at Hetch Hetchy reservoir, Cherry Reservoir/Lake El
Don Pedro accretion, and Tuolumne River at La Grange. THiewolor shows no change in streamflow whil
blue and red shows increase or decrease in annual flow, respectively. The yellow and green dots over th
response surface shows CMIP5 projections under RCP 8.5 for twe&Uong periods: 2040 (2028055) axd

2070 (20562095). Baseline is 198B005.

3.6.2. Water Available to the CityWAC)
The modifications of the Tuolumne River flow at La Grange under changing precipitation and warming
temperature affects the annual values of WAC and its distribution thtbegkearsFigure3-14
illustrates the effects of warming temperature (left) and changing precipitation (right) on the Tuolumne
River flow at La Grangeral WAC. Following the response of the Tuolumne River flow at La Grange,
precipitation change is the main driver of change of annual WAC. For example, a decrease in
precipitation by 20% leads to a reduction of the annual average WAC from roughly 750 @0 TA\F
(i.e., a decrease by roughly 45%), while an increase by 20% precipitation leads to an increase of WAC
from 750 TAF to 1260 TAF (i.e., +68%). At the annual scale, warming temperature slightly reduces the
WAC. For instance, a £& warming decreases the annual average WAC from roughly 750 TAF to 729
TAF (i.e., a decrease bf.8%).Figure3-15 shows the modification of the annwaalerage WAC to
change in both temperature and precipitation. It highlights no significant compound effect on the annual
WAC.
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Figure 3-15. Climate response surface of the annual WAC in respect with change in precipitatigis)(and
temperature (3axis). Seekrror! Reference source not fourchption for details.

It is important to note that behind the rsignificant change in annual WAC that would follow from
warming temperaturd-{gure3-14, left), the WAC is actually expected to decrease for roughly 60% of
the years, and increase for 40% of the ydaigufe3-16). As illustratedrigure3-16, the distribution of
change in annual WAC is left skewed, which means that absolute values of reduction in WAC can get
much larger values than for the increases in WAC.
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Figure 3-16. Empirical Cumulative Distribution Function (ECDF) of change in annual WAC resulting from
warming temperature. Positive values (blue panel) shows years for which WAC increases and negative values (red
panel) shows yas for which WAC decreases. Results are obtained across the 9 stochastic realizations plus the
historical realization.

Figure3-17 illustrates the mofdication of the distribution of annual WAC under changing precipitation

and temperature. Note that changes in all quantiles of the WAC distribution are not same. For instance,
when compared the 20% precipitation reduction scenario (lighFigake3-17 left) with the baseline
precipitation scenario (blackjgure3-17 left), it is noted that the median value (i.e., 50% exceedance
probability) decreases from 600 TAF to 300 TAF, which corresponds to a decrease by 50%. However, the
guantile 10 of the distribiain (i.e., 10% exceedance probability) decreases from 100 TAF to 40 TAF,

which corresponds to a decrease by 6Bigure3-17 (left) also shows that undbaseline climate

conditions, roughly 25% of the years have a WAC values lower than 269 TAF while a reduction in
precipitation by 20% increases this number to almost 45%, which also explains the significant increase in
frequency of droughts.

Thedistribution of annual WAC obtained from the 510 realizations under warming conditions almost
lines up with the one obtained under baseline conditiigsie3-17, right). Despite the lack of
significant change in annual WAC, the lower percentiles of the distribution (i.e., lower timuslightly
increasesKigure3-17, right), which likely explains the reduction is drought frequency (i.e., increase in
return period).
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Figure 3-17. Effect of precipitation (left) and temperature (right) changes ondik&ibution of annual WAC.
Annual WAC values are based on water yeéda| ues are shown across the 06st oc
composed by 509 stochastic realization plus the historical realization.

Figure3-18 shows the simulated hydrograph for six selected water years obtained from the realization 10
under baseline climate and +7°C warmiAg.extreme warming was congred in this figure for

illustration only.It highlights that both increase and decrease in annual WAC can happened during
normal, dry andvet WAC years. It also shows that change in WAC roughly follows from three
mechanisms:

1 The spring runoff volume tesdo be smaller with warmer temperatures due to a reduced
snowpack. The spring runoff volume tends also to spread over longer period. Both effect tends to
reduce WAC during spring season.

9 Spring runoff arrive earlier in the year because above freezingtatupes are seen earlier in the
year. Given the higher maximum district entitlement from April 15th through June 13th, either a
reduction or an increase in WAC is possible during spring / summer seasons.

1 The winter floods tend to be more frequent and Veiter magnitude because more precipitation
fall as rain in winter, leading to an increase in WAC during this period.

All these mechanisms combine in a Amear fashion and lead to either an increase or decrease in annual
WAC. The change in WAC distrilbion within years illustrated witby exampleyeassin Figure3-18is
summarized ifFigure3-19 andFigure3-20. Both figures show scatterplots for each calendar month
between monthly WAC values obtained for the current climate (i.e., no change in precipitation and
temperature) and +8 or +7C warming,respectively. These figures show that winter months will likely
get larger WAC values as temperature increase while summer months will see a significant reduction in
WAC. As an example, under the extremé@GWwarming, August months are likely to have MIAC,

while WAC during July months will be close to null value too.
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Figure 3-18. lllustration of the effect of temperatuchange in the temporality and cumuli of WARe example
presented in this figure are all from the realization R10. Black color show the Tuolumne River flow at La Grange
under historical climate while the red color shows the results obtained for an extranméng of +7C. Black and

red shaded areas shows the WAC. Left and right columns show years for which WAC either decreases or decreases
with a +7°C warming, respectively. The first, second and third row illustrate years for which the annual WAC is
closet o the average across the 10 realization (4750 TAF),
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Change in WAC (AT=+3C)
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Figure 3-19. Change in monthly distribution of WAC resulting from a warming bB3C+3he panels show for each

calendar morit the scatter plot between monthly WAC obtained under baseline clirates)>and+3°C warming
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WAC either increases or decreases, retipely. Results shown are obtained across the 10 realizations, meaning
that each scatterplot shows 500 data points (50 years x 10 realizations)
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Change in WAC (AT=+7C)
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Figure 3-20. Same a&igure 3-19 but for a temperature scenario of ¥@
In summaryprecipitation change has an effect on the mean annual WAC volume.

1 By 2040, the median pjections of +2°C warming combined with 0% change in mean annual
precipitation results in no significant change in mean annual WAC volume but WAC would
decrease in 60% of the years and in 20% of them, the decrease would be more than 30 TAF.

1 By 2040, mosprojections and elicitations of precipitation change fall betwB&nand +5%
which would correspond to a change in mean annual WAC between a decrease of 110 TAF and
an increase of 120 TAF. Also, most projections and elicitations of warming are betw€en +1°
and +4°C. At +4°C, WAC would decrease by more than 50 TAF in 20% of the years.

T WAC would decrease from May through August and would increase in the other months.

1 By 2070 RCP8.5, the median projections of about +4°C combined with 0% change in mean
annualprecipitation results in a 2.5% decrease in mean annual WAC volume. Most projections
and elicitations of precipitation change are betwéd®36 and +15% resulting in change in mean
annual WAC volume between a decrease of 40% and an increase of 45%prdjtations and
elicitations of warming range between +3°C and +6°C. At +6°C, WAC would decrease by more
than 80 TAF in 20% of the years.

Note that the PRMS hydrologic model used to simulate the streamflow on the Tuolumne watershed in
response to preciptian and temperature overestimasg®amflow during dry years. For example, the

flow computed at the Tuolumne River at La Grange (foot note: the location where flow is allocated

between the Districts and San Francisco) is overestimated, and thereféte Sam c i sco6s al | oc a:
overestimated by about 482,000 afeet during the drought sequence 198B2 (observed is 813,000

acrefeet versus simulated is 1,295,000 daferet). This volume of water is significant and is about equal

to the volume ofationing that was required by customers during theysat period, and so overstating

the RWS water supply reliability.
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3.7.NCAR vs CliWxGen
The section provides a summary of the task of comparing synthetic sequences of daily climate generated
by NCAR-WG andCliwxGen. Although both NCAR and CliwxGen generators produced new sequences
of daily precipitation and daily maximum and minimum temperature across the Upcountry region, the
comparison described in this section focuses on the precipitation variabl&lemlyomparison is carried
out using simulated precipitation at nine stations spread over the Upcountry region. Precipitation time
series at these nine locations are required inputs to PRMS, the hydrology model used for the LTVA to
simulate streamflow acreghe region The nine considered precipitation stations are Hetch Hetchy
Reservoir, Buck Meadows, Tuolumn Meadows, Cherry Valley Dam, Moccasin, Pinecrest, Yosemite,
Gianlelli and Early Intake). Prior to comparing the NCAR and CliwWxGen weather generator outputs, it is
worth highlighting few differences between these two tools.

As described in more details in the previous sections, CliwxGen is a stochastic weather generator that
combines a wavelet autoregressive model with the method of fragment andgekt neighlye (Knn)

approach. As such, CliwWxGen is only driven by the low frequency components that are identified from

the historical observed rainfall. In this study, only one significant low frequency component was
identified (a15 vye ar stedfdailepyecigtationytime. seri€sl fdr ahily fveoutos i mu | a
the nine stations that are used in PRMS model. Precipitation time series at the four missing locations are
obtained via interpolation from the five available stations;ssedon3.2.3.1for more details regarding

the interpolation). Nine 59ear long stochastic realizations of daily precipitation are used for the
comparisonThesenine stochastic realizatiotsiilt by CliwxGen are deemed consistent with the

historical period used, which is the period 1284 1.

The NCAR weather generator is a Agarametric stochastic weather generator that combines a Markov
Chain Model (MCM) with the Knn approach. MCM is ugedtreate daily stochastic sequences of dry,

wet and very wet days over arbitrary long sequences (in this cageaBlbng periods). Knn is used to
randomly select a date from the historic record that satisfies the sequence statel(grgry-to-wet,
dry-to-very we, etc) that has been simulated with MCM. To account for seasonal effects, candidate days
are sampled within a moving window that is centered on the current Julian day. For each selected dates,
precipitation, maximum and minimum temperatare sampled at once to keep consistency among the
weather variables. For future periods, i) a similar temperature trend as observed in the GCM projections is
added to the synthetically generated temperature time series; ii) the magnitude of extremexstési ¢or
account for the change in extreme precipitation between historic and future periods, as seen in the GCM
projections. Four different GCMs are used to condition the NCAR weather generator (CCSM, CESM,
GFDL, MPI). Up to 30 stochastic realizationsrevgenerated for each GCidrcing. The dataset used to

build NCAR weather generator is the dataset that SPUC uses as input data to their PRMS models for
Upcountry. This dataset spans from 1969 to 2015. More details regarding the NCAR weather generator
aregiven in the Technical Report: Climate Change Storylines (NCAR, 2018).

Figure3-21 shows the results of the comparison of the simulated annual precipiatained from the

NCAR weather generator (boxplot) and CliwxGen (colored symbols). Although the comparison is meant
to be carried out under current climate conditions, simulated future periods are shown fo\VNEARS
compared to the historical meahtibe Upcountry annual precipitation (i.e., roughly 950 mm; 37.4 in), all
nine CliwxGen realizations well reproduced the historical average. The historic realization (brown square
symbol) is from five available gauges for which available rainfall datarsdlie period used by
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CliwxGen (i.e., 1956011) plus precipitation at the missing four gauges were obtained via interpolation
(seeSection3.2.3.]). The black squarghows the annual average from historic observed ground stations

that are used in PRMS. Each NCARG produces a range of mean statistics that varies from2@B1

through 20412070. It is observed CCSM, CESM, and GFDIn f or med r eal i zaftomons 6 m
19812010 to 20112040 before increasing for 20£2070. Historical (1982010) CCSM, CESM, GFDL,

and MPtinformed realizations centered closely on the historical mean (based on the median) and captures

the range of the nine stochastic climate retibna. However, CESM tends to produce lower annual total
precipitation than the historical (one realization of CESM goes as low as about 800 mm).
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Figure 3-21. Comparison of the simulated annaslerage precipitation across the Upcountry region (average of 9

stations). Results from the NCARG are shown using boxplots. Each color shows a different GCM used to
conditions the NCARVG. Each boxplot summarizes the distribution across the 30 stochesiations. Results

are shown for the baseline period (19801Q | abel)an twd futdr& pdriods (202040and 2041207Q
respectively | ab}p Resuts obtaireed fiolm eaemstbochasicQehlxdiion (9 total) simulated via
CliwxGen are shown with colored square symbols. CliwxGen realizations are meant to represent t8811956

period (to ease the reading, results are repeated for each period). Note that a random noise was addeaixis the x

of the square to ease reading of tigufe. The historical realization is shown in brown color and the black squares

show the annual average calculated using PRMS inputs {2016). In the context of this comparison, the latter is
considered being the 06t r bydadhmodaelvaryhough the time peri od:

Figure3-22illustrates the comparison results between NSAR and CliWxGen in regards with

variability of the precipitation variael Variability at both annual and monthly scales is analyzed. Results
show that simulations from NCAR/G tend to overestimate the variability of the annual precipitation. It
is noted for instance that the variability of the historical annual precipit@diiack squargin Figure3-22,

left) is below the lower integquartile of the annual precipitation distribution across the ensemble of 30
realizations ér each forcing GCM. The nine stochastic realizations from CliWxGen are closer to the
historical value. Some sliglitoverestimate while some slightly underestimate the-enta@ual variability
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of the historical precipitation. As an ensemble, the nineéhaSi realizations represent correctly the
inter-annual variability of the annual historical precipitation across the Upcountry region.

The results of the comparison for the monthly temporal scale is significantly different than the one
discussed for thannual scale. It is noted that simulations from NGAR significantly overestimate the
variability of the monthly precipitation across the region. On the other hand, the stochastic realizations
from CIliWxGen underestimate the precipitation variability anthly scale. Note that the historical
realization (brown) is close to the historic precipitation. A similar results is obtained a daily temporal
scale, although not shown in this report.
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Figure 3-22. Comparison of the standard deviation of the simulated precipitation across the Upcountry region
(average of 9 stations). Left: annual temporal scale. Right: monthly temporal scal€igsee 3-21 for more
caption details.
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4. East Bay region

4.1.Hydro-meteorological context

Three subwatersheds of thAlameda Creek watershéBigure 4-1) have been modeled for the need of
the long term vulnerability assessmeot the Hetch Hetchy Regional Water System (HHRW8je
Arroyo Hondowatershed77.1 mf), the Upper Alameda CreekatershedakaAlameda Creek Diversion
Dam watershedor ACDD; 33.3 mf), and San Antoniavatershed37 mi?). Flows from each of thee
catchmerg are collected, at least partiafiyr ACDD, by SFPUC owned facilitieshe Calaveraseservoir
for Arroyo Hondo,the AlamedaCreek diversiordam for ACDD watershed (which diverts water to the
Calaveras Reservoindthe San Antoniareservoir for the San Antonio watershébbte that the Arroyo
Hondo watershed outlet, which is the USGS gage 11173200, is located upstreamvibiea€edservoir.

N

Haywyard
‘ Pleasanton Livermore

San Antonioreservoir

\ San Antonio
Fremont by : / watershed

) o
Calaveras reservoir -, Alameda Creek Diversion Dam watershed (ACDD)

Milpit o

Arroyo Hondo watershed

Alum Rock - RS

Santa Clara San Jose
Campbell
Saratoga
Los Gato Souwrces: Esri, HERE, Delorme, Intermap, incement P Corp.,

GEBCO, USGS, FAO, NFS, NRCAN, GeoBaseyIGN, Kadaster
NL, Ordnance Survey, Esri Japan, METI, Esri China {Hong Kong)

0 25 5 10 15 20 : Swiss topo, Mapmyindia, ® OpenStreetMap contributors, and the

T e ——Vliles GIS User Commanity

Figure 4-1. Alameda hydrologic region subwatersheds. Subwatershed outlets are shown as black dots.

Despite the relatively smadize of the East Bay ram, precipitation vay considerablywithin the region

due toa sharmradient inelevation(ranging from few dozen of feabove sea levéb nearly4,400 feetat

the top of theMont Hamilton) Rainfall regime is strongly seasonalth most of therainfall events
occurringduring theFall and Winter seasonsfollowed by a pretty consistembeteorologicaldrought
extending from latépril throughSeptembe(Figure4-2). In addition, precipitatin during fall and winter
months highlight strong inteannual variability. For instanc&jgure4-2 illustrates that observed rainfall
during winter months (i.e., Decdrar, January, February) at Calaveras and Sunol stations range from null
values to more than 25@m (.e., 9.8 inches), while the interquartile sgainom +/- 50m from the
monthly mean.
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Figure 4-2. Rainfall climatology(195610-014 2011-09-30) at Calaveras(left) and Suno(right) rain gages Bold
black curves show the average monthly rainfaim) The gray areas show the deviation between the quantiles 75
and 25 of thenonthly rainfall. Dash black curves show the minimum and maximum monthly rainfall for the period.

Given the significant rainfall variability above described streams aredry during the summer drought
period while flash floodsoccur frequently during winter months due to convective storms passing through
the region and hitting the elevation ranges of the hasin

Figure 4-3 illustrates the hydrological regimes observed across the three waterahddse significant
inter-annual variability(cf. the difference betweesmwetyear(i.e., water year 1998) and a drgar (i.e.,
water year 2007) Note that aow pack dynamic has no influence in the region.
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4.2.SACramento Soil Moisture Accounting model (SARMA)
For each of the three sutmtershed# the East Bayegion,a distributedversion of theSacamento Soil
Moisture Accounting (SAGSMA mode| Anderson and McDonnell, 2005)odelwas builtto generate
inflows at their outlet The SAC-SMA modelis a weltknown conceptual hydrology model tHaas been
used for flood forecasting by the National Weather Service. dftenconsideredo benchmarkmodel
performance such as for the CAMELS project in Unit&dates €.9., Newman et al. 2015). While a
distributed ersion of SAGSMA is used to model the considered East Bay catchments, the performance
of the lumped SAGSMA when compared to other hydrologic models across the United States is deemed
average (Brunner et al. 2020; Kratzert et al. 20B@wever,Brunner ¢ al. (2020) show that SASMA
simulated peak flow are strongly related to precipitation, which, given the flashy feature of the
considered catchments, makes SBKA suitable for modeling the hydrology in East Bay region. In
addition, he couplingbetweenSAC-SMA and the Lohmann et al. (1978yer routing model makes
SAC-SMA fully distributed and suitable for the topographic and climatic heterogeotetitye region We
use the acronym SASMA-DS to refer to the distributed version of this coupled modeaddition to
the Lohmann river routing model, SAESMA-DS consists ofmodules representingoil moisture
accounting, evapotranspiration andoff routing through a Nasitascadeunit hydrograph, depicted in
Figure 4-4. Potential evapotranspiration (PET) the SACGSMA-DS method iscalculated using the
Hamon method, which uses daily mean temperature and daylight hours to determine daily PET. For river
channel routing, the linearizeBaintVenant Equation is used. Appendix A includes further details,
including equations and references.
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Figure 4-4. Schematic of the distributed Sacramento Soil Moisture Attmumodel (SAGMADS). Note that the
Snow17 module (Anderson, 2006) is turrefi as snowpack dynamic has no influence in East Bay region.
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4.3.Meteorological forcing

4.3.1. Precipitation
Given the significant gradient in elevation within the East Bay regionrdinéall is expected to vary
significantly throughspace, although the rain gages with long records are sparse through the catchment,
and thusare not likely catching thigariablity. Three rain gagewith long temporal recordsave been
identifiedthroughthe construction of the stochastic weather generator CliWxBRG (TR, 2018; they
are Calaveras, Sunol and Mont Hamilton rain gagesassess whether the spatalverage from the
three rain gages is enough to represent the rainfall variability across the considered catchments, the high
resolution (-4 k) PRISM gridded datasetas used(http://prism.oregonstate.ejuilhe result of this
analysis is illustrated iRigure4-5.
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Figure 4-5. Monthly long term average of the PRISM precipiat (19812015). Monthly precipitation are
indicated in mm (color bar). Each dot represents the monthly precipitation obtainedP®BISM grid cell within
the simulated watershedPRISM spatial resolution is nearly 4knThe location of the three rain gas with long
term records that aresed bythe weather generator CliwxGen are indicated with green symbols.
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http://prism.oregonstate.edu/

Figure4-5 illustrates thdong-term monthly precipitation cumuli dkn¥ resolution from PRISM dataset.

Only the PRISM grid cells within the considered catchments are illustrated. Two main results can be
drawn out of this figure. First, the variability of the precipitation is $igamt across the region, as
expected given the gradient in elevation. The precipitation varialilitugh spaces especially
important during the raining season (i.e, during fall and winter months). For instance, precipitation across
the San Antonio ervoir appear to be significantly lower than the one across the Arroyo Hondo and
ACDD catchments. The variability within the Arroyo Hondo and ACDD catchments is also important,
with high elevation (i.e., where the Mont Hamilton rain gage is) receiving mater than the lower part

of the Arroyo Hondo catchment or even the upper region of the ACDD catchment. The second result one
can draw out of the figure is that the three available rain gages, illustrated with green syriimlsein

4-5, do not capture well the observed variability within PRISM dataset.

When reliablegage tservations are available, theye commonly deemedmore trustful than any
interpolationbased gdded datasesuch as PRISMHowever, it seems important to account for the
spatial distribution of the rainfall across thegion, which, given the available stations, is not possible
For doing so, the observation at the gages were used to estimptedipitation at the PRISM grid cell
level by mean ofa scalingfactor that accounts for thdifference inlong-term average between the
PRISM grid cell where the ragageis, andthe PRISM grid cellwhere one want to estimate the rainfall

. . . .D0YOYé o . 4-1

0 0O U 03————Nh
L YOYo o
with 0 O the estimatedprecipitation for the dayp at the PRISM grid cellQ O the precipitation
measured at the ga@®eing the closest to theRIISM grid cel'Q('ould beany of the available rain
gag9. The Euclidian distance using the latitude and longitude coordinate is used to find the closest station
and/or grid celt. 0 'Y'O'Yd 0 and0 'Y'O'Y& 0 arethe longterm average (i.e., 19812015)

precipitation obtained from PRISM for the grid céandQandfor the current montlx . Note that the

grid cell'Qis the PRISM grid celthat in whichthe gagéQis located The use of the ratio between the
PRISM precipitationat the gage location and at the grid cell where the precipitation is estimated is
justified by the pretty good representation of the lgagm precipitation at the gage by th&IBM

dataset, as illustrated Figure 4-6. Only the precipitation during the wetter months at Mont Hamilton
seems slightly overestimated by PRISM. For the Calaveras and Sunol gages, the match is very good for
all months.

1 As discussed further down in the section, the rain gage at Mont Hamilton was disregarded. As st8NWASAC
DS models for Arroyo Hondo and ACDD swatersheds only used Calaveras rain gage. For San Antonio sub
watershed, 4 out of 12 PRISM grid cells wassigned with Sunol rain gage, while the remaining 8 grid cells were
assigned with Calaveras rain gage.
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Figure 4-6. Comparisons between long term average monthly precipitation atraachageand PRISM
precipitation.Each dots represent one month.

Note that during the revision of the LTVA and hydrology repatiscussion with SFPUC personnel leads

to disregard the Mont Hamilton station for two reasons. First, as illustratéidune 4-7, a significant

trend in annual prepitation is observed at Mont Hamilton station. This trend is questionable because no
trend is observed at Calaveras and Sunol gages. Second, the presence of such trend is hot compatible with
the CliwWxGen stochastic weather generator that, by constructiquires stationary rainfall time series.
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Figure 4-7. Annual precipitation observed at Calaveras (red), Sunol (green) and Month Hamilton (blue) gages.
Annual values are given in mm. Colored dashves show linear trend obtained for each station.

4.3.2. Temperature
A comparison between the available temperature statioross the region and the Livneh et al. (2013)
gridded dataset (aka CONUS) has been carried out during the development of the CliioxGastis
generator. It has been found that CONUS dataset represents well enough the temperature across the
region. Following this development and findings, it has been decided in agreement with SFPUC
personnel to use CONUS temperature gridded dataseipasto SAGSMA-DS model. More details
regarding this comparison is availaleSection 2.1 of the Weather Generator repdRG TR1 2018§.
The temperature from the CONUS grid elevation is adjusted to the PRISM grid elevation using a
temperature lapse egl to 6.2C /km.
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4.4.Model calibration across the tlereonsidered East Bay catchments
This section presents the results of the calibration/validation of-SM&-DS model at the outlet of
Arroyo Hondo, ACDD and San Antonio swatersheds.The calibration ofSAC-SMA-DS model
parameters was carried out using the Genetic Algorithm descri®ggpendixE. The objective function
for the calibration is the Kthig-Gupta Efficiency (KGE; Gupta et al. 2008ptained from the daily
simulated and observed runoff time seri€ge calibration and validation periodgownin Table 4-1
have been chosen givénthe availably of the observed/reconstructed dischaageisii) the goal of
keeping dry conditions during the validation period to check whether the calibrated racieeterare
able tocorrectly represent dry yeardote that the most recent drought between fall 2011 and fall 2015
could not be included in the calibration/validation of any model because the temperature forcing dataset
ends in 2011.

Arroyo Hondo modelvas calibrated over the most recent period (i.e., from 1995/10/01 to 2011/09/30)
and validated across an older period (i.e., from 1969/10/01 to 1982/0Bti@0yalidation period includes

the 19761977 drought, which provides a good tbet to validat the Arroyo Hondo model during dry
conditions.Note that because no observed discharge is availaletiveen 1982 and 1995, this period
could not be used for calibration/validation. The time period for which observed/reconstructed discharge
time series athe outlet of the ACDD and San Antonio swhtersheds is significantly shorter and only
includes the recent period spanning from 1996/10/01 to 2011/09/30. For both catchments, the calibration
was carried out through the period 1996/10/01 to 2006/09/3@jnteahe period 2006/10/01 to
2011/09/30 for validation. This split has the advantage of having the driest year of the available record
(i.e., water year 2007) for validation, which helps ensuring that calibrated models are able to reproduce
dry conditions

Table4-1. Calibration and validation period used for each catchment in East Bay region

Basin name | Area (square Calibration period Validation period Objective Nature of the target
mile) function
Arroyo 77.1 1995/10/01A 1969/10/01A KGE USGS gage number
Hondo 2011/09/30 198209/30 11173200
ACDD 33.3 1996/10/01A 2006/10/01A KGE Reconstructed by
2006/09/30 2011/09/30 SFPUC
San Antonio 37 1996/10/01A 200610/01A KGE Reconstructed by
2006/09/30 2011/09/30 SFPUC

Calibration and validation results are illustrated below using two set of figures and one set of tables.
Figure4-8, Figure4-10 andFigure4-12 summarize the performance for Arroyo Hondo, ACDD &aah

Antonio watersheds, respectively. These figures are collection of four plots; a) the daily observed and
simulated runoff time series obtained during calibration and validation periods; b) the observed and
simulated annual time series during calibratand validation periods; c) a scatter plot of the monthly
simulated versus observed runoff; and d) the flow duration curves of the observed and simulated runoff.
These plots are further used belovilliwstratethe performance of the SAEBMA-DS models athe daily,

monthly and annual time scaldsgure 4-9, Figure4-11 and Figure4-13 are used to illustrate for each

water year the match between the observed and simulated time series for each catchment. Performance
metrics, including the KGE and NS#stimated for both daily and monthly temporal scales, together with
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the percent bias, are given Trable 4-2, Table 4-3 and Table 4-4 for Arroyo Hondo, ACDD and San
Antonio subwatersheds, respectively.

4.4.1. Arroyo Hondo
The performance of the SAEBMA-DS model at the Arroyo Hondo gage is very gobdily NSE and
KGE criteria arehigh (i.e., larger than 69 and larger than 84 respectively) The modelis not biased
with even less than 5% bias obtained for the validation pewés.also note a good performance at
reproducing the dry years during the validation period (i.e., 1972, 1976 and 1977). However, the model
tends to underestimate thegk discharge, which is common for small and flashy basinseHigmporal
resolution (i.e., hourly) could be require to better reproduce peak flows. Owasdld on the various
performance criterizhe model performance is satisficifay the need ofthe LTVA.
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Figure 4-8. Calibration results for the Arroyo Hondo watershed. a) Comparison of the daily observed (black) and
simulated time series during calibration (blue) avalidation (red) period NashSutcliffe (NSE) and Klingupta
(KGE) efficiency and the percent bias (Pbias, %) are given for the calibration, validation and the entire g@riods;
Same as a) but for the annual scale (i.e., water year from 10/01-80)09he data point for the WY XXXX is
located at the date 09/30/XXX¥) Scatter plot showing the monthly simulated vs. observed discharges. Calibration
and validation periods are illustrated in blue and red color respectively. d) Simulated (blue) and ol{btauky
flow duration curve. Here, the simulated flow duration curve include both calibration and validation periods.

Table 4-2. Summary of the SABMADS performance for the Arroyo Hondo swhtershed. Nasutcliffe and
Kling-Gupta efficiencies are given for both daily and monthly temporal scales.

NSE_daily KGE_daily Pbias(%) NSE_monthly KGE_monthly

Full period 0.75 0.87 1.70 0.83 0.87
Calib (199610/01A 2011/ 09/ 30) 0.79 0.89 0.18 0.93 0.96
Valid (1969 10/ 01A 1981/ 09/30) 0.69 0.84 4.10 0.84 0.91
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Figure 4-9. Comparison of the observed (black) and simulated flow at the outlet of Arroyo Hondo catchment. Blue
and red curves are used lighlighted calibration and validation periods. Only November through early May
periods are shown for each water year to increase readability of the figure.

4.4.2. ACDD
Similar to Arroyo Hondo sulwatershed, SAGMA-DS performance is high for the ACDD sub
watershed.Daily NSE and KGE are respectively larger than 0.78 an@ B both calibration and
validation periods. The percent bias is low for calibration and the enteriods(0.86% and 3.85%
respectively) but it is larger for the validation period (iX3,4%6). This rather large biaduring the
validation periodseems to result from the water year 2@E@ure 4-11), which couldfollow from an
overestimation of the precipitation during this year. Howesiecethe driest year (i.e., WY2007) is well
reproduced, the model is expected to represent suitfigigvell the streamflow conditions during dry
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years.Given the calibration and validation results, the model at ACDD is deemed satisfying for the need
of the LTVA.
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Figure 4-10. Same ag&igure 4-8 but for ACDD subwatershed.

Table 4-3. Summary of the SABMADS performance for the ACDD suimatershed.NashSutcliffe and Kling
Gupta efficiencies are given for both daily and monthly temporal scales.

NSE_daily KGE_daily Pbias(%) NSE_monthly KGE_monthly

Full period 0.80 0.89 3.85 0.95 0.90
Calib (1996/10/03, 2006/09/30) 0.81 0.90 0.86 0.95 0.92
Valid (2006/10/0%-A 2011/09/30) 0.78 0.82 13.40 0.91 0.80
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Figure 4-11. Comparison of the observed (black) and simulated flow at the outlet of ACDD catchment. Blue and red
curves are used toighlighted calibration and validation periods. Only November through early May periods are
shown for each water year to increase readability of the figure.

4.4.3. San Antonio
Similar to the Arroyo Hondo and ACDD suwimtersheds, SAGMA-DS modelperformance is very

good with daily NSE and KGE larger than 0.8 anddd& both calibration and validation periods.
Overall bias is low with, however, a slightly larger value obtained for the validation period Zi44),

which, similarly to ACDD, sems to mostly result from the water year 2010. The performance during the
dry water year 2007 is also very good, giving confidence that the model represents correctly the dry years.
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Figure 4-12. Same ag&igure 4-8 but for San Antonio sutvatershed.

Table4-4. Summary of the SABMADS performance for the San Antonio suétersted. NashSutcliffe and Kling
Gupta efficiencies are given for both daily and monthly temporal scales.

NSE_daily KGE_daily Pbias(%) NSE_monthly KGE_monthly

Full period 0.82 0.90 4.55 0.96 0.92
Calib (199610/01A 2006 09/ 30) 0.83 0.91 211 0.96 0.93
Valid (200610/01A 2012/ 09/ 30) 0.80 0.84 12.40 0.93 0.86
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Figure 4-13. Comparison of the observed (black) and simulated flow at the outlet of San Antonio catchment. Blue
and red curves are used highlighted calibration and validation periods. Only November through early May
periods are shown for each water year to increase readability of the figure.

4.5.SAC-SMA-DS smulationsforced by the stochastic weather realizations
This section presents thresults of the SAGMA-DS simulations when forced by the output of the
CliwxGen weather generator. First, the forcing dataset (i.e., simulated temperature and precipitation time
series) obtained through the weather generator are compared with the obhsatres variables to detect
any potential bias. Results show a minor bias in precipitation, which has been corrected prior forcing the
SAC-SMA-DS model Section4.5.]). Second, the bias in runoff variables are discussed for the three sub
watershedsSection0).

4.5.1. Bias correction of the weather generator outputs
Figure 4-14 illustrates for Arroyo Hondo (top), ACDD (middle) and San Antonio (bottom)réthegive
deviationin average between the stochastic realizations obtained from the weskeatgr CliwxGen
and the historical weathefhe description of the nine realizat®can be found in the technical report
describing the weather generator CliWxQ&tRG TR1, 2018. Note that inFigure 4-14, precipitation
and temperature time series used to estimate the deviation between stochastic and historical time series
are average across each basin after thgmeessing detailed in Semti4.3.
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Figure 4-14. Comparison between the SAMADS forcing dataset for the LTVA with the historicatcfog
dataset.Black dots show for each realization-gxis) the average deviatidmetweerthe historical record for the
precipitation (left column) and temperature (right column) variatded the raw output of the weather generator
CliwxGenmapped to thé’RISM grid cells (see Equatich?2). Blue dots show the deviati®from the historical
obtained with the bias corrected realizatiofi$ie yaxis show the deviation from the historical values, relative for
precipitation and absolute (ifC) for temperature.

Two mah results are drawn out froffigure4-14. First, none of the nine stochastic realizai®biased
regarding the temperature variable (right column). The largest deviation from the historicgkasgera
lower than 0.1%C, which is negligible. Second, all stochastic realizations show a dry bias ranging from 1
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to 2.5% reduction when compared to the historical averBlge bias is rather consistent across all three

subwatershedsTo ensure thabveral, the baseline used for the climate stress test have a similar long
term precipitation average than the histakiecord,the weather generator precipitation output must be

correctedprior altering their average throughout the climate stress test

Let usrecall that the weather generator CliWxGen outputs precipitation time series at the Calaveras and
Sunol gage locations. Let us refer to these time sag8s (i being an index to either refer to
Calaveras or Sunol rain gag&he pregitation time series from the weather generator are first mapped
to the eah PRISM gridk using Equatio-1, which becomes:

. . . 0YOYd o0 . 4-2

0 j 0 Uy 0 = h
0 'YOYd o
with similar notation as the onesed forEquation4-1. The precipitation time series from the weather
generatormapped to the each PRISM grid cklare then correctedy multiplying theirdaily values
0§ o by a correction factab that is specific to each swhatershedv. Note thatfor a given
subwatershedv, the correction facto® is common across all realizatians

0§ P AN oh 4-3
with 0 r  the bias correctedrecipitationtime serieobtained from the weather generator and
mapped tahe PRI$/ grid cell k. Bias correction factor® for the subwatershedw is estimated from
the deviations illustrated in FiguFegure4-14 (left column)betweeh the historical precipitatigred line)
and the rawveather generatautputmapped to the PRISM gridd ce(lslack dots)

4-4

6 —2 ot o
U n

with 0 0 the estimated precipitation for the dagt the PRISM grid cef(obtained from Equation

4-1). In Equatiord-4, the average of the precipitation from the weather generator mapped to the PRISM

grid cellsD is calculated across all nine stochastic realizations. Tdgdorrection faors are

given inTable4-5 for each sulwatershed

Table4-5. Bias correction factors to be multiplied with the pre@pdn time series obtained from Equatiéri.

Arroyo Hondo San Antonio ACDD
1.017 1.014 1.017

4.5.2. SAC-SMA-DS simulations for the LTVA
The longterm average of observed and simulated runoff atemparedin Table 4-6. The average
monthly cycles are illustrated Figure4-15. It is important © recall that longerm averages and average
cyclespresentecbelow are obtained for different time periods, which might explain some differences.
The averages for the observed historical recordsfvany one catchment to another (cf. period3 able
4-6 caption). For all three sulvatersheds, the length is significantly shorter ttl@period for which
runoff aresimulated with SAESMA-DS forced by the stochastic realizatiofhe longterm averages for
the simulated historical is obtained for the pespdnningfrom 1956/10/0%o0 2011/09/30. Adescribed
in the weather generator technical regbtiRG TR1, 2018, each of the nine stochastic realizatisrb0
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year long and has been obtained from simulation of the CliwxGen model that has been built using the
observed weather from 1956/10/@12012109/30. Although each realization has been obtained through
use of resampling approachegich introducesomewhat randomnedfey should be representative of

this period; the deviation from one realipat to another is deemedoise stemming fromclimate
variability and sampling uncertainty

For Arroyo Hondoboth observed and simulated historical ldagn averages fall within the range of
long-term averages obtained from the ensemble of 9 realizatibhen compared to the observed
historical one may ote a slight wet bias that averaged ouli#%. On can also note that the average
simulated runoff peak during the rainy season is larger than the one from the historical record. This
difference could be expla#al by the fact that the wetter year (i.e984), together with some other wet

years (i.e., 1959 and 1983) are not present in the historical runoff record, although they are used by the
weather generator, and are thus somewhat included within the 9 stochastic realizations.

For San Antonio sulwaterdied, one can notéhat the longterm averages obtainedith the nine
stochastic realizations astightly larger than the observed historical ldegn average. Theositivebias
ranges froml.2% (realization #3) t®.2% (realization 6).The average biasceoss realization equals
4.8%. This positive bias could be explained the shorer observed historicgberiod As the historical
record is short (i.e.19 year} its longterm average mape more sensitive tlow frequencyclimate
variability. As such, tike number ofdry yearswithin the observed historical time serigscludingthe start

of the most recent droughtd., 2011 through 2014)might introduce a dry bias intthe longterm
average historical estimathen compared to its theoretical trioeit unknown)value that could be better
estimated using a longer record. Aldareeout of thefour wettest years on record are prior 1996 (i.e.,
water years 1959, 1982, 1983 as seehigure 4-7). As such it is expected that some years from the
ensemble of 9 realization® havelarger streamflow values than the ones reconstructed aBahe
Antonio catchmentoutlet, which cou also contribute to explain the apparent positive bias when
compared to the 1998014historical record

For ACDD, a similar result than for San Antonio suétershed is observed. In this case, the positive bias
obtained from the 9 realization rarsgeom 3.2%6 t09.7% (with an average equal td8%0).

The above assumption that the ledegm averages obtained for San Antonio and ACDD\gatershed
are potentially underestimating the true value is supported by the facththamodel does not
overestimatethe runoff at Arroyo Hondo sulatershed, for which the historical lotgym average
estimate was obtained using a longer period (i.e., 35 years).

Table4-6. Longterm averages f or o b s eObsewathi s tbpof £t al 6) , simulated runof
weat her (6Simulated historicald) and simulated runoff
1 through 9). Runoff wvalues are gi v e forthedongeshavaildblet e t ha

period (i.e., 1969/10/04 2018/09/30 for Arroyo Hondd@with missing values from 1981/10/01 to 1995/09/30)
1995/10/014 2013/09/30 for San Antonio; 1995/1042014/09/30 for ACDD). The period used for simulated
historical is the one used to generate the stochastic realization (i.e., 1956/4.1011/09/30).

Realization id Arroyo Hondo San Antonio ACDD
Observed lstorical 0.576 0.223 0.552
Simulatedhistorical 0.574 0.227 0.573
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1 0.576 0.229 0.581
2 0.609 0.244 0.606
3 0.567 0.226 0.570
4 0.586 0.234 0.588
5 0.575 0.230 0.578
6 0.571 0.231 0.573
7 0.598 0.241 0.597
8 0.576 0.227 0.579
9 0.589 0.234 0.590

Regarding the seasonal cycles illustratedrigure 4-15, their representation is fairly good for all three
subwatersheds. One may notice, however, that simulated etigdpstarts and ends earlier than in the
historical records. This difference could be explained by several factors that have not been thoughtfully
investigated becausteemednot critical for the performance of the LTVA. Note that difference is only
aboutfew mm which represents, given the size of thewatersheds, a tiny fraction of the annual runoff.
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Figure 4-15. Comparison of the observed historical (black) and LTVA simulated (grey) runoff forsedéch
watershed. All nine SASMADS simulations driven by the weather generator outputs are represented in this figure
(grey curves). Runoff is given in mm.

4.6.Generation of the input for the San Francisco Water System Model
Note first that the San Franciséater System Model (SFWSM) uses acre feet by day (AF/day) as unit.
As such, everything single SAEMA-DS outputs is converted from mm to AF/day.

4.6.1. Runoff for the ungagged swhatersheds
In addition to the streamflow time series simulated at the outleteoAttoyo Hondo, ACDD and San
Antonio subwatersheds, SFWSM may require up to two additional runoff time series.

One required time series is for the intermediate watershbdtween the Arroyo Hondo gage, where the
SAC-SMA-DS model is calibrated, and th@alaveras reservoir. Following discussion with SFPUC
personnel, runoff from this intermediate subtershed is obtained by scaling the simulated time series at
Arroyo Hondo by an adjustment factor equal to 0.21. In other word, the actual runoff entdangr&a
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reservoir (not accouimy from the diversion from ACDD tunnel) equals 1.21 times the simulated runoff
at the Arroyo Hondo gage.

The second time series is optional and is only required for the SFWSM version that accounts for the
RecaptureAlameda Ceek project. In this case, a time series of runoff is required to represent the
contribution from the catchment-lretween the Calaveras reservoir and the pit F2 entrance. Following
discussion with SFPUC personnel, it has been decided to scale the ediirtiiad series at the San
Antonio reservoir by the ratio of the catchment areas. This ratio was found to be €n@@bto

4.6.2. Evaporation and precipitation over Calaveras and San Antonio reservoirs
SFWSM requires precipitation and evaporation rates overrdlervoirs. Thesimulated potential
evaparanspiration by SAGMA-DS and the precipitation at the grid cell that includes the outlet of the
Arroyo Hondo and San Antonio swtatersheds were outputted for that purposed.

4.7.SAC-SMA-DS simulations forced by thstochastic weather generator climate
stresdest

San Antonio Reservoir Alameda Creek Diversion Dam
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Figure 4-16 Total annual stream flowa¢re-fee) under temperature and precipitation changes respectivel§éor
AntonioReservoir, Alameda Creek Diversion Dgrand Arroyo HondosubwatershedsThe yellow and green dots
over the response surface shows CMIP5 projections under RCP 8.5 fore@Bling periods: 2040 (2028055)

and 2070 (205&095). Baseline is 198B005. Historic mean observed is shown in white and follows the dashed
line.
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Figure4-16 shows the total annual stream flow under temperature and precipitation changes. The higher
precipitation generates more flows while higher temperature produces less flows. This chandge is due
additional water collected in the watershed from precipitation events and more evapotranspiration due to
increase in temperature. Being a smaller watershed than the Upcountry region, changes in
evapotranspiration has a larger impact on the annuahstieev. Results below are presented for inflow

at Calaveras reservoir (Arroyo Hondo) the largest watershed in the East Bay.

1 By 2040, the median projections of +2°C warming combined with 0% change in mean
annual precipitation results in 9% reduction in maanual inflow.

1 By 2040, most projections and elicitations of warming are between +1°C and +4°C and
for precipitation change betweeb% and +5% which would correspond to a maximum
change in mean annual inflow between a decrease of 27% and an incréése of

1 By 2070 RCP8.5, the median projections of about +4°C combined with 0% change in
mean annual precipitation results 17% decrease in mean annual inflow. Most projections
and elicitations of warming range between +3°C and +6°C and of precipitationechang
between-15% and +15% resulting in change in mean annual inflow between a decrease
of 50% and an increase of 33%.

5. Peninsuladydrologic Model

5.1.Introduction
The Peninsula Watershed, almost completely owned by the SFPUC, is located south of the City of San
Francisco in central San Mateo County. The Watershed contains three reservoirs, San Andreas, Crystal
Springs and Pilarcitos. In addition to serving as storage facilities for the water draining the Peninsula
Watersheds, these reservoirs also store water fhe Upcountry system.

The Peninsula watershed has the area of 23,000 acres, located in the central San Mateo County and at the
South of San Francisco City and County (showrkigure 5-1) (San Francisco Planning Department,
2001)
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Figure 5-1 Peninsula watersheds

5.1.1. Geology and soils
The Peninsula watershed belongs to the natural region of California where there are ntnehdiest
faults, mountain ranges, and valleys as consequences from geologically complex and seismically active
zone.(San Francisco Planning Depaent, 2001)

The lowest elevation in the Peninsula watershed is about 300 feet above mean sea level (msl) along the
shoreline of Crystal Springs reservoir. The highest elevation is around 1,900 feet above msl at the crest of
Montara Mountain (at NortReak and Scarper Peak) and over 2,000 feet above msl near Kings Mountain.
Northern slopes are approximately steeper than southern gl8pesFrancisco Planning Department,

2001)

Pilarcitos Fault shown in thHeigure5-2 divides the Peninsula watershed into two parts (west and east). In

the west, soils are underlain by granitic rocks and sedimentary rocks. These soils drain vibijrand
depths vary from shallow to deep. They can be erosive dramatically. In the east, soils are underlain by the
varied rocks of the Franciscan complex and the Butano Sandstone. Their characteristics are the same as
soils in the wes{San Francisco Planning Department, 2Q01)
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Figure 5-2 Map of the Peninsula showing major faults in the northern Santa Cruz Mountains in San Mateo County.
Stops include: A)-280 Vista Point, 1) Filoli Cente2) Pulgas Water Temple, 3) Crystal Springs Dam;280 Rest

Area, 5) Milagro Ridge, 6) Mussel Rock Park, 7) Pacifica Quarry, 8) San Pedro Mountain and Devil's Slide, 9)
Montara Mountain, 10) Montara Beach, 11) James V. Fitzgerald Marine PreservelaifZYloon Bay Airport, and

13) Pillar Point and Maverick§éThe United States Geological Survey, 2005)

5.1.2. Hydrology
There are three main creeks in the Peninsula watershed. They are San Mateo, Pilarcitos, and San Andreas
creels, which are natural drainages for this watershed. Nevertheless, the watershed also has artificial
drainage systems from San Francisco Public Utilities Commission (SFPUC). Three major drainage areas
include (1) Upper and Lower Crystal Springs reservoity Flarcitos reservoir and Creek, and (3) San
Andreas reservoi(San Francisco Planning Department, 200M9wever, in order to provide system
model inflows at important discharge gauges, this study decides to delineate the Peninsula watershed into
five subwatersheds which are San Andreas reservoir watershed, San Mateo Creek watershed, Pilarcitos
reservoir vatershed, Stone Dam watershed, Crystal Springs reservoir watershed relating to five discharge
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gauges with the same names (showrfigure 5-3). Table 5-1 gives the summary of these discharge

gauges.

Table5-1 Discharge gauges in the Peninsula watershed

Full name Short name Used to Outlet to sub- Latitude Longtitude
delineate watershed
San Mateo San Mateo YES San Mateo 37.55668778 | -122.4180597
Creek at Mud | Creek Creek
Dam 1
San Mateo San Mateo NO 37.556247 -122.418027
Creek below | Creek below
the junction the junction
box box
Filoli Main Filoli Main NO 37.476412 -122.312184
Bridge above | Bridge
Upper Crystal
Springs
Crystal Crystal YES Crystal 37.528917 -122.362348
Springs Springs Springs
reservoir reservoir reservoir
Inflow by
Mass Balance
San Andreas | San Andreas YES San Andreas 37.580239 -122.411845
reservoir reservoir reservoir
Inflow by
Mass Balance
Pilarcitos Stone Dam YES Stone Dam 37.527173 -122.398355
Creekalove
Stone Dam
Pilarcitos Pilarcitos YES Pilarcitos 37.54805556 | -122.4286111
reservoir reservoir reservoir
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Figure 5-3 Peninsula watershed with five swatersheds including San Andreas reservoir watershed, San Mateo
Creek watershed, Pilarcitos reservoir watershed, Stone Dam watershed, Crystal Springs reservoir watershed having
the outlets at five discharge gauges witk same name representing in blue points on the map. Two discharge
gauges Filoli Main Bridge and San Mateo Creek below the junction box are not used in the watershed delineation,
representing in pink points on the map. The discharge gauge "San Mateo €laekthe junction box" is adjacent

to the discharge gauge "San Mateo Creek" so that it does not appear on the map.

The Peninsula watershed was protected from the urbanization because of its collection and storage
function. Four reservoirs (Pilarcitos regeir, San Andreas Dam reservoir, Upper Crystal Springs
reservoir, and Lower Crystal Springs reservoir) were constructed respectively in 1864, 1870, 1877, and
1890 in order to store water in the Peninsula water6bad Francisco Planningepartment, 2001 )Five
subwatersheds contain reservoirs as their names; for instance, San Andreas Reservoir watershed has San
Andreas Reservoir. Only San Mateo Creek watershed contains flows from San Mateo Creek, not a
reservoir.

Aside from local rundf originated within the Peninsula watershed, water from Hetch Hetchy system
blended with treated water from the Alameda Watershed is conveyed through Bay Division Pipelines to
Crystal Springs reservoir and then flows to San Andreas reservoir. Some oftieinv Pilarcitos
reservoir is conveyed to the Coastside County Water District (CCWD). Surplus water from Pilarcitos
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reservoir is transfered to San Andreas or Crystal Springs reservoirs. Water in San Andreas and Crystal
Springs reservoirs is treated atethdarry W. Tracy Water Treatment Plant (Tracy WTP) before
distributing to water user&San Francisco Planning Department, 20@1gure 5-4 represents the water

system in the Peninsula watershed.

Stream flowsof the Peninsula watersheldzert to the oceans by two directions. First, from the upstream

of San Andreaseservoirand the upstream of San Mateo Creek, streams flow to thh &od direct into

San Mateo Creek in the East towards San Francisco Bay. In addition, streams flow from the South of
CrystalSprings reservoitowards the North of Cryst&8prings reservoiand divert into San Mateo Creek

at the same location as streamfs from the upstream of San Andreaservoirand the upstream of San
Mateo Creek. Second, stream flows from the upstream of Pilaregesvoirdirect into Pilarcitos Creek

towards Pacific Oceafshown inFigure5-6 andFigure5-6).
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Figure 5-5 The scheme of main unregulated flows in the Peninsula watershed
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Figure 5-6 Unregulated flows in the Peninsula watershed
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Figure 5-7 Regulated and unregulated flows in the Peninsula wateré®&a Francisco Planning Department, 2005)

San Andreas and Crystal Springs reservoirs are final reservoirs in SFPUC water system so that they do
not only store local runoff from the Peninsula watershed, but they also store water from the Tuolumne
River, the Alameda creek watershed, and Pilarciteskc Thus, their storage capacity is bigger than the
capacity relating to the water storage purpose for local runoff in the Peninsula watershed. San Andreas
and Crystal Springs reservoir can reduce flows from San Andreas and San Mateo creeks immediately
below the dams which can prevent flooding, except for occasional spills or releases. Despite flood control
is not the original purpose for constructing Crystal Springs reservair, it can diminish peak flows most of
time. When flood storage capacity is filleitlcan release uncontrolled flows over the spillway at Lower
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Crystal Springs Dam or controlled releases at the outlets. Before releasing water from this reservaorr,
SFPUC always regards downstream effg§@an Francisco Planning Department, 2005)

In term of drought control, there are no required releases from Crystal Springs, San Andreas, and
Pilarcitos reservoirs to maintain minimum stream flows in San Mateo, San Andreas, anto®ilarc
Creeks(San Francisco Planning Department, 2005)

5.2.Methoblogy
The reservoir design is based on the natural stream flows in the past 50 years. Any amount of future
discharges ostde of the stream flows variations in the past 50 years can cause adverse hydrologic effects
on SFPUC's water system such as flooding, dewatering, erosion, or drainage altgi®atibrancisco
Planning Department, 20057 hus, this study aims to create a hydrologic model which can represent
naturalized stream flows in the Peninsula watershed. Then, it will use different weather scenatios from
weather generatorto create a rarg of future naturalized stream flows at the outlets of five- sub
watersheds. Likewise, a climate stress test will determine a range of stream flow alteration under
precipitation and temperature changes.

The Sacramento soil moisture accounting model (MRA) is used to build Peninsula hydrologic
model. SAC-SMA is described in depth on sectidr®. For Peninsula Hydrology, SAGMA was built
with a lumped configurationwhich removes the Lohmann routing moduldn addition, Genetic
Algorithm (GA) is used to calibrate the hydrologic model, which is described in depth in Apjiendix

5.3.Input data
5.3.1. Digital elevation model (DEM)

SRTM 90m digital elevation data produced by The National Aeronautics and Space Administration
(NASA) are used in this project. SRTM is the short name of The Shuttle Radar Topography Mission,
which was flown aboarthe space shuttlEndeavour-ebruary 1122, 2000. During Endeavour's-tiay
mission, SRTM collected radar data over 80% of the Earth's land surface betWweenti®@nd 56° south
latitude There are two spatial resolutioh: aresecond for global coverage-30 meters)and 3 arc
seconds for global coverage (~90 metehs)this study, 98meter resolution is usefdr delineating the
watersheds and calculating average ground elevation to msl.

5.3.2. Climatedata
Temperatur@nd precipitatiomatasets are usediaput climatology to the SAGMA hydrology models.
As the SAGSMA hydrology models for the Peninsula regions are lumped models, each watershed uses a
single input timeseries for each climate dataset.

5.3.2.1. Temperature
Temperature datasetiregathered from gdded dataset frorfLivneh et al., 2015pver a period of 1950
to 2011. Figure 5-8 shows the Livheh tempature grid cells overlaid on top of the watersheds with
various ground temperature stations used to validate the dataset. A lapse rate is intooddjtesd the
gridded dataset elevation temperature to ground elevation using the g&espE i. Figure5-9 shows
the elevatioradjusted Livneh gridded data tirseries with Spring Valley and Pulgas temperature
stations
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Figure 5-8. Temperature ground station with Livneh, et. al 2015 grid cells with LOCA ID numbers overlaid on top
of the Peninsula watersheds.
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Figure 5-9. Temperature data comparisonaévation adjusted Livneh, et. al. 2015 respective ground temperature
stations (a) Spring Valley and (b) Pulgas.
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5.3.2.2. Precipitation
The precipitation dataset is gathered from three ground stations inside the study area. A Thiessen
polygon is generated for theatersheds to create an ameighted average precipitation tirgeries to
drive the hydrology modelsTable 5-2 outlines the duration and locations of the precipitatstations
used withFigure5-10 visually shows the coverage areas for each watershed.

Table5-2. Precipitation statio latitude and longitude

Station Name Latitude Longitude Start Date End Date
Pilarcitos 37.55305556 | -122.4286111 19561001 2011-09-30

San Andreas Reservoirl  37.57916667 | -122.4088889 195610-01 2011-09-30
Upper Crystal Springs | 37.51222222 | -122.3541667 195610-01 2011-09-30
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Figure 5-10. Precipitation stations with Theissen polygon over Peninsula watersheds
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5.3.3. Stream gages
Locations of stream gages are illustrate&igure5-3 and are frongauges obackcalculatechaturalized
flows. The streamflow datasets were received f@RPUCand the locations are listed Table5-3. The
watershed areas with streamflow data periods are listEdbie5-4.

Table5-3. Stream gages

Sub-watershed Stream gage Latitude Longtitude

Pilarcitos Reservoir Pilarcitos Creek at Pilarcitos Dam 37.54805556| 122.4286111

Stone Dam Pilarcitos Creek above Stone Da&uwcretion | 37.527173 | -122.398355
San Andreas Reservoi San Andreafkeservoir Inflow by Mass 37.580239 | -122.411845
Balance

Crystal Springs CrystalSpringsReservoir Inflow by Mass 37.528917 | -122.362348
Reservoir Balance

San Mateo Creek San MatedCreek at Mud Dam 1 37.55668778 -122.4180597

Table5-4. Watershed area andreamflow data range

Watershed Start Date End Date Area (km?)
Crystal Springs 20071001 201709-22 62.119596
Stone Dam 2012-11-22 201707-31 6.102815
Pilarcitos 199-10-01 201806-19 10.064031
San Mateo 2011-02-28 201706-23 5.514076
San Andreas 197901-22 20170922 9.636758

Limitations in gridded climate timseries limited the period of streamflow available éadibration.
Specifically, these were concerns for San Mateo and Stone Dam watershdls streamflow time
series did not overlap enough for calibration purpoSéterefore, the correlation was calculated for the
San Mateo watershed streamflow ovel 2Q0-01 through 201®9-30 and Stone Dam watershed over
201210-01 through 201®9-30. Table5-5 shows the calculated correlation of the various watersheds
and showslte highest correlation streamflows were Pilarcitos. Using the Pilarcitos streamflow, -a basin
area ratio calculation was applied genestteamflowfrom 199910-01 through 201D9-30 for each
respectiveregion
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Table 5-5. Correlation calculated for (a)San Mateo watershed over 20301 to 201609-30 and (b)Stone Dam
watershed over 20120-01 through 20189-30.

(a) San MateoWatershed | San Mateo Pilarcitos San Andreas Crystal Springs
San Mateo 1.000 0.927 0.698 0.757
Pilarcitos 0.927 1.000 0.692 0.779
San Andreas 0.698 0.692 1.000 0.665
Crystal Springs 0.757 0.779 0.665 1.000
(b) Stone DamWatershed | Stone Dam Pilarcitos San Andreas Crystal Springs
Stone Dam 1.000 0.841 0.716 0.714
Pilarcitos 0.841 1.000 0.783 0.785
San Andreas 0.716 0.783 1.000 0.688
Crystal Springs 0.714 0.785 0.688 1.000

5.4.Model Calibration
Figure5-11 shows the process of hydrologic modelling. There are four stages. The first stage is the sub
watershed delineation from DEM and locations of stream gauges. The second stage is the dimate dat
preparation which combines gridded data and gauged data to create datasets of precipitation and
temperature. These stages are conducted simultaneously. Then, precipitation and temperature are input
data for hydrologic model in the simulation. Finallye tiydrologic model is calibratddr daily KGE
usinggenetic algorithm.
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Figure 5-11 Work flow of hydrologic modelling

Each watershed is calibrated basedhanconfigurations defined ifable5-6 and validated over 2010
10-01 through 201-D9-30.

Table5-6. Watershed calibration and validation periods with additional comments

Watershed Start Date End Date Validation Note
Period

San Mateo 199910-01 | 201009-30 Basinarea ratio adjusted Pilarcitos streamflow
calibration target

San Andreas | 199810-01 | 20100930
Crystal Spring | 20071001 [ 20100030 | 29122990 1 [ 20061001 t0200709-30 used as warmup perid

Stone Dam 199910-01 | 2010:09-30 Basinarea ratio adjusted Pilarcitos streamflow
calibration target

Pilarcitos 199910-01 | 2016:09-30
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5.5.CalibrationResults

Table 5-7 shows performance metrics for calibration and validation of all fugbwatersheds in
Peninsula watershedll but San Andreas sutvatersheds have good daily KGE calibration values (above
0.8), but San Andreas KGE is very close to 0.8. While maximizing daily KGE is the target for
calibration, other performance metrics were also compared. Daily NSE is seen to be within acceptable
levels (above 0.7) for all suvatersheds except for San Anase but with significantly higher monthly

KGE and monthly NSE scores and fairly small percent bias values during the calibration period
Validation metrics shows similar results to calibration metrics, except for the increase in percent bias for
Crystal $ring and decrease for San Mateo. These will be discussed further below.

Table5-7. Calibration and validation metrics for Peninsula watersheds

Calibration

Watershed Daily KGE Daily NSE PBias (%) Monthly KGE | Monthly NSE
San Mateo 0.873 0.775 -3.0 0.912 0.870
San Andreas 0.794 0.594 1.0 0.630 0.760
Crystal Spring 0.872 0.743 04 0.906 0.912
Stone Dam 0.860 0.722 0.1 0.895 0.832
Pilarcitos 0.871 0.770 -2.9 0.925 0.877
Validation

Watershed Daily KGE Daily NSE PBias (%) Monthly KGE | Monthly NSE
San Mateo 0.810 0.750 -14.7 0.808 0.871
San Andreas 0.675 0.328 -4.9 0.565 0.665
Crystal Spring 0.740 0.737 225 0.774 0.937
Stone Dam 0.873 0.766 0.2 0.798 0.864
Pilarcitos 0.838 0.766 11 0.748 0.825
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Figure 5-12. San Mateo sulwatershed daily and monthly streamflow hydrogmpmonthly scatterplot, and
monthly flow duration curve.

San Mateo calibration results are showfigure5-12 with daily and monthly streamflow hydrographs,
monthly scatterplot, and monthly flow duration curves. The stieam$ measured in the plot as depth

in millimeters. A conversion can be made from millimeters to cubic feet per second by multiplying the
watershed area. The plots all show a good model fit with the flow duration curve showing an
underestimation of lolows compared to historic observed values. However, this estimate is assumed to
be acceptable as the historic observed value is the-éasarratio of Pilarcitos streamflow. The

validation period from 20220-01 through 201:D9-30 shows a percent bia-14.7%, which is due to

the underestimation of the flows over those periods, however the monthly hydragchpbatterplot
showsminimal issues during the validation periods.

82



































































































































































































































































































