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Purpose 
This report describes the methods and calibration of the hydrologic module component of the Long-Term 

Vulnerability Assessment and Adaptation Planning for the San Francisco Public Utilities Commission 

Water Enterprise. The hydrologic module of the Vulnerability Assessment is comprised of hydrologic 

models spanning three hydrologic regions (i.e., Upcountry, Alameda (or Eastbay), Peninsula systems) and 

using two hydrologic modeling methods: the Sacramento Soil Moisture Accounting (SAC-SMA) model 

and the Precipitation Runoff 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 have been transferred to SFPUC.    

Integration of the hydrologic models 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 of the 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 the year, 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 the Long-Term Vulnerability 

Assessment and Adaptation Planning for the San Francisco Public Utilities Commission (SFPUC) Water 

Enterprise project (ñVulnerability Assessmentò). Representations of hydrologic processes is needed 

specifically to map uncertain climatic conditions into uncertain 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 River watershed in the Central Sierra Nevada (ñUpcountryò); 

Alameda Creek watershed in the East Bay (ñAlamedaò); and the Peninsula watersheds (ñPeninsulaò). The 

principal subwatersheds comprising each of these three regions are shown in Figure 1-1. 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 the 

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 results, and hydrologic drought analysis. In the Vulnerability Assessment, the 

hydrologic models will be used to evaluate the hydrologic response of the regions ī streamflow in 

particular ī to various climate assumptions. The integration of hydrologic models into the Vulnerability 

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 to re-configure the previous Upcountry hydrologic model. 

Organizing around three different regions is convenient in that the model development process can be 

divided amongst hydrologists. It also recognizes the unique hydro-geographic characteristics of each 

region. The use of different modeling methods (described below) resulted from earlier preliminary 

investigations of modeling options. It was decided to retain and extend the existing model of the 

Upcountry region (i.e., PRMS) and develop new models for the Alameda and Peninsula regions using 

SAC-SMA. Though this regionalization 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 inputs (precipitation and temperature) and model outputs (inflows to 

reservoirs) will be uniform and consistent. 

 

 

Figure 1-1 Map showing watersheds for the three regions that SFPUC receives waters from. 

 

2. Overview of methods 
Precipitation-Runoff Modeling System (PRMS) (Markstrom, et al., 2015) models were developed for the 

Upcountry region, while Sacramento Soil Moisture Accounting (SAC-SMA) (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 structure and 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 meteorological 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, necessary inputs 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, actual evapotranspiration, 

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 model is a significant and important part of the hydrologic model development 

process. There are often many unknown parameters in a hydrologic model, which must be estimated 

through some systematic approach. Typically, optimization is employed for this model parameter 

estimation process, 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. With the evolutionary 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 exist, which 

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 locations with 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 calibration targets differed between models, calibration results are described 

consistently using Nash-Sutcliffe Efficiency (NSE) and Kling-Gupta Efficiency (KGE), which indicates 

overall fit, and percent bias, which provides some measure of whether the model produces more (positive 

bias) or less (negative bias) compared to observations.  Further explanation of calibration metrics is 

available in appendix F.   

3. Upcountry Hydrologic 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 watersheds ī Cherry, Eleanor and Hetch Hetchy 

ī account for most of the storage in the SFPUC system. The SFPUC is the junior water right holder on 

the Tuolumne River at Don Pedro Reservoir, while the senior water rights holders at Don Pedro are the 

Modesto and Turlock Irrigation Districts (MID and TID). An agreement with MID and TID allowed for 

the creation of the Water Bank, a virtual reservoir in Don Pedro Reservoir wherein the SFPUC can meet 

its water rights obligations in advance of inflows. A hydrologic 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. Methodology 

3.2.1. PRMS 

The Precipitation-Runoff Modeling System (PRMS) is a deterministic, distributed-parameter, physical-

process-based hydrologic model (Figure 3-1) developed and 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 

conceptualization or approach to simulation of that specific process. 

PRMS-IV, the version adopted in this study and abbreviated as PRMS here, accepts three files as input: a 

control file, a parameter file, and a data file.  The control file initializes the PRMS model by activating 

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 simulation (i.e., the parameter values for 

each HRU).  The data file contains the time-series data used as the input for the model; i.e., precipitation 

and temperature time series.  Figure 3-2 shows the computational sequence within 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 important for calibration. Input time series data include daily precipitation 

(P), minimum temperature (Tmin), and maximum temperature (Tmax). Table 3-1 shows area and number of 

HRUs associated with each Upcountry subwatershed. 

To facilitate running the PRMS models for both model calibration and the many climate scenarios 

anticipated for the Vulnerability Assessment, a wrapper library for PRMS called prmsR was developed 

using the R scripting language.  prmsR generates the necessary input text files (control file and parameter 

file), runs PRMS, and parses the generated output files.  In addition, prmsR can parse control files and 

parameter files from previously-run scenarios, such as those generated previously by SFPUC for the 

Hetch Hetchy/Cherry-Eleanor regions. This tool will be critical for both the model calibration and a large 

number of PRMS runs with climate change scenarios in the Vulnerability Assessment. 
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Figure 3-1 Hydrologic Processes simulated within PRMS (Markstrom, et al., 2015). 
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Figure 3-2. Computational sequence of PRMS (Markstrom, et al., 2015) 

 

Table 3-1 Upcountry HRUs 

Subwatershed 

Area 

(thousand acres) # of HRUs 

Hetch Hetchy 290 280 

Cherry-Eleanor 126 211 

Don Pedro 564 574 
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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 and those three upstream reservoirs. The first two of these models (Hetch Hetchy and 

Cherry-Eleanor) were developed by SFPUC, while the UMass team developed a new PRMS model for 

the Don Pedro sub-region. To have a unified and consistent calibration within the Upcountry region, 

UMass referred to the Hetch Hetchy/Cherry-Eleanor models to calibrate the new Don Pedro model; the 

model parameters being calibrated were kept same and some of parameters of the Hetch Hetchy/Cherry-

Eleanor PRMS models were adopted by the Don Pedro PRMS (e.g., snow and PET module parameters). 

The Upcountry subwatersheds are shown in Figure 3-3, as are the HRUs for the Don Pedro subwatershed. 

As the Hetch Hetchy and Cherry-Eleanor 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 algorithm (Marini & 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/Cherry-Eleanor PRMS models.  

PSO is inspired by the collective behavior of social animals such as birds and fish.  Particlesðin this 

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

problem and each evaluates the objective function at its current location.  Each particle then determines 

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 (possible parameter sets) have been moved.  Eventually, all the particles 

are likely to move close to an optimum of the fitness function (Poli, et al., 2007). The PSO algorithm is 

depicted generally in Figure 3-4. 

In the Upcountry region calibration, the calibration objective (fitness function) for each region is to 

minimize Root Mean Squared Error (RMSE). The calibration process of the Don Pedro model is to 

maximize Kling-Gupta Efficiency (KGE; Gupta et al., 2009), and has been finalized within an R routine 

developed to facilitate the PRMS calibration task. KGE can range between īÐ and 1; īÐ means no 

fitness between discharge simulation and observation, while 1 means perfect fitness between modeled and 

observed stream flows.  
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Figure 3-3. Upcountry hydrologic region subwatersheds and HRUs (Don Pedro subwatershed only). Subwatershed 

outlets are shown as black dots. 
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Figure 3-4. Particle Swarm Optimization Schematic Flowchart 

 

3.2.3. Climate Data 

The PRMS models are driven by daily maximum and minimum temperature and precipitation. The 

weather stations collected for the up-country PRMS study are shown in Figure 3-5, with the blue square 

representing the 9 temperature stations and the green triangle representing the 9 precipitation stations. As 

shown in the figure, six stations provide both precipitation and temperature.   
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Figure 3-5 Up Country weather stations 

 

The Upcountry PRMS models use a subset of the weather stations selected based on proximity, data 

quality, and length of data record.  Table 3-2 provides a description of the nine precipitation stations and 

nine temperature stations used to drive the Up-country PRMS models.   

Table 3-2 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 to present 

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 outputs. Figure 3-6 shows the geographic locations of the snow 

observation points.  In addition to the snow pillow and survey data, the PRMS snow module was also 

calibrated to the Airborne Snow Observatoryôs basin-wide average snow measurement. 

In the following sub-sections, the use of precipitation and temperature data in the PRMS is described in 

more detail. 

 

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), Tuolumne Meadows (TUM), Pinecrest (PCR), and Gianelli Meadow (GNL) were 

created by monthly (12) multivariate regressions using the precipitation stations Hetch Hetchy (HTH), 

Cherry Valley (CVM), Moccasin (MCN), Yosemite (YOS), and Early Intake (INTAKE).  The 

multivariate regression used to estimate daily precipitation at the gage i from available gages k during the 

month m is given by Equation 3-1.    

 ὖὸ ὥȟȟὖ ὸ ὦȟȟȟ 
3-1 

with ὖὸ the estimated precipitation at the gage i for the time step t during the month m. ὖ ὸ is the 

daily precipitation at the gage k ⱦ {HTH, CVM, MCN, YOS, INTAKE}. ὥȟȟ  and ὦȟȟ  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 seasonal pattern of precipitation with substantially lower precipitation during 

winter months and larger estimated precipitation during summer months.  

Note that application of Equation 3-1 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 parameters ὥȟȟ  can 

take negative values, the predicted daily precipitation can take negative values too. For these rare 

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

for the time step t, which lead the predicted precipitation ὖὸ to be equal to the intercepts ὦȟȟ . 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 days within the 

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 of 1999-10-01 through 2016-10-01 and 

validated over the period of 1969-10-01 through 1999-10-01.  The calibrated parameters are shown in 

appendix A.  These parameters were calibrated for the period of 1999-10-01 through 2016-10-01 and 

while validated for the period of 1969-10-01 through 1999-10-01.  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 to 0.  These precipitation volumes were then re-distributed to other 

precipitation events to preserve mass-balance.   

Figure 3-7 and Figure 3-8 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 Up Country region.    
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Figure 3-7. Calibration scatterplot for the monthly multivariate regression 

 

 

Figure 3-8. Validation scatterplot for the monthly multivariate regression 
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3.2.3.2. Interpolation of Temperature Station 

Temperature interpolation was done by SFPUC for Hetch Hetchy and Cherry-Eleanor PRMS Hydrology 

models.  The same input maximum and minimum temperatures were used, but the specific steps done by 

SFPUC are available in Appendix A.   

3.2.3.3. Bias Correction of Temperature Station 

The temperature dataset was bias corrected using quantile mapping with normal distributions fit for each 

month on a daily time-step.  The bias correction was done using maximum and minimum observed 

temperature from 1969-10-01 through 2016-09-30 and the input climate time-series from the baseline 

maximum and minimum temperature from the climate stress test.   

 

3.3. Don Pedro Hydrology Calibration Results 
The Don Pedro PRMS model contains 30 parameters that no data was available, therefore they were 

calibrated using particle swarm optimization. The particle swarm optimization function was applied to the 

Don Pedro watershed with 150 particles (i.e., 150 parameter sets) improved over 50 iterations.  The Don 

Pedro model contains 76 universal parameters and 53 distributed parameters.  Out of the 129 parameters, 

a total of 30 parameters were calibrated through the particle swarm optimization scheme (Figure 3-4). 

Below, Table 3-3 lists the parameters being calibrated.     

Table 3-3 PRMS parameters calibrated with particle swarm optimization 

Parameter Distributed Description 

Rad_trncf No Transmission coefficient for short-wave radiation through the 

winter vegetation canopy 

Cecn_coef No Monthly (January to December) 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 for 

each HRU 

Smidx_coef No Coefficient in non-linear contributing area algorithm for each 

HRU 

Smidx_exp No Exponent in non-linear 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 in capillary 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 for each 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 start of 

the transpiration period 

Radadj_intcp No Intercepts in air temperature range adjustment to solar radiation 

equation 

Radadj_slope No Slope in air temperature range adjustment to degree-day 

equation 

Jh_coef No Monthly (January to December) air temperature coefficient 

K_coef Yes 

(segments) 

Travel time of flood wave from one segment to the next 

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 route preferential-flow storage 

down slope for each HRU 

Fastcoef_sq No Non-linear 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 storage 

down slope for each HRU 

Slowcoef_sq No Non-linear coefficient in equation to route gravity-reservoir 

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 the 

gravity reservoirs to 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 preferential-flow 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 beginning of a simulation 

 

Because the Don Pedro PRMS model domain is affected by upstream dam operations, reconstructed 

naturalized flow have been derived as calibration target using data from the Hetch Hetchy streamflow 

gauge, Cherry/Eleanor gauge, and the La Grange streamflow gauge: 

ὝὥὶὫὩὸ ὛὸὶὩὥάὪὰέύὒὥ ὋὶὥὲὫὩὌὩὸὧὬ ὌὩὸὧὬώ ͼ#ÈÅÒÒÙ%ÌÅÁÎÏÒϳ ͼ ὋὥόὫὩ 

The above natural target streamflow calculation results in some negative values. The negative streamflow 

values were not calculated when factoring in for the performance metric of the Kling-Gupta Efficiency. 

The calibrated parameter sets returned a KGE of 0.70 on a monthly scale. The KGEs for other temporal 

scales along with other performance metrics (NSE and RMSE) are also provided in Table 3-4. Error! 

Reference source not found.  shows the streamflow hydrograph for various temporal scales as well as 

monthly scatterplot and flow duration curve for La Grange gauge, which is a summation of Hetch Hetchy, 

Cherry-Eleanor, and Don Pedro hydrology models.  When reviewing the daily streamflow plot, the 

modelled Don Pedro model is observed to underestimate the peaks of the streamflow. However, on the 

monthly aggregate time step, the modelled peaks line up much better with the natural target streamflow. 

Based on the annual hydrograph comparison, the overall calibrated model fits are fair for monthly 

streamflow as the model underestimating for the wet years and overestimates during the dry years. 

However, the annual fit is not very good with underestimation of streamflow over wetter periods and the 

overestimation for the drier periods.  The scatterplot in Error! Reference source not found. has a fitted 

line which shows the hydrology models underestimates observed monthly streamflow.  The flow duration 

curve shows the models underestimates during low flow periods.  This has resulted in requiring an 

additional correction model, which was developed and described in detail on section 3.5.   

Table 3-4 Performance indices of Don Pedro accretions calibration 

 KGE (Target) NSE Percent Bias (%) 

Daily (Target) 0.65 0.56 
2.2 

Monthly  0.70 0.70 
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Yearly 0.56 0.78 

 

 

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 has the Y-axis in log-based 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 the RWS as the Modesto 

and Turlock Irrigation Districts (MID and TID) entitlements and Water Available to the City (WAC) 

values are defined. The performance of the combined PRMS model simulations 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 SFPUC. The Raker Act 

specifies how much and when Tuolumne river flows must be available to MID and TID (district 

entitlements). On any given day, the actual district entitlements consist of the lesser of i) 4,792 AF/day 

(2,416 cfs) from June 14th through April 14th or 8,064 AF/day (4,066 cfs) from April 15th through June 

13th (aka: maximum district entitlement), and ii ) 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 

unimpaired flow at La Grange (below Don Pedro) that is greater than actual district entitlements. Figure 

3-10 illustrates the WAC for an extremely wet water year (1983) and an extremely 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 inter-annual variability of the unimpaired flow at La Grange leads to similar bias 

for WAC. An overestimation of the WAC during dry years is a concern as it prevents proper 

representation of droughts.   

 

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 1987-1992.  The shaded area shows the WAC and the dash-

grey line shows the maximum district entitlement.  Note that the y-axis differs for the two subplots.   

 

3.5. Current Precipitation Index (CPI)  
Given the importance of a good reproduction of the WAC, UMASS collaborated with SFPUC to correct 

the PRMS simulations across the Upcountry region. A post-processing model was developed by SFPUC 

to correct the PRMS daily streamflow. The considered method attends to correct the residual model errors 

using meteorological indices. For precipitation variable, an index called ñCurrent Precipitation Indexò is 

used to account for the basin wetness. For temperature variable, a heat index similar to a degree-day is 

used to account from the basin warmness. Note that the considered post-processed correction is a 

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 years. The complete writeup of the post-

processing model, including calibration and validation, are provided in Appendix J along with the 

calibrated parameter sets.   
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The comparison of the raw PRMS simulations (i.e., prior correction) with the post-processed simulations 

(i.e., after correction) is shown in Table 3-5 and in Figure 3-11 and Figure 3-12. The results clearly 

indicate a significant improvement of the inter-annual variability of the simulated streamflow, 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 inter-annual variability of the annual Tuolumne flow at La Grange and of the WAC. 

The flow duration curve (Figure 3-11and the scatterplots (Figure 3-12) figures illustrate the significant 

improvement of the simulations during the low flow years/months. The downside of the post-processed 

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

prior correction to -6.8% after correction. Regarding WAC, the reduction of the bias in inter-annual 

variability (and a significant improvement of the low WAC years) comes with a significant improvement 

of the high WAC years (Figure 3-11 and Figure 3-12). Table 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 (from -8.2% to -8.8%).  

Table 3-5. PRMS streamflow calibration metrics for the Upcountry region before and after correction.  

Performance criteria are estimated over the period 1972-2015. 

 Raw PRMS simulations (prior correction) Post-processed PRMS simulations (after correction) 

 KGE NSE Percent Bias (%) KGE NSE Percent Bias (%) 

Hetch Hetchy Reservoir inflow    

Daily 0.85 0.70 

3.9 

0.87 0.74 

-3.8 Monthly 0.92 0.86 0.92 0.89 

Water Year 0.76 0.91 0.83 0.91 

Cherry Reservoir/Lake Eleanor inflow     

Daily 0.78 0.56 

3.0 

0.85 0.73 

7.3 Monthly 0.91 0.83 0.90 0.88 

Water Year 0.67 0.86 0.91 0.92 

Accretion flow at Don Pedro Reservoir     

Daily 0.65 0.56 

2.2 

0.67 0.63 

-20.8 Monthly 0.70 0.70 0.76 0.77 

Water Year 0.56 0.78 0.77 0.86 

Naturalized Tuolumne flow at La Grange      

Daily 0.79 0.68 

3.2 

0.87 0.79 

-6.8 Monthly 0.84 0.83 0.91 0.90 

Water Year 0.66 0.86 0.87 0.94 

Water Available to the City (WAC)  

Daily 0.71 0.56 

-8.2 

0.81 0.70 

-8.8 Monthly 0.78 0.75 0.88 0.85 

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 scale.  The black, blue and red lines show the flow duration curve for the historic observed flow, 

the raw PRMS simulation (i.e., prior correction), and the post-processed PRMS simulation (i.e., after correction). A 

logarithm scale is used for the streamflow to ease visualization of the low flow years/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 annual water year 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 post-processed PRMS simulations, respectively.   

While the post-processing 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 overestimates streamflow during dry years. For example, Table 3-6 

shows the flow computed at the Tuolumne River at La Grange is overestimated, and therefore WAC is 

also overestimated by about 482,000 acre-feet during the drought sequence 1987-1992 (observed is 

813,000 acre-feet versus simulated is 1,295,000 acre-feet). 

Table 3-6. Comparison of observed and simulated WAC over 1987-1992 drought using PRMS hydrology models 

 Water available to the City (acre-feet) 

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 

1987-92 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 models require precipitation and temperature datasets as inputs, the weather generator for 

the Up Country region generated 1,360 climate scenarios using statistical modeling with 8 different 

temperature changes (i.e., temperature increases relative to the baseline ranging from 0oC to 7oC, with an 

increment level of 1oC), 17 different precipitation changes (from -40% to +40%, with 5% increments), 

and 10 realizations. Therefore, single set of climate stress test reflects 136 different climate change 

scenarios.   

The climate stress test were applied to all three watersheds of the Up Country region (Hetch Hetchy, 

Cherry & Eleanor, and Don Pedro) over the period of 2021 through 2070 and the response surface was 

generated based on annual mean streamflow. Figure 3-13 shows the response surface for the Hetch 

Hetchy, Cherry & Eleanor, and Don Pedro watersheds with the dotted line representing the historical 

baseline of annual flows. In addition, the dots represent different GCM projections of precipitation and 

temperature changes under RCP 8.5. The Upcountry annual flow response surfaces show that annual 

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 flows of the Upcountry watershed systems.  
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Figure 3-13. Climate response surface of annual flow at Hetch Hetchy reservoir, Cherry Reservoir/Lake Eleanor, 

Don Pedro accretion, and Tuolumne River at La Grange.  The white color shows no change in streamflow while 

blue and red shows increase or decrease in annual flow, respectively.  The yellow and green dots over the 

response surface shows CMIP5 projections under RCP 8.5 for two 30-year long periods: 2040 (2026-2055) and 

2070 (2056-2095).  Baseline is 1986-2005.  

 

 

3.6.2. Water Available to the City (WAC) 

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 through the years. Figure 3-14 

illustrates the effects of warming temperature (left) and changing precipitation (right) on the Tuolumne 

River flow at La Grange and 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 TAF to 400 TAF 

(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 +5°C warming decreases the annual average WAC from roughly 750 TAF to 729 

TAF (i.e., a decrease by -2.8%). Figure 3-15 shows the modification of the annual average WAC to 

change in both temperature and precipitation. It highlights no significant compound effect on the annual 

WAC. 
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a) Effect of temperature change b) Effect of precipitation change 

Figure 3-14 Effect of temperature and precipitation change on the Unimpaired flow at La Grange and Water 

Available for the City (WAC). Top panel shows unimpaired flow at La Grange (solid line) and WAC (dash line) with 

changes in temperature (ȹT) (a) and precipitation (ȹP) (b). Middle and bottom panels show the distribution of 

changes in temperature from CMIP5 projections (RCP8.5) and expert elicitations and for two 30-yr long periods 

centered in 2040 and 2070. 

 

Figure 3-15. Climate response surface of the annual WAC in respect with change in precipitation (x-axis) and 

temperature (y-axis). See Error! Reference source not found. caption for details. 

It is important to note that behind the non-significant change in annual WAC that would follow from 

warming temperature (Figure 3-14, left), the WAC is actually expected to decrease for roughly 60% of 

the years, and increase for 40% of the years (Figure 3-16). As illustrated Figure 3-16, 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 years for which WAC decreases. Results are obtained across the 9 stochastic realizations plus the 

historical realization. 

 Figure 3-17 illustrates the modification 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 (light red, Figure 3-17 left) with the baseline 

precipitation scenario (black, Figure 3-17 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 

quantile 10 of the distribution (i.e., 10% exceedance probability) decreases from 100 TAF to 40 TAF, 

which corresponds to a decrease by 60%. Figure 3-17 (left) also shows that under baseline 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.  

The distribution of annual WAC obtained from the 510 realizations under warming conditions almost 

lines up with the one obtained under baseline conditions (Figure 3-17, right).  Despite the lack of 

significant change in annual WAC, the lower percentiles of the distribution (i.e., lower than 15th) slightly 

increases (Figure 3-17, 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 on the distribution of annual WAC. 

Annual WAC values are based on water year. Values are shown across the óstochastic realizationsô dataset 

composed by 509 stochastic realization plus the historical realization.  

Figure 3-18 shows the simulated hydrograph for six selected water years obtained from the realization 10 

under baseline climate and +7°C warming. An extreme warming was considered in this figure for 

illustration only. It highlights that both increase and decrease in annual WAC can happened during 

normal, dry and wet WAC years. It also shows that change in WAC roughly follows from three 

mechanisms: 

¶ The spring runoff volume tends to 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. 

¶ Spring runoff arrive earlier in the year because above freezing temperatures 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. 

¶ The winter floods tend to be more frequent and with larger magnitude because more precipitation 

fall as rain in winter, leading to an increase in WAC during this period. 

All these mechanisms combine in a non-linear fashion and lead to either an increase or decrease in annual 

WAC. The change in WAC distribution within years illustrated with by example years in Figure 3-18 is 

summarized in Figure 3-19 and Figure 3-20. 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 +3°C or +7°C 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 extreme +7°C warming, August months are likely to have null WAC, 

while WAC during July months will be close to null value too. 
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ñNormalò WAC Years  

  

ñDryò WAC Years  

  

ñWetò WAC Years  

  

Figure 3-18. Illustration of the effect of temperature change in the temporality and cumuli of WAC. The 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 extreme warming of +7°C. 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 

close to the average across the 10 realization (å750 TAF), low and large, respectively. 
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Figure 3-19. Change in monthly distribution of WAC resulting from a warming by +3°C. The panels show for each 

calendar month the scatter plot between monthly WAC obtained under baseline climate (x-axis) and +3°C warming 

(y-axis). The black dash-line is the óno changeô line. Blue and red colors are used to highlight months for which the 

WAC either increases or decreases, respectively. 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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Figure 3-20. Same as Figure 3-19 but for a temperature scenario of +7°C 

In summary, precipitation change has an effect on the mean annual WAC volume.  

¶ By 2040, the median projections 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.  

¶ By 2040, most projections and elicitations of precipitation change fall between -5% and +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 between +1°C 

and +4°C. At +4°C, WAC would decrease by more than 50 TAF in 20% of the years. 

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

¶ By 2070 RCP8.5, the median projections of about +4°C combined with 0% change in mean 

annual precipitation results in a 2.5% decrease in mean annual WAC volume. Most projections 

and elicitations of precipitation change are between -15% and +15% resulting in change in mean 

annual WAC volume between a decrease of 40% and an increase of 45%. . Most projections 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 precipitation and temperature overestimates streamflow 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 therefore San Franciscoôs allocation is also 

overestimated by about 482,000 acre-feet during the drought sequence 1987-1992 (observed is 813,000 

acre-feet versus simulated is 1,295,000 acre-feet). This volume of water is significant and is about equal 

to the volume of rationing that was required by customers during the six-year 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 and CliWxGen. 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 variable only. The comparison 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 across the 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 CliWxGen 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 and the k-nearest neighbors (Knn) 

approach. As such, CliWxGen 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 (å15 years frequency). CliWxGen simulated daily precipitation time series for only five out of 

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; see section 3.2.3.1 for more details regarding 

the interpolation). Nine 50-year long stochastic realizations of daily precipitation are used for the 

comparison. These nine stochastic realizations built by CliWxGen are deemed consistent with the 

historical period used, which is the period 1956-2011. 

The NCAR weather generator is a non-parametric stochastic weather generator that combines a Markov 

Chain Model (MCM) with the Knn approach. MCM is used to create daily stochastic sequences of dry, 

wet and very wet days over arbitrary long sequences (in this case, 30-year long periods). Knn is used to 

randomly select a date from the historic record that satisfies the sequence state (dry-to-dry, dry-to-wet, 

dry-to-very wet, 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 temperature are 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 extremes is corrected to 

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 realizations were generated for each GCM-forcing. 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 

are given in the Technical Report: Climate Change Storylines (NCAR, 2018). 

Figure 3-21 shows the results of the comparison of the simulated annual precipitation obtained 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 for NCAR-WG. As 

compared to the historical mean of the 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 data covers the period used by 



45 

 

CliWxGen (i.e., 1956-2011) plus precipitation at the missing four gauges were obtained via interpolation 

(see Section 3.2.3.1). The black square shows the annual average from historic observed ground stations 

that are used in PRMS. Each NCAR-WG produces a range of mean statistics that varies from 1981-2010 

through 2041-2070. It is observed CCSM, CESM, and GFDL-informed realizationsô mean decreases from 

1981-2010 to 2011-2040 before increasing for 2041-2070. Historical (1981-2010) CCSM, CESM, GFDL, 

and MPI-informed realizations centered closely on the historical mean (based on the median) and captures 

the range of the nine stochastic climate realizations. However, CESM tends to produce lower annual total 

precipitation than the historical (one realization of CESM goes as low as about 800 mm).  

 

Figure 3-21. Comparison of the simulated annual average precipitation across the Upcountry region (average of 9 

stations). Results from the NCAR-WG are shown using boxplots. Each color shows a different GCM used to 

conditions the NCAR-WG. Each boxplot summarizes the distribution across the 30 stochastic realizations. Results 

are shown for the baseline period (1981-2010, labeled ô1980ô) and two futures periods (2011-2040 and 2041-2070, 

respectively labeled ó2010ô and ó2040ô). Results obtained from each stochastic realization (9 total) simulated via 

CliWxGen are shown with colored square symbols. CliWxGen realizations are meant to represent the 1956-2011 

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

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

show the annual average calculated using PRMS inputs (1970-2016). In the context of this comparison, the latter is 

considered being the ótruthô, although the time periods used by each model vary. 

Figure 3-22 illustrates the comparison results between NCAR-WG and CliWxGen in regards with 

variability of the precipitation variable. Variability at both annual and monthly scales is analyzed. Results 

show that simulations from NCAR-WG tend to overestimate the variability of the annual precipitation. It 

is noted for instance that the variability of the historical annual precipitation (black squares in Figure 3-22, 

left) is below the lower inter-quartile of the annual precipitation distribution across the ensemble of 30 

realizations for each forcing GCM. The nine stochastic realizations from CliWxGen are closer to the 

historical value. Some slightly overestimate while some slightly underestimate the inter-annual variability 
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of the historical precipitation. As an ensemble, the nine stochastic 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 the annual scale. It is noted that simulations from NCAR-WG significantly overestimate the 

variability of the monthly precipitation across the region. On the other hand, the stochastic realizations 

from CliWxGen underestimate the precipitation variability at monthly 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.  

 

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 scale. See Figure 3-21 for more 

caption details. 
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4. East Bay region 

4.1. Hydro-meteorological context  
Three sub-watersheds of the Alameda Creek watershed (Figure 4-1) have been modeled for the need of 

the long term vulnerability assessment of the Hetch Hetchy Regional Water System (HHRWS); the 

Arroyo Hondo watershed (77.1 mi2), the Upper Alameda Creek watershed (aka Alameda Creek Diversion 

Dam watershed or ACDD; 33.3 mi2), and San Antonio watershed (37 mi2). Flows from each of these 

catchments are collected, at least partially for ACDD, by SFPUC owned facilities; the Calaveras reservoir 

for Arroyo Hondo, the Alameda Creek diversion dam for ACDD watershed (which diverts water to the 

Calaveras Reservoir), and the San Antonio reservoir for the San Antonio watershed. Note that the Arroyo 

Hondo watershed outlet, which is the USGS gage 11173200, is located upstream the Calaveras reservoir.  

 

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

Despite the relatively small size of the East Bay region, precipitation vary considerably within the region 

due to a sharp gradient in elevation (ranging from few dozen of feet above sea level to nearly 4,400 feet at 

the top of the Mont Hamilton). Rainfall regime is strongly seasonal with most of the rainfall events 

occurring during the Fall and Winter seasons, followed by a pretty consistent meteorological drought 

extending from late April through September (Figure 4-2). In addition, precipitation during fall and winter 

months highlight strong inter-annual variability. For instance, Figure 4-2 illustrates that observed rainfall 

during winter months (i.e., December, January, February) at Calaveras and Sunol stations range from null 

values to more than 250 mm (i.e., 9.8 inches), while the interquartile spans from +/- 50m from the 

monthly mean. 
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Figure 4-2. Rainfall climatology (1956-10-01Ą2011-09-30) at Calaveras (left) and Sunol (right) rain gages. Bold 

black curves show the average monthly rainfall (mm). The gray areas show the deviation between the quantiles 75 

and 25 of the monthly rainfall. Dash black curves show the minimum and maximum monthly rainfall for the period. 

Given the significant rainfall variability above described, streams are dry during the summer drought 

period while flash floods occur frequently during winter months due to convective storms passing through 

the region and hitting the elevation ranges of the basin.  

Figure 4-3 illustrates the hydrological regimes observed across the three watersheds and the significant 

inter-annual variability (cf. the difference between a wet year (i.e., water year 1998) and a dry year (i.e., 

water year 2007)). Note that snow pack dynamic has no influence in the region. 

  

 

 

Figure 4-3. Streamflow climatology at Arroyo Hondo 

USGS station (#11173200) (top left), ACDD (top right) 

and San Antonio (bottom left). Similar to Figure 4-2, 

bold black curves show the average monthly flow (mm). 

The gray areas show the deviation between the quantiles 

75 and 25 of the monthly flow. Dash black curves show 

the minimum and maximum monthly flow for the period.  
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4.2. SACramento Soil Moisture Accounting model (SAC-SMA)  
For each of the three sub-watersheds in the East Bay region, a distributed version of the Sacramento Soil 

Moisture Accounting (SAC-SMA model; Anderson and McDonnell, 2005) model was built to generate 

inflows at their outlet. The SAC-SMA model is a well-known conceptual hydrology model that has been 

used for flood forecasting by the National Weather Service. It is often considered to benchmark model 

performance, such as for the CAMELS project in United-States (e.g., Newman et al. 2015). While a 

distributed version of SAC-SMA is used to model the considered East Bay catchments, the performance 

of the lumped SAC-SMA when compared to other hydrologic models across the United States is deemed 

average (Brunner et al. 2020; Kratzert et al. 2020). However, Brunner et al. (2020) show that SAC-SMA 

simulated peak flows are strongly related to precipitation, which, given the flashy feature of the 

considered catchments, makes SAC-SMA suitable for modeling the hydrology in East Bay region. In 

addition, the coupling between SAC-SMA and the Lohmann et al. (1978) river routing model makes 

SAC-SMA fully distributed and suitable for the topographic and climatic heterogeneity of the region. We 

use the acronym SAC-SMA-DS to refer to the distributed version of this coupled model. In addition to 

the Lohmann river routing model, SAC-SMA-DS consists of modules representing soil moisture 

accounting, evapotranspiration and runoff routing through a Nash-cascade unit hydrograph, depicted in 

Figure 4-4. Potential evapotranspiration (PET) in the SAC-SMA-DS method is calculated using the 

Hamon method, which uses daily mean temperature and daylight hours to determine daily PET. For river 

channel routing, the linearized Saint-Venant Equation is used. Appendix A includes further details, 

including equations and references. 

 

Figure 4-4. Schematic of the distributed Sacramento Soil Moisture Accounting model (SAC-SMA-DS). Note that the 

Snow-17 module (Anderson, 2006) is turned-off 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 region, the rainfall is expected to vary 

significantly through space, although the rain gages with long records are sparse through the catchment, 

and thus, are not likely catching this variability . Three rain gages with long temporal records have been 

identified through the construction of the stochastic weather generator CliWxGen (HRG TR1, 2018); they 

are Calaveras, Sunol and Mont Hamilton rain gages. To assess whether the spatial coverage from the 

three rain gages is enough to represent the rainfall variability across the considered catchments, the high-

resolution (~4 km2) PRISM gridded dataset was used (http://prism.oregonstate.edu/). The result of this 

analysis is illustrated in Figure 4-5. 

 

Figure 4-5. Monthly long term average of the PRISM precipitation (1981-2015). Monthly precipitation are 

indicated in mm (color bar). Each dot represents the monthly precipitation obtained for a PRISM grid cell within 

the simulated watersheds. PRISM spatial resolution is nearly 4km2. The location of the three rain gages with long 

term records that are used by the weather generator CliWxGen are indicated with green symbols. 

http://prism.oregonstate.edu/
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Figure 4-5 illustrates the long-term monthly precipitation cumuli at 4km2 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 significant across the region, as 

expected given the gradient in elevation. The precipitation variability through space is especially 

important during the raining season (i.e, during fall and winter months). For instance, precipitation across 

the San Antonio reservoir 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 more water 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 symbols in Figure 

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

When reliable gage observations are available, they are commonly deemed more trustful than any 

interpolation-based gridded dataset such as PRISM. However, it seems important to account for the 

spatial distribution of the rainfall across the region, which, given the available stations, is not possible. 

For doing so, the observation at the gages were used to estimate the precipitation at the PRISM grid cell 

level by mean of a scaling factor that accounts for the difference in long-term averages between the 

PRISM grid cell where the rain gage is, and the PRISM grid cell where one want to estimate the rainfall: 

 
ὖ ὸ ὖ ὸ

ὖὙὍὛὓάὸ

ὖὙὍὛὓάὸ
ȟ 

4-1 

with ὖ ὸ the estimated precipitation for the day ὸ at the PRISM grid cell Ὧ, ὖ  the precipitation 

measured at the gage Ὥ being the closest to the PRISM grid cell Ὧ (Ὥ could be any of the available rain 

gage). The Euclidian distance using the latitude and longitude coordinate is used to find the closest station 

and/or grid cell1 . ὖὙὍὛὓάὸ  and ὖὙὍὛὓάὸ  are the long-term averages (i.e., 1981-2015) 

precipitation obtained from PRISM for the grid cells Ὦ and Ὧ and for the current month ά. Note that the 

grid cell Ὦ is the PRISM grid cell that in which the gage Ὥ is located. The use of the ratio between the 

PRISM precipitation at the gage location and at the grid cell where the precipitation is estimated is 

justified by the pretty good representation of the long-term precipitation at the gage by the PRISM 

dataset, as illustrated in 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 such, SAC-SMA-

DS  models for Arroyo Hondo and ACDD sub-watersheds only used Calaveras rain gage. For San Antonio sub-

watershed, 4 out of 12 PRISM grid cells were assigned with Sunol rain gage, while the remaining 8 grid cells were 

assigned with Calaveras rain gage. 



52 

 

 

Figure 4-6. Comparisons between long term average monthly precipitation at each rain gage and PRISM 

precipitation. Each dots represent one month. 

Note that during the revision of the LTVA and hydrology reports, discussion with SFPUC personnel leads 

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

trend in annual precipitation 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 not compatible with 

the CliWxGen stochastic weather generator that, by construction, requires stationary rainfall time series. 

 
Figure 4-7. Annual precipitation observed at Calaveras (red), Sunol (green) and Month Hamilton (blue) gages. 

Annual values are given in mm. Colored dash curves show linear trend obtained for each station. 

4.3.2. Temperature 

A comparison between the available temperature stations across the region and the Livneh et al. (2013) 

gridded dataset (aka CONUS) has been carried out during the development of the CliWxGen stochastic 

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 dataset as input to SAC-SMA-DS model. More details 

regarding this comparison is available in Section 2.1 of the Weather Generator report (HRG TR1, 2018). 

The temperature from the CONUS grid elevation is adjusted to the PRISM grid elevation using a 

temperature lapse equal to 6.2oC /km. 
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4.4. Model calibration across the three considered East Bay catchments 
This section presents the results of the calibration/validation of SAC-SMA-DS model at the outlet of 

Arroyo Hondo, ACDD and San Antonio sub-watersheds. The calibration of SAC-SMA-DS model 

parameters was carried out using the Genetic Algorithm described in Appendix E. The objective function 

for the calibration is the Kling-Gupta Efficiency (KGE; Gupta et al. 2009) obtained from the daily 

simulated and observed runoff time series. The calibration and validation periods shown in Table 4-1 

have been chosen given i) the availably of the observed/reconstructed discharges and ii) the goal of 

keeping dry conditions during the validation period to check whether the calibrated model parameters are 

able to correctly represent dry years. Note 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 model was 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 1982/09/30). The validation period includes 

the 1976-1977 drought, which provides a good test-bed to validate the Arroyo Hondo model during dry 

conditions. Note that because no observed discharge is available in-between 1982 and 1995, this period 

could not be used for calibration/validation. The time period for which observed/reconstructed discharge 

time series at the outlet of the ACDD and San Antonio sub-watersheds 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 2006/09/30, leaving the 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. 

Table 4-1. Calibration and validation period used for each catchment in East Bay region 

Basin name Area (square 

mile) 

Calibration period  Validation period Objective 

function 

Nature of the target 

Arroyo 

Hondo 

77.1 1995/10/01 Ą 

2011/09/30 

1969/10/01 Ą 

1982/09/30 

KGE USGS gage number 

11173200 

ACDD 33.3 1996/10/01 Ą 

2006/09/30 

2006/10/01 Ą 

2011/09/30 

KGE Reconstructed by 

SFPUC 

San Antonio 37 1996/10/01 Ą 

2006/09/30 

2006/10/01 Ą 

2011/09/30 

KGE Reconstructed by 

SFPUC 

Calibration and validation results are illustrated below using two set of figures and one set of tables. 

Figure 4-8, Figure 4-10 and Figure 4-12 summarize the performance for Arroyo Hondo, ACDD and San 

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 calibration and 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 below to illustrate the performance of the SAC-SMA-DS models at the daily, 

monthly and annual time scales. Figure 4-9, Figure 4-11 and Figure 4-13 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 NSE estimated for both daily and monthly temporal scales, together with 
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the percent bias, are given in Table 4-2, Table 4-3 and Table 4-4 for Arroyo Hondo, ACDD and San 

Antonio sub-watersheds, respectively. 

4.4.1. Arroyo Hondo 

The performance of the SAC-SMA-DS model at the Arroyo Hondo gage is very good. Daily NSE and 

KGE criteria are high (i.e., larger than 0.69 and larger than 0.84 respectively). The model is not biased 

with even less than 5% bias obtained for the validation period. We 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 the peak discharge, which is common for small and flashy basins. Higher temporal 

resolution (i.e., hourly) could be require to better reproduce peak flows. Overall, based on the various 

performance criteria, the model performance is satisficing for the need of the LTVA. 

 
Figure 4-8. Calibration results for the Arroyo Hondo watershed. a) Comparison of the daily observed (black) and 

simulated time series during calibration (blue) and validation (red) period. Nash-Sutcliffe (NSE) and Kling-Gupta 

(KGE) efficiency and the percent bias (Pbias, %) are given for the calibration, validation and the entire periods; b) 

Same as a) but for the annual scale (i.e., water year from 10/01 to 09-30). The data point for the WY XXXX is 

located at the date 09/30/XXXX; c) 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 observed (black) 

flow duration curve. Here, the simulated flow duration curve include both calibration and validation periods. 

Table 4-2. Summary of the SAC-SMA-DS performance for the Arroyo Hondo sub-watershed. Nash-Sutcliffe 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 (1996/ 10/ 01Ą2011/ 09/ 30) 0.79 0.89 0.18 0.93 0.96 

Valid (1969/ 10/ 01Ą1981/ 09/30) 0.69 0.84 4.10 0.84 0.91 

 

a) 

b) 

c) d) 
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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 to highlighted 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 sub-watershed, SAC-SMA-DS performance is high for the ACDD sub-

watershed. Daily NSE and KGE are respectively larger than 0.78 and 0.82 for both calibration and 

validation periods. The percent bias is low for calibration and the whole periods (0.86% and 3.85% 

respectively) but it is larger for the validation period (i.e., 13.4%). This rather large bias during the 

validation period seems to result from the water year 2010 (Figure 4-11), which could follow from an 

overestimation of the precipitation during this year. However, since the driest year (i.e., WY2007) is well 

reproduced, the model is expected to represent sufficiently well 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. 

 
Figure 4-10. Same as Figure 4-8 but for ACDD sub-watershed. 

Table 4-3. Summary of the SAC-SMA-DS performance for the ACDD sub-watershed. Nash-Sutcliffe 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 (1996/10/01Ą2006/09/30) 0.81 0.90 0.86 0.95 0.92 

Valid (2006/10/01--Ą2011/09/30) 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 to highlighted 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 sub-watersheds, SAC-SMA-DS model performance is very 

good with daily NSE and KGE larger than 0.8 and 0.84 for both calibration and validation periods. 

Overall bias is low with, however, a slightly larger value obtained for the validation period (i.e., 12.4%), 

which, similarly to ACDD, seems 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 as Figure 4-8 but for San Antonio sub-watershed. 

Table 4-4. Summary of the SAC-SMA-DS performance for the San Antonio sub-watershed. Nash-Sutcliffe 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 (1996/ 10/ 01Ą2006/ 09/ 30) 0.83 0.91 2.11 0.96 0.93 

Valid (2006/ 10/01Ą2011/ 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 to 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 simulations forced by the stochastic weather realizations 
This section presents the results of the SAC-SMA-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 observed weather variables to detect 

any potential bias. Results show a minor bias in precipitation, which has been corrected prior forcing the 

SAC-SMA-DS model (Section 4.5.1). Second, the bias in runoff variables are discussed for the three sub-

watersheds (Section 0). 

4.5.1. Bias correction of the weather generator outputs 

Figure 4-14 illustrates for Arroyo Hondo (top), ACDD (middle) and San Antonio (bottom) the relative 

deviation in average between the stochastic realizations obtained from the weather generator CliWxGen 

and the historical weather. The description of the nine realizations can be found in the technical report 

describing the weather generator CliWxGen (HRG TR1, 2018). Note that in Figure 4-14, precipitation 

and temperature time series used to estimate the deviation between stochastic and historical time series 

are average across each basin after the pre-processing detailed in Section 4.3.  
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Figure 4-14. Comparison between the SAC-SMA-DS forcing dataset for the LTVA with the historical forcing 

dataset. Black dots show for each realization (x-axis) the average deviation between the historical record for the 

precipitation (left column) and temperature (right column) variables and the raw output of the weather generator 

CliWxGen mapped to the PRISM grid cells (see Equation 4-2). Blue dots show the deviations from the historical 

obtained with the bias corrected realizations. The y-axis show the deviation from the historical values, relative for 

precipitation and absolute (in oC) for temperature. 

Two main results are drawn out from Figure 4-14. First, none of the nine stochastic realization is biased 

regarding the temperature variable (right column). The largest deviation from the historical average is 

lower than 0.15oC, 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 average. The bias is rather consistent across all three 

sub-watersheds. To ensure that overall, the baseline used for the climate stress test have a similar long-

term precipitation average than the historical record, the weather generator precipitation output must be 

corrected prior altering their average throughout the climate stress test. 

Let us recall that the weather generator CliWxGen outputs precipitation time series at the Calaveras and 

Sunol gage locations. Let us refer to these time series as ὖȟ  (i being an index to either refer to 

Calaveras or Sunol rain gage). The precipitation time series from the weather generator are first mapped 

to the each PRISM grid k using Equation 4-1, which becomes: 

 
ὖȟ ὸ ὖȟ ὸ

ὖὙὍὛὓάὸ

ὖὙὍὛὓάὸ
ȟ 

4-2 

with similar notation as the ones used for Equation 4-1. The precipitation time series from the weather 

generator mapped to the each PRISM grid cell k are then corrected by multiplying their daily values 

ὖȟ ὸ by a correction factor ὦ  that is specific to each sub-watershed w. Note that for a given 

sub-watershed w, the correction factor ὦ  is common across all realizations:  

 ὖȟ ȟ ὸ ὦὖȟ ὸȟ 4-3 

with ὖȟ ȟ  the bias corrected precipitation time series obtained from the weather generator and 

mapped to the PRISM grid cell k. Bias correction factors ὦ  for the sub-watershed w is estimated from 

the deviations illustrated in Figure Figure 4-14 (left column) betweeh the historical precipitation (red line) 

and the raw weather generator output mapped to the PRISM gridd cells (black dots): 

 
ὦ

ὖ ὸ

ὖȟ
ȟὪέὶ Ὧ ̤ ύ  

4-4 

with ὖ ὸ the estimated precipitation for the day ὸ at the PRISM grid cell Ὧ (obtained from Equation 

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

grid cells ὖȟ  is calculated across all nine stochastic realizations. The bias correction factors are 

given in Table 4-5 for each sub-watershed. 

Table 4-5. Bias correction factors to be multiplied with the precipitation time series obtained from Equation 4-1. 

Arroyo Hondo San Antonio ACDD 

1.017 1.014 1.017 

 

4.5.2. SAC-SMA-DS simulations for the LTVA 

The long-term averages of observed and simulated runoff are compared in Table 4-6. The average 

monthly cycles are illustrated in Figure 4-15. It is important to recall that long-term averages and average 

cycles presented below are obtained for different time periods, which might explain some differences. 

The averages for the observed historical records vary from one catchment to another (cf. periods in Table 

4-6 caption). For all three sub-watersheds, the length is significantly shorter than the period for which 

runoff are simulated with SAC-SMA-DS forced by the stochastic realization. The long-term averages for 

the simulated historical is obtained for the period spanning from 1956/10/01 to 2011/09/30. As described 

in the weather generator technical report (HRG TR1, 2018), each of the nine stochastic realization is 50-
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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 1956/10/01 to 2011/09/30. Although each realization has been obtained through 

use of resampling approaches, which introduce somewhat randomness, they should be representative of 

this period; the deviation from one realization to another is deemed noise stemming from climate 

variability and sampling uncertainty. 

For Arroyo Hondo, both observed and simulated historical long-term averages fall within the range of 

long-term averages obtained from the ensemble of 9 realizations. When compared to the observed 

historical, one may note a slight wet bias that averaged out to 1.2%. 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 explained by the fact that the wetter year (i.e., 1984), 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 sub-watershed, one can note that the long-term averages obtained with the nine 

stochastic realizations are slightly larger than the observed historical long-term average. The positive bias 

ranges from 1.2% (realization #3) to 9.2% (realization 6). The average bias across realization equals 

4.8%. This positive bias could be explained by the shorter observed historical period. As the historical 

record is short (i.e., 19 years) its long-term average may be more sensitive to low frequency climate 

variability. As such, the number of dry years within the observed historical time series, including the start 

of the most recent drought (i.e., 2011 through 2014), might introduce a dry bias into the long-term 

average historical estimate when compared to its theoretical true (but unknown) value that could be better 

estimated using a longer record. Also, three out of the four wettest years on record are prior 1996 (i.e., 

water years 1959, 1982, 1983 as seen in Figure 4-7). As such, it is expected that some years from the 

ensemble of 9 realizations to have larger streamflow values than the ones reconstructed at the San 

Antonio catchment outlet, which could also contribute to explain the apparent positive bias when 

compared to the 1996-2014 historical record.  

For ACDD, a similar result than for San Antonio sub-watershed is observed. In this case, the positive bias 

obtained from the 9 realization ranges from 3.2% to 9.7% (with an average equal to 5.8%).   

The above assumption that the long-term averages obtained for San Antonio and ACDD sub-watersheds 

are potentially underestimating the true value is supported by the fact that the model does not 

overestimate the runoff at Arroyo Hondo sub-watershed, for which the historical long-term average 

estimate was obtained using a longer period (i.e., 35 years). 

Table 4-6. Long-term averages for observed runoff (óObserved historicalô), simulated runoff forced with historical 

weather (óSimulated historicalô) and simulated runoff forced with the stochastic weather realizations (indexed from 

1 through 9). Runoff values are given in mm. Note that óHistoricalô averages are given for the longest available 

period (i.e., 1969/10/01Ą 2018/09/30 for Arroyo Hondo (with missing values from 1981/10/01 to 1995/09/30); 

1995/10/01Ą 2013/09/30 for San Antonio; 1995/10/01Ą2014/09/30 for ACDD). The period used for simulated 

historical is the one used to generate the stochastic realization (i.e., 1956/10/01 Ą 2011/09/30). 

Realization id Arroyo Hondo San Antonio ACDD 

Observed historical 0.576 0.223 0.552 

Simulated historical 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 illustrated in Figure 4-15, their representation is fairly good for all three 

sub-watersheds. One may notice, however, that simulated dry period starts and ends earlier than in the 

historical records. This difference could be explained by several factors that have not been thoughtfully 

investigated because deemed not critical for the performance of the LTVA. Note that difference is only 

about few mm which represents, given the size of the sub-watersheds, a tiny fraction of the annual runoff. 

 
Figure 4-15. Comparison of the observed historical (black) and LTVA simulated (grey) runoff for each sub-

watershed. All nine SAC-SMA-DS 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 Francisco Water System Model (SFWSM) uses acre feet by day (AF/day) as unit. 

As such, everything single SAC-SMA-DS outputs is converted from mm to AF/day. 

4.6.1. Runoff for the ungagged sub-watersheds 

In addition to the streamflow time series simulated at the outlet of the Arroyo Hondo, ACDD and San 

Antonio sub-watersheds, SFWSM may require up to two additional runoff time series.  

One required time series is for the intermediate watershed in-between the Arroyo Hondo gage, where the 

SAC-SMA-DS model is calibrated, and the Calaveras reservoir. Following discussion with SFPUC 

personnel, runoff from this intermediate sub-watershed 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 entering Calaveras 
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reservoir (not accounting 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 

Recapture Alameda Creek project. In this case, a time series of runoff is required to represent the 

contribution from the catchment in-between the Calaveras reservoir and the pit F2 entrance. Following 

discussion with SFPUC personnel, it has been decided to scale the simulated time series at the San 

Antonio reservoir by the ratio of the catchment areas. This ratio was found to be equal to 0.975. 

4.6.2. Evaporation and precipitation over Calaveras and San Antonio reservoirs 

SFWSM requires precipitation and evaporation rates over the reservoirs. The simulated potential 

evapotranspiration by SAC-SMA-DS and the precipitation at the grid cell that includes the outlet of the 

Arroyo Hondo and San Antonio sub-watersheds were outputted for that purposed. 

 

4.7. SAC-SMA-DS simulations forced by the stochastic weather generator climate 

stress test  

 

 

 
Figure 4-16 Total annual stream flow (acre-feet) under temperature and precipitation changes respectively for San 

Antonio Reservoir, Alameda Creek Diversion Dam, and Arroyo Hondo sub-watersheds. The yellow and green dots 

over the response surface shows CMIP5 projections under RCP 8.5 for two 30-year long periods: 2040 (2026-2055) 

and 2070 (2056-2095).  Baseline is 1986-2005.  Historic mean observed is shown in white and follows the dashed 

line. 
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Figure 4-16 shows the total annual stream flow under temperature and precipitation changes.  The higher 

precipitation generates more flows while higher temperature produces less flows. This change is due to 

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 annual streamflow.  Results below are presented for inflow 

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

¶ By 2040, the median projections of +2°C warming combined with 0% change in mean 

annual precipitation results in 9% reduction in mean annual inflow.  

¶ By 2040, most projections and elicitations of warming are between +1°C and +4°C and 

for precipitation change between -5% and +5% which would correspond to a maximum 

change in mean annual inflow between a decrease of 27% and an increase of 7%.  

¶ By 2070 RCP 8.5, 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 precipitation change 

between -15% and +15% resulting in change in mean annual inflow between a decrease 

of 50% and an increase of 33%.  

 

5. Peninsula Hydrologic 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 from the 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 (shown in Figure 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 northwest-trending 

faults, mountain ranges, and valleys as consequences from geologically complex and seismically active 

zone. (San Francisco Planning Department, 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 North Peak and Scarper Peak) and over 2,000 feet above msl near Kings Mountain. 

Northern slopes are approximately steeper than southern slopes (San Francisco Planning Department, 

2001). 

Pilarcitos Fault shown in the Figure 5-2 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 well, and their 

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 west (San Francisco Planning Department, 2001). 
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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) I-280 Vista Point, 1) Filoli Center, 2) Pulgas Water Temple, 3) Crystal Springs Dam, 4) I-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 Preserve, 12) Half Moon Bay Airport, and 

13) Pillar Point and Mavericks (The 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 

creeks, 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 reservoirs, (2) Pilarcitos reservoir and Creek, and (3) San 

Andreas reservoir (San Francisco Planning Department, 2001). However, in order to provide system 

model inflows at important discharge gauges, this study decides to delineate the Peninsula watershed into 

five sub-watersheds which are San Andreas reservoir watershed, San Mateo Creek watershed, Pilarcitos 

reservoir watershed, Stone Dam watershed, Crystal Springs reservoir watershed relating to five discharge 
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gauges with the same names (shown in Figure 5-3). Table 5-1 gives the summary of these discharge 

gauges. 

Table 5-1 Discharge gauges in the Peninsula watershed 

Full name Short name Used to 

delineate 

Outlet to sub-

watershed 

Latitude Longtitude 

San Mateo 

Creek at Mud 

Dam 1 

San Mateo 

Creek 

YES San Mateo 

Creek 

37.55668778 -122.4180597 

San Mateo 

Creek below 

the junction 

box 

San Mateo 

Creek below 

the junction 

box 

NO  37.556247 -122.418027 

 

Filoli Main 

Bridge above 

Upper Crystal 

Springs 

Filoli Main 

Bridge 

NO  37.476412 -122.312184 

Crystal 

Springs 

reservoir 

Inflow by 

Mass Balance 

Crystal 

Springs 

reservoir 

YES Crystal 

Springs 

reservoir 

37.528917 

 

-122.362348 

 

San Andreas 

reservoir 

Inflow by 

Mass Balance 

San Andreas 

reservoir 

YES San Andreas 

reservoir 

37.580239 

 

 

-122.411845 

 

Pilarcitos 

Creek above 

Stone Dam 

Stone Dam YES Stone Dam 37.527173 -122.398355 

Pilarcitos 

reservoir 

Pilarcitos 

reservoir 

YES Pilarcitos 

reservoir 

37.54805556 -122.4286111 
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Figure 5-3 Peninsula watershed with five sub-watersheds 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 with the 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 Creek below the 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 reservoir, 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 watershed (San Francisco Planning Department, 2001). Five 

sub-watersheds 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 runoff 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 of the water in 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 at the Harry W. Tracy Water Treatment Plant (Tracy WTP) before 

distributing to water users (San Francisco Planning Department, 2001). Figure 5-4 represents the water 

system in the Peninsula watershed.  

Stream flows of the Peninsula watershed divert to the oceans by two directions. First, from the upstream 

of San Andreas reservoir and the upstream of San Mateo Creek, streams flow to the South and direct into 

San Mateo Creek in the East towards San Francisco Bay. In addition, streams flow from the South of 

Crystal Springs reservoir towards the North of Crystal Springs reservoir and divert into San Mateo Creek 

at the same location as stream flows from the upstream of San Andreas reservoir and the upstream of San 

Mateo Creek. Second, stream flows from the upstream of Pilarcitos reservoir direct into Pilarcitos Creek 

towards Pacific Ocean (shown in Figure 5-6 and Figure 5-6).  

 

Figure 5-4 Flows in the Peninsula watershed (San Francisco Planning Department, 2001). 
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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 watershed (San 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 Pilarcitos creek. 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 reservoir, it can diminish peak flows most of 

time. When flood storage capacity is filled, it can 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 reservoir, 

SFPUC always regards downstream effects. (San 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, and Pilarcitos 

Creeks. (San Francisco Planning Department, 2005)  

5.2. Methodology 
The reservoir design is based on the natural stream flows in the past 50 years. Any amount of future 

discharges outside 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 alternation. (San Francisco 

Planning Department, 2005). Thus, this study aims to create a hydrologic model which can represent 

naturalized stream flows in the Peninsula watershed. Then, it will use different weather scenarios from the 

weather generators to create a range 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 (SAC-SMA) is used to build Peninsula hydrologic 

model. SAC-SMA is described in depth on section 4.2.  For Peninsula Hydrology, SAC-SMA was built 

with a lumped configuration, which removes the Lohmann routing module.  In addition, Genetic 

Algorithm (GA) is used to calibrate the hydrologic model, which is described in depth in Appendix E.   

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 aboard the space shuttle Endeavour February 11-22, 2000. During Endeavour's 11-day 

mission, SRTM collected radar data over 80% of the Earth's land surface between 60° north and 56° south 

latitude. There are two spatial resolution: 1 arc-second for global coverage (~30 meters) and 3 arc-

seconds for global coverage (~90 meters). In this study, 90-meter resolution is used for delineating the 

watersheds and calculating average ground elevation to msl.   

5.3.2. Climate data 

Temperature and precipitation datasets are used as input climatology to the SAC-SMA hydrology models.  

As the SAC-SMA hydrology models for the Peninsula regions are lumped models, each watershed uses a 

single input time-series for each climate dataset.   

5.3.2.1. Temperature 

Temperature datasets are gathered from gridded dataset from (Livneh et al., 2015) over a period of 1950 

to 2011.  Figure 5-8 shows the Livneh temperature grid cells overlaid on top of the watersheds with 

various ground temperature stations used to validate the dataset.  A lapse rate is introduced to adjust the 

gridded dataset elevation temperature to ground elevation using the rate of φȢςᴈËÍϳ .  Figure 5-9 shows 

the elevation-adjusted Livneh gridded data time-series 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. 

 

  



76 

 

   (a)  

(b)  

Figure 5-9. Temperature data comparison of elevation 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 the watersheds to create an area-weighted average precipitation time-series to 

drive the hydrology models.  Table 5-2 outlines the duration and locations of the precipitation stations 

used with Figure 5-10 visually shows the coverage areas for each watershed.   

Table 5-2. Precipitation station latitude and longitude 

Station Name Latitude Longitude Start Date End Date 

Pilarcitos 37.55305556 -122.4286111 1956-10-01 2011-09-30 

San Andreas Reservoir 37.57916667 -122.4088889 1956-10-01 2011-09-30 

Upper Crystal Springs 37.51222222 -122.3541667 1956-10-01 2011-09-30 

 

 

Figure 5-10. Precipitation stations with Theissen polygon over Peninsula watersheds 
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5.3.3. Stream gauges 

Locations of stream gages are illustrated in Figure 5-3 and are from gauges or back-calculated naturalized 

flows. The streamflow datasets were received from SFPUC and the locations are listed in Table 5-3.  The 

watershed areas with streamflow data periods are listed in Table 5-4.   

Table 5-3. Stream gages 

Sub-watershed Stream gage Lat itude Longtitude 

Pilarcitos Reservoir Pilarcitos Creek at Pilarcitos Dam 37.54805556 122.4286111 

Stone Dam Pilarcitos Creek above Stone Dam Accretion 37.527173 -122.398355 

San Andreas Reservoir San Andreas Reservoir Inflow by Mass 

Balance 

37.580239 -122.411845 

Crystal Springs 

Reservoir 

Crystal Springs Reservoir Inflow by Mass 

Balance 

37.528917 -122.362348 

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

 

Table 5-4. Watershed area and streamflow data range 

Watershed Start Date End Date Area (km2) 

Crystal Springs 2007-10-01 2017-09-22 62.119596 

Stone Dam 2011-11-22 2017-07-31 6.102815 

Pilarcitos 1999-10-01 2018-06-19 10.064031 

San Mateo 2011-02-28 2017-06-23 5.514076 

San Andreas 1979-01-22 2017-09-22 9.636758 

 

Limitations in gridded climate time-series limited the period of streamflow available for calibration.  

Specifically, these were concerns for San Mateo and Stone Dam watersheds, as the streamflow time-

series did not overlap enough for calibration purposes.  Therefore, the correlation was calculated for the 

San Mateo watershed streamflow over 2011-10-01 through 2016-09-30 and Stone Dam watershed over 

2012-10-01 through 2016-09-30.  Table 5-5 shows the calculated correlation of the various watersheds 

and shows the highest correlation streamflows were Pilarcitos.  Using the Pilarcitos streamflow, a basin-

area ratio calculation was applied generate streamflow from 1999-10-01 through 2011-09-30 for each 

respective region.   
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Table 5-5. Correlation calculated for (a)San Mateo watershed over 2011-10-01 to 2016-09-30 and (b)Stone Dam 

watershed over 2012-10-01 through 2016-09-30.   

(a) San Mateo Watershed 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 Dam Watershed 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  
Figure 5-11 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 climate data 

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. Finally, the hydrologic model is calibrated for daily KGE 

using genetic algorithm.   
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Figure 5-11 Work flow of hydrologic modelling 

Each watershed is calibrated based on the configurations defined in Table 5-6 and validated over 2010-

10-01 through 2011-09-30.   

 

Table 5-6. Watershed calibration and validation periods with additional comments 

Watershed Start Date End Date Validation 

Period 

Note 

San Mateo 1999-10-01 2010-09-30 

2010-10-01 ï  

2011-09-30 

Basin-area ratio adjusted Pilarcitos streamflow as 

calibration target 

San Andreas 1999-10-01 2010-09-30 
 

Crystal Spring 2007-10-01 2010-09-30 2006-10-01 to 2007-09-30 used as warmup period 

Stone Dam 1999-10-01 2010-09-30 Basin-area ratio adjusted Pilarcitos streamflow as 

calibration target 

Pilarcitos 1999-10-01 2010-09-30 
 

 

 

DEM Locations of flow data 

Sub-watersheds 

Gauged P Gridded T 

Precipitation (P), temperature (T) 

 

Simulated stream flows 

Calibrated stream flows 

CALIBRATION  

SIMULATION 

SUB-WATERSHED DELINEATION CLIMATE DATA PREPARATION 

Delineate 

Genetic algorithm 

Hydrologic model SAC-SMA 



81 

 

5.5. Calibration Results  
 

Table 5-7 shows performance metrics for calibration and validation of all five sub-watersheds in 

Peninsula watershed. All but San Andreas sub-watersheds 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 sub-watersheds except for San Andreas, 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 Spring and decrease for San Mateo.  These will be discussed further below.   

 

Table 5-7.  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 0.4 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 22.5 0.774 0.937 

Stone Dam 0.873 0.766 0.2 0.798 0.864 

Pilarcitos 0.838 0.766 1.1 0.748 0.825 
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Figure 5-12. San Mateo sub-watershed daily and monthly streamflow hydrographs, monthly scatterplot, and 

monthly flow duration curve.   

San Mateo calibration results are shown in Figure 5-12 with daily and monthly streamflow hydrographs, 

monthly scatterplot, and monthly flow duration curves.  The streamflow is 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 low flows compared to historic observed values.  However, this estimate is assumed to 

be acceptable as the historic observed value is the basin-area ratio of Pilarcitos streamflow.  The 

validation period from 2010-10-01 through 2011-09-30 shows a percent bias of -14.7%, which is due to 

the underestimation of the flows over those periods, however the monthly hydrograph and scatterplot 

shows minimal issues during the validation periods.   


































































































































































































