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Abstract:

Climate change and other changes to external conditions may jeopardize the future ability of the San
Francisco Public Utilities Commission’s (SFPUC’s) Regional Water System (RWS) to meet the desired level
of service. To help better understand the potential vulnerability of the RWS to uncertain future
conditions, SFPUC partnered with The Water Research Foundation and University of Massachusetts
Hydrosystems Research Group (HRG) to develop a long-term vulnerability assessment (LTVA) of the
RWS. The goal of this study was to quantitatively and qualitatively assess to what extent climate change
will be a threat to the Regional Water System in comparison to, or in combination with, other external
drivers of change over the next 50 years (2020-2070). To answer these questions, the computational
analysis used decision scaling, whereby vulnerabilities are identified via multi-dimensional sensitivity
analysis with the uncertain external factors and available predictors or projections are used to assess the
level of concern associated with the identified vulnerabilities. Computer simulation models were
developed to simulate changes in climate and weather (climate-weather generator), hydrology of each
of the contributing watersheds, operations of the physical and management systems, long-term
demand, water quality, and finance. In addition, a small set of specific scenarios was designed to
investigate the effects of regulatory changes to environmental flow requirements and failure of key
infrastructure components. The results serve as the basis for adaptation planning by revealing the
system’s vulnerabilities and assessing the level of concern that accompanies those weaknesses using
climate projections and other future projections.

Benefits:

e This project demonstrates a multiple stressor vulnerability analysis including climate change, water
demand, regulatory change, and infrastructure failure.

e The project illustrates the innovative decision scaling methodology, a method designed to make the
best use of uncertain climate projections, to address the long-term concerns of the SFPUC.

e The project illustrates vulnerability assessment in categories not typically included in climate change
analyses, such as regulatory change, infrastructure failure, financial impacts, and changes in
precipitation, temperature, variability, and water demand.

e The analysis identified the specific climate vulnerabilities of the SFPUC water system, in terms of
both water supply and finance, and conclusions are not dependent on climate projections.

e An expert elicitation was conducted with national climate scientists to assess the level of concern of
climate projections and the vulnerabilities that were identified.

e The findings serve as the basis for future work in adaptation planning to explore adaptation
pathways and identify low-regret investments and long-term options to increase resilience of SFPUC
infrastructure.

Keywords: climate vulnerability, vulnerability analysis, climate change, water supply reliability, water
demand, regulatory risk, infrastructure risk, water resources systems analysis, water finance, water
guality, watershed hydrology

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | v



7 Vol g o XNVl F=To F=d 3 o Y=Y o £ PR iii

FAN o1y o - (ot - [ g Lo 2 T<T g V=] 1 £ USSP v
1] o] =TS USTRR ix
FIBUIS ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeeeae e aannaannnannnn—a———_. Xi
Acronyms and ABDreVIatioNs ....... ..o e e e e e e e e e e e e arrraees XixX
[ CTol AV U oY 0 =1 XXi
Chapter L: INTrOUCTION. .......cocuiiiiiiie ettt e sttt e e s st b e e e st ae e e sabaeessabbaeesansbeeean 1
1.1 Regional Water SyStEmM OVEIVIEW ....ccccieeciiiiieee ettt s e et e e e e e s re e e e e e s snaaaeeeeeeenas 1

1.2 Planning for Climate and Other Changes.........ccceeeiiieeiiciiie e 2

1.3 U g oTo 1Yl o] i d o T (UL N PR 3

14 Vulnerability Assessment Objectives and SCOPE ......uuvvviiiiieiiiiiiecciee e 4

1.4.1  DeCiSION SCAIING ..vveeiiiieee et et e e ate e e e e rte e e e araeas 5

R Y o =Y =1 Y olo T o TP 5

R0 5. T =10 o [oTo T =Y BT oo o1 ISP 5

1.5 RePOrt Organization......ccoeiiiiiii e nrane 5
Chapter 2: Historical Trends and Climate Projections ..............cccccoiiiiiiiiiiniiiniee e 7
2.1 Historical Trends and Variability ... 7

2.1.1  Temperature TrENG. ..o ettt eeitee et e e s ste e e s srteeessbeeeessbeeeesansaeessnes 7

2.1.2  Annual Precipitation Trend.......ccociieeiiiiee et 12

2.1.3  Variability in Annual Precipitation .......cccccevviiiiiieiee e 13

2.2 (@ T a g =140 o T =Tt d [ o SRR 15

8 % R @ o To ol <o} 2 {0 USSP 16

2.2.2  Global Circulation Models Projections .........ccccuvveeeeeiicciiiieeee e 17

2.2.3  Climate Information Elicitation Workshop .........cccoeeeeeciiiveinieesee e 27

2.3 Setting Bounds fOr the Stress TeSt. ...t e 34
Chapter 3: Modeling Methods for the Hetch Hetchy RWS..............ccooiiiiiii e 37
3.1 Stochastic Weather GENEIrator ......uii vt ree e s are e e e e 39

S 0 A Y/ [o o 1= [ = o Y- PSSR 39

3.1.2  Modeling Method .......cooouiiiiiciie e e 39

3.1.3 Spatial and Temporal Scopes of the Weather Generator.........cccceeveeeircieeeinnnen. 41

3.1.4  Climate REaliZationS.....ccuiiiiiiiiieieiiiee ettt ae e s saaee e 42

3.1.5 Validation of the Climate Realization Sample Size ......cccoccveeiviviiiinienieiee e 49

. 700 Y ST |V, o o [=Y I I o 11 = 1 o T U URRTIT 50

3.2 [ V70 [o] (o =4 VALY, oY 1Y USSP 50

2 1Y/ [o o[- [T T= 1 o X- | PP PP OTPPP 50

3.2.2  Modeling Methods ......ccocuuiiiiiiiie e s 50

3.2.3 Calibration Results across the Upcountry, East Bay, and Peninsula Regions...... 51

3.2.4  Frequency Analysis of Drought Severity and Duration.........ccceccevveeeceeeiieesnennn 67

3.2.5  MoOdel LImMITations ..cc.ueiiiiiiieeiiiiee ettt e st e s s 81

33 Water DemMand MOE! .....ocueiiiiiiiiieiee ettt saae e sbe e sbaeenanes 83

I T8 R 1Y/ [o o 1= [T T=q o Y- OSSR 83

3.3.2  Modeling MEthods ......ccccuiiiiiiiie i 83

3.3.3  MoOdel LIMITations .ccueeeiieenieeiiieeriee sttt ettt e sbe e sbe e s sbaeesabeesbaeenes 88

vi The Water Research Foundation



3.4 San Francisco Water System Model (SFWSM)........uiiiiiiiieeieeeectee et 90
I R Y/ [o o 1= [T T= X o X- | O PP OTPPP 90
3.4.2  Modeling MEthods ......ccccuviiiiiiie e e 90
3.4.3 Comparison of SFWSM (Historical Validation) Against the Historical

Operations of the Hetch Hetchy RWS.......ccuuiiiiiiiiie et 98
3.44 Comparison of SFWSM (HHLSM Validation) and HHLSM ...........ccccceeevnieeeenneen. 100
3.4.5 Comparison of SFWSM (HHLSM Validation) and SFWSM (Planning) ................ 103
3.4.6 MOl LIMitationS ..uueeeeiiiieciiiieeeeeeecciteeee e e eeerre et e e e e e esaraeeeeeeeeetnrrseeeeeessnnnnnns 104
3.5 Raw Water Quality in the Hetch Hetchy SUPPIY oevevviieiceeec e 105
T8 R 1Y, [o Yo 1= [T =4 € o Y- 1 SRR 105
3.5.2  Modeling Methods .......cccuueiiiiiiiiice e e 106
3.5.3 Calibration and Validation RESUILS.........cceeeeieiiiciriiieee e e e 106
R P S |V, o Yo [=Y N o 11 = T o T TSP OPP 115
3.6 T aF o Tol=I 1Y o T {1 PR 117
S T% R 1Y, [o o 1= [T =4 o ¥- 1 PSPPI 117
3.6.2  Modeling Methods ......coouiiiiiiiiiicee e e 118
T ST TN |V, o o [=Y I N o 11 = T o T 3 RSP 122
Chapter 4: Vulnerability AsSesSment DESIZN...........cccovcuiiiiiiiniiiiiee ittt sreesieessireesbeesteessbeessaseesbeees 125
4.1 LCTY YT = 7Y o] o o =T o [ USSR 125
4.2 SEFESS TOSES uvttviiiiiititiitiiiittt ettt ee e e et e et e e e e e e et et et eteeeeeteteeeaeteeeaeaeeeeeeaeeees 127
4.2.1  Baseline — SUMMAIY.....cciiiciiiiiciiiee ettt ettt e e eetre e e s sate e e e sbaeeesentaeeeenes 127
4.2.2 Climate Scenarios for the Stress TSt ......ccvviiicciiii e 128
4.2.3 Demand Scenarios for the Stress TeSt......cuivciiieieeeeeerciiiieeee e e 129
4.2.4  Stress Test Implementation: Step vs. Transient Changes........ccccceevcvveeencnveennn. 130
4.2.5 Limitations of the Stress TeSt....cciiiiiiiiiiiiirieeee et eererrre e e eeearreeee e e e 134
4.3 Narrative-Based SCENAIIOS .......cccuriieiie ettt ettt e e e e e eetrre e e e e e e e esbbareeeeeeeesnaraaeeeas 134
4.3.1  Environmental NarratiVeS ......coccvveeeeee ettt eerrrre e e e eeinrreeee e e 134
4.3.2 Infrastructure Narrative-Based SCENANIOS .....ceeeeeeeeciiiiiieee e 137
4.3.3  Wholesale Demand Narrative-Based SCeNarios .......ccccveevvcveeeiiiieeevniveee s, 139

4.3.4 Integration of the Narrative-Based Scenarios within the Climate Stress
LI PP PPPPTPPPRRN 142
4.4 PerformanCe IMELIICS ....uuuiieie ittt e e e e e e et re e e e e e s e santaaeeeeeseeennaraeeeeas 142
o R VAV 1 =T oYU o] o] PSRRI 143
4.4.2 Upper Tuolumne River ECOSYsStem Program.......cccccccveeeeeiiiciiiiieeeeeseeecnieeeeeenn 144
443 Water QUAlITY..coieceiee e re e e 144
O 1 V- o Vol 145
Chapter 5: Vulnerability ASSESSMENT..........ccccuiiiiiiiiiiiiie ettt s e e ssbee e sabeesaeeas 147
5.1 Effects of Climate Change and Reservoirs Inflows and Water Available to the City ...... 147
51,1 UPCOUNTIY REEION ..ttt e e e eeeeeeeeeeesesesasesesseeesenes 147
5.1.2  EQSt BAy REGION ..ttt sare e e s s e e e e s s snanaee 161
5.1.3  Peninsula HYdrolOY .....cccueiiiiiiiiiiiiiie ettt e s e aee e e 162
5.2 Compound Effects of Climate and Demand Change on Water Supply.......cccceevvcuveeennns 164
L VA T (U F- | IV 1 o =T oS UURROt 164
5.2.2  Water Delivery Reliability .......cccuiiriiiiiiiiiie e 168
5.2.3  Frequency of 20% RatioNiNg ......ccoicuiiiriiiiiiiiiieeesiiee e et e e e et e s 172
5.2.4  Duration of RAtiONING ...ccueeiiiiiiiiiiiiiiee ettt e e s 175
5.2.5 Water Storage Reliability (above 2.3 Years of Remaining Supply) ....c..coceeeunnne 180

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | Vii



5.2.6  Maximum Annual Supply DefiCit ......cccevvieirciiiee e 183

5.2.7 Maximum Cumulative Supply Deficit through Rationing Events.........c.ccc..c...... 186
5.2.8 Demand Narrative-Based SCENANIOS .....coccveeriierrieinieeniee et esieesreesaee e 189

5.3 Compound Effects of Climate Change and Instream Flow Requirements on Water
U] o] o] 2SR 190
5.3.1 UTREP Base Flows below O’Shaughnessy Dam (NAE1.1)......ccoceeveiveeinciveeennns 191
5.3.2 New IFR below Don Pedro Dam (NAE2.1 and NAE2.2)......ccccccvuveeeeviveeeeiineeennns 193
5.3.3 New IFR below Turner Dam (1) (NAEA.2) ..ccocuvieiiiieieeiee et 196
5.3.4 New IFR below Stone Dam (NAES5.1) ....ccccveicieeiiiecieeciee et evee e 197
5.4 Effects of Climate Change on Upper Tuolumne River Ecosystem Program .................. 199
5.5 Effects of Climate Change on Turbidity and TOC.........cccecvvieiiiiiee e 203
5.5.1 Turbidity at the O’Shaughnessy Dam and the Tesla Portal .......c..cccoceeuvvveeeeennn. 203
5.5.2  TOC at the Tesla Portal ......cccoovciiiiiiiiie ettt 209

5.5.3  Vulnerability of Water Delivery to High TOC/Turbidity Levels of Hetch

[ L1 W el o N VLY o T USRS 212
5.6 Compound Effects of Climate Change with Infrastructure Outages ......cccccceccevveveeeennn. 217
5.6.1 New Dam Safety Regulations at Hetch Hetchy (NAI2) .....coocveevcieiiieecieeeieens 218
5.6.2 Major Failure at the Moccasin Switchyard (NAI3) .....cccecvevvvirinieenee e 220
5.6.3  Earthquake along the Calaveras Fault (NAI4) .......cccccereeiiivieenieeeee e, 224
5.6.4  Major Fire across Crystal Springs Reservoirs Watershed (NAIS5) .......cccceevvenee. 228
5.7 Effects of Climate and Demand Change on FINANCe........ccceeeeciiieeccieee e 231
5.7.1  Step MOdel RUNS ...c.eiiiiiiiiiieiee ettt s e e e s 231
5.7.2  Trend MOAel RUNS.......oiiiiiiiiieriee sttt e ite s site e sate e sbe e e siaeesiteesbeesseeesanes 235
Chapter 6: Prototype of Adaptation Pathways for Planning of Future Alternative Supply Option...... 239
6.1 Background and ODJECLIVES .....c.uviiiiiiieiciiiee ettt e e aaae e 239
6.2 Level |1 Narrative PatiWays .....c..ueiiiciiie sttt e e e e saaae e 241
6.3 Level 11: EXPert PAthWaYs .....uii ittt ettt e e e e st ae e e aba e e s naaeeeas 241
6.4 Level lll: Model-Based PathWays ......c.ccooiciiiiiiei ettt ettt e e e 244
6.4.1 Modelling FrameWOorK...........uuiiiiiiie e 244
6.4.2  System Performance INdiCators......ccceiicieeeiiciiie e e 244
6.4.3  Vulnerability ASSESSMENT........uviiiiii e e e e e errre e e e e e s eanenes 244
6.5 Conclusions and RECOMMENAATIONS ... ...uuvururrririiiiiiiriiiiirieirrerererererereeererreeeeerere—————————e... 245
Chapter 7: Discussion and Outlook for Adaptation Planning...............ccccceeiviiiiiiiiee e, 247
7.1 ST 0o 11 ¥ ={3 USRS 247
7.1.1 Climate Projections for the RWS ReZIONS.......cueviveiiieiiiiiie e 247
7.1.2  Hydrology and Water SUPPIY ..c.eeei ettt eee e 248
7.1.3  Demand and Water SUPPIY ...ceo ittt e s e s e 249
7.1.4 Instream Flow Requirements and Water SUpply......ccccoecveeieiieeeeiiiee e, 249
7.1.5 Raw Water Quality in Hetch Hetchy SUppIY ..ccveviiiiieiee e 249
7.1.6  INFrastructure FQIlUIES .....ccvieiiiciiiie ettt e s e e s eree e s 249
2 B A o 0 =1 (o O PP O PPPPPOTUPPPPPPPPPRNt 250

7.1.8 Is Climate Change the Most Important Driver of Vulnerability for the RWS
Yo Te Nl \\o ARV o P Y £ TR 250
7.2 Implications for Adaptation Planning ........ccueeeeeeei i 251
7.3 Limitations and NeXt SEEPS ...cceciciiiiiie e e e e e e e s e e e e e e e seaanraneeeas 251
REFEIENCES ..eiineieeiiee ettt sttt e s te e sttt e s abe e s it e e sabeesabeeesabeesabeesabaeeantaesabeeebaeennteesabaesnteean 255

viii

The Water Research Foundation



2-1

2-2

3-1
3-2
3-3
3-4
3-5
3-6

3-7
3-8
3-9

3-10
3-11
3-12
3-13
3-14
3-15

3-16
3-17
3-18
3-19
3-20

3-21
3-22

3-23
3-24
3-25
3-26

3-27
3-28

4-1
4-2
4-3
4-4
4-5
4-6
4-7

Descriptive Statistics of Elicitation Responses on Change in Mean Annual Temperature for

Upcountry, East Bay, and Peninsula Regions for 2040 and 2070 ........ccoceeiureeeeeeeenciivneeeeeeeeeennnene 32
Descriptive Statistics of Elicitation Responses on Change in Mean Annual Precipitation for

Upcountry, East Bay, and Peninsula Regions for 2040 and 2070 ........ccocevvvreeeeeeeeicinrreeeeeeeeeennnene 34
Summary of Specific Models in the Modeling System Developed for the LTVA .......ccccoovvnvrneen.n. 38
Precipitation Gauges Used for Development of the CliWxGen Weather Generator .................... 42
Calibration and Validation Period for the Watersheds in Each Basin..........cccccccvveveeeeeeiccnvieeeeennn. 52
PRMS Streamflow Calibration Results for the Upcountry Region ........ccceevieviviiieeiviieee e, 53

PRMS Streamflow Calibration Metrics for the Upcountry Region before and after Correction ... 57
Comparison of Observed and Simulated Water Available to the City over the 1987-1992

Drought Using Results from PRMS Hydrologic Model.........cccooviiiiiieiiecciiieeee et 60
Same as Table 3-4 for East Bay Watersheds..........c.uvvieeeiiieccieieee e 61
Same as Table 3-4 for Peninsula Watersheds.........ccooviieiiiiiiiiiiiiiec e 63
Extracted Drought Events from Historical Tuolumne Flow at La Grange for Two Different

L TE=E] 1o o OO UUPPP PPN 70
Summary Statistics for Historic, Paleo, and Bias-Corrected Paleo Time-Series.........ccccccvveeeunnnnn. 71
Number of Identified Drought Events Using Theory of Run for Each Dataset .........cccccccecvveeeneen. 73
Cumulative Drought Deficit Distribution Fit Criterions for Thresholds 259 TAF and 365 TAF ...... 74
Drought Duration Distribution Fit Criterions for Thresholds 259 TAF and 365 TAF..................... 74

Distribution Parameters for Fitted Baseline Scenario Distributions for Severity and Duration.... 75
Mean Inter-arrival Time Obtained for the Considered Datasets and the Two Drought

TFESNOIAS ...ttt ettt et bt e st b e e st e e s ba e e sabe e sabe e s baeeeateesabaesbae s 76
Estimated Return Periods of Drought Severity and Duration for the Historic Drought Events..... 77
Correlation Coefficients between Drought Severity and Duration..........cccoceveeeviiieeiecieeeccciveeeens 80
Copula Model Fit Performance for Various Copula Famili@S..........cccccvveeeeeiiiiiiiireeeeececcireeeeeeenn, 81
Calculated Joint Return Period for Thresholds 269 and 365 TAF .......cccceeeviiieeeeiieee e ceinee e 81
Comparison of Observed and Simulated Water Available to the City over the 1987-1992

Drought Using Results from PRMS Hydrologic Model.......cccoevviiiiiiiiiiiciiee e 82
Baseline Demand for Suburban Retail CUStOMErS........cooiviiiiiiiiee e 84
Baseline Total Demand and Baseline Demand on the RWS (SFPUC Share of Total Demand)

for Wholesale Customers and the City of San FrancisCo ........ccccvvviviieiiiiiien i 85
Description of the Bias in the Demand SCENArios.......ccccuviieeieeiecciieee et e e e e e enenes 90
Key Differences among SFWSIM VEISIONS ........uuuiiiiiiiiiiiiieiee e e e ecieeee e e e s ssevrtreeeeeeessnssaeeeeesessnnsssenes 91
Key Differences between HHLSM and Both Planning and Validation Versions of SFWSM............ 92
Demand Reduction Factors (DRF) with Corresponding Exceedance (Inclusive) Trigger Years

of Remaining Supply (YRS) Thresholds and Historical Total System Storage .......ccccceeeevvveeecnvennnn. 95
BAWSCA Tier 2 Splits for Distributing Tier 1 Drought Allocations ........ccccccveveeeiieeeccciee e, 96
Characteristics of the Rationing Applied by SFWSM under Baseline Climate and Demand
CONITIONS 1.ttt ettt ettt et e st e e sbte e sabeesbeeesbbeesateesabeeesabeesabeesnsaesnssaesasaesnseeanns 98
Summary of the Hetch Hetchy Infrastructure and Projects Considered for the Baseline........... 127
Reservoir Storage Information Used for the Baseline of the Planning Version of SFWSM......... 128
Summary of Climate Change Scenarios for the Climate Stress Test.......cccvceeeeeeeiiirreeeeeeeeennneen, 128
Water Demand Scenarios on the SFPUC RWS Accounted for the Stress Test.......cccccevvcveeeennneen. 129
Summary of Instream Flow Requirement Narratives ........ooocccvveeeeeieeeciiieeeeee e e eeeenvvneeens 135
Summary of INfrastructure NarrativeS..........eeeeee i e e e e e e e eaaraeee s 137
Individual Supply Guarantees for Wholesale SFPUC CUSTOMErS .....c.ueveiviieeeiriiereerieee e 140

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | ix



4-8

4-10

4-11

5-1

5-2

5-3

5-4

5-5

5-6

5-7

5-8

5-9
5-10

Summary of the Demand NArratiVeS ........cccccviiiieiiiee et eecre e et e e e saae e e e eabae e e e nreeeeas 141
Summary of Climate Change Scenarios for the Coarse Climate Stress Test Combined with

Environmental, Demand, and Infrastructure (NAI2) Narratives.......cccccceeeevuveeeeeeeeeiiiiveeeeeeeeennns 142
Summary of Climate Change Scenarios for the Coarse Climate Stress Test Combined with
Infrastructure Narratives (Other Than NAI2) ...t eeeevraee e e e e eeeanans 142
Primary Ecosystem Beneficiaries for Different Seasonal Spill Volumes from Hetch Hetchy
=] Vo | T U T 144
Effect of Precipitation and Temperature Change on the Return Periods Associated with the
Severity of the HiStOric DrOUENTS......cocuiiiiiee ettt ee e e e e e e e s rarreeee e e eens 157
Effect of Precipitation and Temperature Change on the Return Periods Associated with the
Duration of the HiStOriC DIOUNTS .....eviiiiiiiiiieeee ettt eeeeraee e e e e e eestabaeeeeeeeeenannns 159
Effect of Precipitation and Temperature Change on the Dependence between Drought

NS V=T gLV Ta e I D TN =Y o o [PPSR 160

Effect of Precipitation Change (AP, %) and Temperature Change (AT, °C) on the Joint Return
Period (Years) Associated with the Severity and Duration of the Historic Droughts for

Drought Thresholds of 269 TAF and 365 TAF ......coiiiiiiiiiiee ettt 160
Frequency of Seasonal Spill Volumes (from April through August) from Hetch Hetchy

Reservoir under Current Climate Conditions for Identified Ecological Functions....................... 199
Characteristics of the Start Dates of the Water Quality Event Narratives Associated with

High TOC ValUes @t TESIA ..eeviiiieeeee e e et e e e e s e s b e n e e e e e e e nrnaeees 212
Characteristics of the Start Dates of the Water Quality Event Narratives Associated with

High Turbidity Values @t TesIa........uuueiiiiiiiiee e e e e e e e e e e 213
Characteristics of the Four Investigated Moccasin Switchyard Outage Narratives..................... 221
Characteristics of the Start Dates of the Earthquake along Calaveras Fault Narratives ............. 225
Characteristics of the Start Dates of the Moccasin Switchyard Failure Narratives..................... 228

The Water Research Foundation



11
1-2

2-1

2-2

2-3

2-4

2-5
2-6

2-7

2-8
2-9

2-10
2-11

2-12

2-13

2-14

2-15

2-16

2-17

2-18

2-19

2-20

3-1

Hetch Hetchy Regional Water System Owned and Operated by SFPUC...........cccceeevieeeeciiee e, 1
Importance and Uncertainty Associated with Sources of Vulnerability Identified by SFPUC

[T Yo 1< 4 o 11« FO U UUTRN 4
Annual Averages of Daily Minimum Temperatures (Tmin) across the Upcountry, Peninsula,
L aTo o T = TV A=Y -4 o TSRS 8
Annual Averages of Daily Maximum Temperatures (Tmax) across the Upcountry, Peninsula,
F g To I T T Y = =T o USRS USRRN 9

Dry Season (April through September) and Wet Season (October through March) Averages of
Daily Minimum Temperatures (Tmin) across the Upcountry, Peninsula, and East Bay Regions..... 10
Dry Season (April through September) and Wet Season (October through March) Averages of
Daily Maximum Temperatures (Tmax) across the Upcountry, Peninsula, and East Bay Regions.... 11

Annual Precipitation across the Upcountry, Peninsula, and East Bay Regions ........cccccceeveuuvvnnennn. 12
Dry Season (April through September) and Wet Season (October through March) Sum of

Daily Precipitation across the Upcountry, Peninsula, and East Bay Regions.........cccccvvveeeeivicnnnns 13
Global Wavelet Spectrum for the Hetch Hetchy (a) and Pilarcitos Dam (b) Rain Gauges............. 15
Trends in Concentrations of CO, Concentration for the Four RCPs of IPCC ARS........ccccccveereveenee. 17

The Projected Changes in Maximum (Left) and Minimum (Right) Surface Temperature (in °C)

for the Winter Season (DJF) as the CMIP-5 Multi-Model Average, for the 2040 (Top) and the
2070 (Bottom) for the 30-Year Averaging Intervals Relative to Historical Averaging Interval
(1965-1994)......eeeeeiee ettt ettt e e e e te e e e tte e et e e e be e e baeeebee e baeeetae e tbee e beeeeabeeaabeeabeeetaeeearaeenres 18
Same as Figure 2-9, for the Summer SEason (JJA) ......coo e 19
The Projected Changes in Mean Monthly Temperature Averaged across the BCSD CMIP5
Multi-Model Ensemble for the Averaging Intervals 1996-2025 (Grey), 2026-2055 (Yellow),

and 2056-2085 (Red) as Bias-Corrected in the BCSD Archive for More Accurate Absolute

The Projected Mean Annual Temperature across a CMIP5 Multi-Model Ensemble for the
Averaging Intervals (2010, 2040, and 2070) Including 1996-2025 (Grey), 2026-2055 (Yellow),

AN 2056-2085 (REU) +.vvvrveeeereeeeeeeseeseeeeseeseeeesesseseseseeeeeseesaeseeseseeessesseeseessseseseesseeesesssasssseseeesaseeees 21
GCM Projected Changes in mm/Month (Left Panel) and Percent Changes (Right Panel)

Compared to the Present-Day Baseline for the 2040 Averaging Interval of 2026-2055................ 23
Same as Figure 2-13, Except for the 2056-2085 (2070) Averaging Period ..........cccoceeeeecuvereennnen.. 24

Projection of Annual Mean Precipitation for the Three, 30-Year Climatological Averaging
Periods, 2010, 2040, and 2070 (1996-2025 Light Grey, 2026-2055 Tan, and 2056-2085

Brown) for the UpCOUNTIY REZION........ciiiiiiieeciiie ettt ettt e et e e et e e e erae e e entaeeeenraeaas 25
Projection of Precipitation Change (in mm) for the 2040 (Top) and 2070 (Bottom) Averaging
Periods in Summer (JJA, Left) and Winter (DJF, Right) over the North American West................ 26
Projection of Change in Annual Maximum Precipitation (in mm/Day) for the Southern Sierra
Showing an Increase from 12 10 14 MM ...iiiiiiiiii i erte e e eere e e e stae e e s sate e e e srteeeeesraeeanns 27
Climate Workshop Venue in SFPUC Offices, March 2019 .........cccoeiieiiiiiicciie e eeveee e 28

Elicitation Results for Changes in Mean Temperature and Precipitation Compared with
CMIP5 Model Projections for Upcountry (a), East Bay (b), and Peninsula (c) Regions for 2040

0 e 102 A 07 O TP UUPUUS 31
Comparison of the Results from the CMIP5 Projections and the Expert Elicitation for the

8] oTolo 0] ) o VN {=T={To ] o KOO PP UPPPTPTPRTN 35
Conceptual Diagram of the Modeling System Developed for the LTVA.......cccceeevveeiiviieeeccieeeens 37

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | Xi



3-2

3-3

3-4

3-5

3-6

3-7

3-8

3-9
3-10

3-11
3-12
3-13

3-14

3-15

3-16

3-17
3-18
3-19
3-20
3-21
3-22
3-23
3-24
3-25
3-26

3-27

3-28
3-29

Xii

Flow Chart Describing the Four Main Phases for Development of the CliwxGen Stochastic

Weather Generator for the Hetch Hetchy RWS ........oiiiiiiii ettt 40
Annual Precipitation Series from Three Selected Climate Realizations (in Green) Compared

to the Historical Time Series from 1956 t0 2005 (iN GreY) ....cccvveeeeeireeeriiieeeireeeecireeeecereeeeeevnee s 44
Annual Precipitation Series from Three Selected Wet Climate Realizations (in Blue)

Compared to the Historical Time Series from 1956 to 2005 (iN Grey) .....ccevcveeeevcveeescviveeeeiveeeenns 45
Annual Precipitation Time Series from Three Selected Dry Climate Realizations (in Red)
Compared to the Historical Time Series from 1956 to 2005 (in Grey) .....eeeeeeeveecvveeeeeeeeriirvveeeenn. 46
Empirical Frequency Curves of Annual Precipitation at Upcountry Stations for Historical
Observed (Blue) and the 9 Selected Realizations (Grey) ....ccvveeeeeeeieciirieeee et eeerrreee e 47
Average of Monthly Precipitation Totals at Upcountry Stations for Historical Observed

(Black), the 9 Selected Realizations (Light Blue), and Their Average (BIUe) .......cccccevvvcurrreereeeennnnns 48
Standard Deviation of Monthly Precipitation Totals at Upcountry Stations for Historical

Observed (Black), the 9 Selected Realizations (Light Blue), and Their Average (Blue).................. 48
Estimated Water Delivery Reliability as a Function of the Number of Years Considered............. 50
Map Showing Watersheds That Were Included in the Hydrologic Models Developed for

L 0T I XY U EUUU 51
Comparison of the PRMS Simulated and Observed Streamflow at Hetch Hetchy Reservoir........ 54
Comparison of the PRMS Simulated and Observed Streamflow at La Grange.......cccccoeeeuvvvveeennnn. 55

Scatterplots between PRMS Simulated and Observed Streamflow at La Grange (Top), Hetch
Hetchy Reservoir Inflow (Second from the Top), Cherry Reservoir/Lake Eleanor Inflow
(Third from the Top) and the Don Pedro Accretion Flows (Bottom) at Annual (Left) and

Monthly (Right) TEMPOTral SCAIES....ccccuiieeeiiie ettt e e e e e e e e e rae e e e eabee e e e aeeas 56
Water Available to the City (WAC) for an Extremely Wet Year (Left, 1983) and a Dry Year
(RIGNT, 1987 ) ueiureeeiie ettt ettt et e et e e et e e s te e et e e e tee e s beeeaseessaeesabeeebeeessbeesataesnbaeensseesasesenseeennes 56

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

Water Available to the City (WAC) for Annual Water Year and Monthly Temporal Scales........... 58
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 SCAIES ......coocuurriiiiiiiececreeeeee e e e erraeee e e e 59
Calibration Results for San Antonio Sub-watershed.........cccccveiiieiiii e 61
Same as Figure 3-17 but for ACDD Sub-Watershed .........cccoveiiiiiiiiiii e 62
Same as Figure 3-17 but for Arroyo Hondo Watershed above Calaveras Reservoir..................... 62
Observed and Simulated Streamflow for Pilarcitos Reservoir INflow.........ccccevvvviieiiniiieniiinennnn. 64
Same as Figure 3-20 but for Stone Dam INFIOW .......coeiiiiiiiiiiiiie e 65
Same as Figure 3-20 but for San Andreas Reservoir INflow..........cccoovvcciiiiiiiiccccciieeee e, 65
Same as Figure 3-20 but for Crystal Springs Reservoir INflow ..........cocccviiieeiiiiiccieeee e, 66
Same as Figure 3-20 but for Mud Dam Inflow (San Mateo Creek)........ccceeeecveeeecceiereecrieeeecveenn, 66
Unimpaired Annual Flow of the Tuolumne River at La Grange .......ccccceeeveviveeeeeieeecieeeee e 67

Historical Tuolumne Flow at La Grange with District Entitlement and Threshold at 269 TAF
(Top) with the Corresponding Cumulative Deficit Plot (Middle) and Cumulative Deficit Plot

for Threshold at 365 TAF (BOTEOM) ..c.ciiiiiiiiiiiie ettt e e e e et re e e e s e e e aareeeeeas 69
Comparison of Available Paleo Record Data with Observed Historical Full-Naturalized Flow

Of TUOIUMNE RIVEN @t LA GraNGE .....veieeeiiieeeciiieeccteee ettt e ette e e eetre e e s sata e e e sateeeesbaeeesentaeeesntaeeesanes 71
Regression between Actual District Entitlements and Unimpaired Flow at La Grange ................ 72
Distribution of the Severity (Left) and Duration (Right) of the Identified Drought Events

Using the 269 TAF (Top) and 365 TAF (Right) Thresholds with the Combined Dataset................ 73

The Water Research Foundation



3-30
3-31

3-32
3-33

3-34

3-35

3-36

3-37
3-38

3-39

3-40
3-41
3-42
3-43
3-44
3-45
3-46
3-47
3-48
3-49
3-50
3-51
3-52
3-53

3-54

3-55

3-56

Empirical (Black Dots) and Theoretical (Color Lines) Cumulative Distribution Functions for

DT oYUYo oY Al D TU - | o o USSR 75
Drought Frequency Curves for Severity (Left) and Duration (Right) ........ccccceeeviieiiiiiiee e, 76
Drought Frequency Curves for Severity (Left) and Duration (Right) ........cccceeeeiieeiiiiiee e, 77

Extracted Drought Events across All 10 Climate Realizations (Red Circle), 500 Drought
Realizations (Grey Circle), Historic Data (Black Square), and Paleo (Blue Diamond) Records

for the Two Thresholds; 269 TAF (Top) and 365 TAF (BOttOM) ....cccccuvieeiiiieieeeieeeeciee e 79
Schematic of the Water Demand Model for Generating Daily Demand Scenarios...........cc.uu..... 86
Range of Base Demand Fraction (Base Demand over Annual Demand) Values across the

SFPUC Service Area for FY 2012-2013 ......ooiiiiiiiiiciieeeeeieee e ecieeeesstteeesstee e e ssntaeesssneeeesssneeessnsaeessnns 87
Heat Functions for the 3 Delivery Centers (Left), and a Slice of Heat Function Factor for

Delivery Centers (RIGNT) ...uuueeii ittt e e e er e e e e e e e e s etbareeeeeeessbabaaeeeeeeesssranaeeas 87
Map Showing the SFPUC SEIVICE ArB@....ccccuuiiiiiiieeiiiiieeeiiiieeessiieeessreeeessbeeesssreeesssaeessssseeessnssens 88
Linear Regression Showing the Relationship between the Historical Temperature at SFO and

S) Temperature Gauges vs Historical Temperature for the Nearest Grid Cell ........ccccovcvveeennnennn. 89

Comparison of the Cumulative Distribution Functions Obtained from the Observed Record
at the Gauge Station (Blue), the Simulated Temperature at the Gauge Using the Weather
Generator Output from the Nearest Grid Cell and the Linear Regression Shown in Figure

3-38 (Green) and the Bias Corrected Simulated Temperature (Orange).......ccccoceeeeeecveeeeecrieeeens 89
Inputs to and Outputs from the San Francisco Water System Model.........cccocoeeeecieeeccieeeeennen. 92
[llustration of the Demand Rationing during Drought...........cccccoereeeiiiee e 97
Observed and Simulated Major Operations System-Wide.......ccccevvecciiiiieei e, 99
Observed and Simulated Daily Storage for All Reservoirs, Including the Water Bank ................ 100
Comparison between Simulated Reservoir Storage for HHLSM and SFWSM ..........ccccccvveeenneen. 102
Comparison of Monthly San Joaquin Pipeline (SJPL) Flow for HHLSM and SFWSM.................... 103
Median and Range of Simulated Reservoir Storage for the HHLSM (Red) and Planning

(BIack) VErsion OFf SFWSIM.....cciiiiiieciiiiiieee ettt eeeeeetare et e e e eeestabraeeeeeeseesasssesaeseeessnsssasaeeeesannnns 104
Comparison of the Actual Reduction in Deliveries When SFPUC Tier 1 Equals Either 37%

(X-aXiS) OF 369 (Y=3XIS) .eeeeeerrrrrreeeieiiiriieeeeeeeieiirreeeeeeeesiitsreeeeeeeeessrrareesesssassssseseesesessasssresseesenannes 105

Comparison of the Training and Validation Results of the CQRNN Model (CQRNN) with

Quantile Regression (QR), Linear Regression (LR), Multivariate Adaptive Regression Spline
(MARS), and K-Nearest Neighbors (KNN) .......ccuieiiieicie et et e e re e e aeesaeee s 108
Comparison of the Model Performance during the 1997 Event at the O’Shaughnessy Dam...... 109
[llustration of the Performance of the Prediction Model (CQRNN) for Turbidity Levels at

the O’Shaughnessy Dam Scaled in Natural Logarithm ........ccccooveeiiiiieiiiiiieee e, 110
Comparison of the Training and Validation Results of the CQRNN Model (CQRNN) with

Quantile Regression (QR), Linear Regression (LR), Multivariate Adaptive Regression Spline

(MARS), and K-Nearest Neighbors (KNN) .......ccooiiiiiiiie ettt et e e e vae e e 111
Comparison of the Model Performance during the 1997 Event at the Tesla Portal................... 112
[llustration of the Performance of the Prediction Model (CQRNN) for Turbidity Levels at

the Tesla Portal Scaled in Natural Logarithm............ouviiiiiiiccee e e 113

Comparison of the Training and Validation Results of the CQRNN model (CQRNN) with
Quantile Regression (QR), Linear Regression (LR), Multivariate Adaptive Regression Spline

(MARS), and K-Nearest Neighbors (KNN) .......ccoociiiiiiiiec et eree e e evae e 114
[llustration of the Performance of the Prediction Model (CQRNN) for TOC Levels at the
R 1 oY - | PRSP 115
Empirical Cumulative Distribution Function (ECDF) for the San Joaquin Pipelines (SJPLs)
FlOW ettt e e e e e e e e e e e et b b e e e e e e e e et araraeaeeeaa bbb aaataeeaaaabbaaaeaaeeeantbaaeaaeeeeanaarraaeeas 117

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | Xiii



3-57
3-58

3-59
3-60

4-2
4-3

4-4
4-5

4-6

4-7

4-8

4-9
5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
5-9
5-10
5-11

5-12

5-13

5-14

5-15
5-16

Xiv

Schematic of the Finance Module Developed for the LTVA .........ccveeeiie e, 119
Comparison of CAPEX (Green), Debt Service (Grey), and OPEX (Red) between SFPUC 20-Year

Plan (Solid Lines) and LTVA (DaShed).......cooouireiiiiiiiiiiieeeee ettt eeeetveeeeee e e eeeiaveeeeeseesesannees 120
Schematic of CAPEX Logic in LTVA FINance MOdUIE .........coovuiiieiiiiiee e e 121
Schematic of OPEX Logic in LTVA FiNance Module.........c..ueeiiiiiieiciiiee et 122
General Approach to Assessing VUINErability .......ccceeeeciieeiiiiiii e 125
Approaches Used to Generate FULUIre SCENAIIOS.......uuiiiciiieieiiieeeeiee e eeree e esite e e siee e e e eabee e e e 126
Annual Demand Scenarios on the SFPUC RWS (SFPUC’s Share of Total Service Area

[DT<T 0 aF- oo ) ISR PUP 130
Example of Univariate Climate Response FUNCLION ..........eeiieiiiiiiiieeieeeeeciirreeeeeeeeeireeeeeeeeeennens 131
Demonstration of How a Climate Response Surface Is Constructed for a Reliability Metric

With @ Threshold 0F 0.95 ......co ittt et ettt e e sabe e sbe e s saaeesareas 132
Example of How Results from Step Change Scenarios Can Be Mapped Against GCM

Projections to Show How System Performance Is Likely to Change over Time .......cccccevevveeennnns 133
Existing and Future Base Flow Release Schedule in the Tuolumne River below

O’Shaughnessy Dam under the Upper Tuolumne River Ecological Program ........c.cccoeevveeevnnnnenn. 136

Plot Showing the Year in Which Customer’s Demand Surpasses Their Agreed ISG Value
under the 265 mgd (Green Dots), 300 mgd (Orange Dots), and 334 mgd (Blue Dots) Demand

Y ol=T 4 =1 (o 3PP PP UPPT O PUPUPPUPTON 141
Sketch Illustrating the Maximum Annual Cumulative Deficit and the Maximum Cumulative
Deficit through RatioNing EVENT......ccc.uiiiiiiiee ettt et e e e bee e e e abe e e e e aree e e ennes 144
Effect of Warming Temperature on the Hydrograph across Upcountry Region...........ccceeeeneee. 148
Change in Days of the Date at Which 50% of the Total Annual Volume Is Observed ................. 149
Climate Response Surface of the Annual Flow at Hetch Hetchy Reservoir, Cherry

Reservoir/Lake Eleanor, Don Pedro Accretion, and Tuolumne River at La Grange..................... 150
Effect of Temperature and Precipitation Change on the Unimpaired Flow at La Grange and
Water Available for the City (WAC) ...ttt e e e eettre e e e e e e e eanrraeeeeee s 151
Climate Response Surface of the Annual WAC in Respect with Change in Precipitation

(X-axis) and TeMPEIratUre (Y=aXiS) ....ccivveeeeeeiiriirrereeeeeeiiiiireeeeeeeeesirrareeeeeesasssreseessesssssssssseesesnnnnes 151
Empirical Cumulative Distribution Function (ECDF) of Change in Annual WAC Resulting

from Warming TEMPEIATUIE .....cciiiiiiee ettt ettt et e et e e et e e e s abe e e e ssbeeeesnsaeeesnnsreeessseees 152
Effect of Precipitation (Left) and Temperature (Right) Changes on the Distribution of
ANNUAEWAC .t et e e st e e s st e e e s sbeeeessbteeeeasbeeeeensbeeessnseeesasseeesssees 153
Illustration of the Effect of Temperature Change in the Temporality and Cumuli of WAC......... 154
Change in Monthly Distribution of WAC Resulting from a Warming by +3°C......ccccccovvvvvevinnnnn. 155
Same as Figure 5-9 but for a Temperature Scenario of +7°C.......ceeeieieiiiiiieeee e, 155
Effect of Precipitation (Left) and Temperature (Right) Change on the Drought Severity

= To [UT=] o o)V OO UUUPPPPPPPINN 157
Effect of Precipitation (Left) and Temperature (Right) Change on the Drought Duration

o =To [ 1] o oLV N 158

Climate Response Surface for Mean and Standard Deviation of Monthly Flow at San Antonio
Reservoir Inflow, Alameda Creek Diversion Dam (ACDD) Inflow, and Arroyo Hondo above
Calaveras Reservoir across All Ten Realizations ........ccccuveeieiiiieiiiiie e 162
Total Annual Streamflow (mm) under Temperature and Precipitation Change Respectively

for Crystal Spring Reservoir, San Andreas Reservoir, San Mateo Creek, Pilarcitos Reservaoir,

and Stone Dam SUD-WaterSheds........couciiiiiiiiie e e e eeare e e e aaee e 163
Frequency (Percentage of Years) of Virtual Water Requirement..........ccoeeevuvvveeeieeiiiiinieeeeeeeennns 164
Annual Maximum Virtual Water REQUIrE€MENT........ccuvveieieiiiiiiiieeee et e e e e e e e e e earraee s 165

The Water Research Foundation



5-17

5-18
5-19
5-20
5-21
5-22
5-23
5-24
5-25
5-26
5-27
5-28
5-29
5-30
5-31
5-32
5-33
5-34
5-35
5-36
5-37
5-38
5-39
5-40

5-41
5-42

5-43

5-44

5-45

5-46

[llustration of the Drought Event within Realization Nine That Leads to Virtual Water
Requirement under Baseline Demand Condition and Minor Change in Temperature and/or

PrEC P TAtION it 167
Effect of Temperature Change on Water Delivery Reliability.........ccoceeeeiieeiiiiei e, 169
Effect of Precipitation Change on Water Delivery Reliability ........cccovviiviiiiiciiiiiee e, 169
Combined Effect of Temperature (AT), Precipitation (AP) and Demand Changes on the

Water Delivery REIADIITY ......ccvvei i e e e e e s e s 171
Expected Change in Water Delivery Reliability When Combining the Vulnerability of the

System with the Climate ProjeCtioNS .......c..vvveiii et e e e e e aarreee s 171
Effect of Temperature Change on the Frequency of 20% Rationing........ccccvveeeeeeeeiiiinieeeeeeeennnns 173
Effect of Precipitation Change on the Frequency of 20% Rationing.........ccccvvveeeeeeeeiiiinveeeeeeeennnns 173
Combined Effect of Temperature (AT), Precipitation (AP), and Demand Changes on the
Frequency of 20% RatioNiNG .....cc.ueiiiciiiiiiiiee ettt e e ae e e s e s ssabe e e s s sabeeessnnees 174
Expected Change in Frequency of 20% Rationing When Combining the Vulnerability of the
System with the Climate Projections.......c..eiiiiiiiiiiiec e 175
[llustration of the Impact of Precipitation Change on the Rationing........c.ccceeveviivcieniiniien e, 176
[llustration of the Impact of Precipitation Change on the Rationing........c.ccceevveviivcieeevniien e, 177
Effect of Temperature Change on the Maximum Duration of Rationing ........cccccevecciviveeeeennnns 178
Effect of Precipitation Change on the Maximum Drought Duration .........ccccccceeeiievicciiieeeeeeeenes 178
Combined Effect of Temperature (AT), Precipitation (AP), and Demand Changes on the
Maximum Duration of RAtIONING ......c..eeiiiiiiii et e st e e et e e et e e e e earee e e ennes 179
Expected Change in Maximum Duration of Rationing When Combining the Vulnerability of

the System with the Climate ProjeCtions.........ccviiiccieiiicciee e e 179
Effect of Temperature Change on the Storage Reliability (2.3 yrs) .cccceoeveeeeecieiiecee e, 181
Effect of Precipitation Change on the Storage Reliability (2.3 Yrs)..ccoceeecieeeieieeeecee e 181
Combined Effect of Temperature (AT), Precipitation (AP), and Demand Changes on the

Storage Reliability (2b0VE 2.3 YIS) ..ueiiiiiiee e e e 182
Expected Change in Storage Reliability When Combining the Vulnerability of the System

With the Climate ProjeCtionS.......ii ittt e e e e s saae e e e ta e e e sneeeeesnnreees 182
Effect of Temperature Change on the Maximum Annual Deficit (TAF).....ccoceeveviveeiecieee e, 184
Effect of Precipitation Change on the Maximum Annual Deficit (TAF) ....ccooeeiiiviieeiiciieeeeieeees 184
Combined Effect of Temperature (AT), Precipitation (AP), and Demand Changes on the
Maximum ANNUAI DEFICIt ....uvieeiiiiee e e s 185
Expected Change in Maximum Annual Deficit When Combining the Vulnerability of the

System with the Climate Projections.........uciiiiieiciiiecee et 185
Effect of Temperature Change on the Maximum Cumulative Deficit through Rationing

VYo A 7 o TP 187
Effect of Precipitation Change on the Maximum Annual Deficit (TAF) ......cccoeevieeeecieeeeciiee e, 187
Combined Effect of Temperature (AT), Precipitation (AP), and Demand Changes on the
Maximum CUMUIAtIVE DEFICIT ..veiiieeiieecer ettt e ree et e e e eneae e 188
Expected Change in Maximum Cumulative Deficit When Combining the Vulnerability of

the System with the Climate ProjeCtions........ccueiiiciieiiiiiiie et 188
Water Delivery Reliability across a Range of Demand Scenarios and a Subset of

Precipitation Scenarios (-30%, no Change, and +30% Precipitation) .........cccccevveeereeeviieeccreeenneens 190
Climate Response Surface for Mean Annual Aggregated System Instream Flow

REQUIrEMENTS (IFR) c..eeiiiieiiiiie ettt ettt ettt e e e et e e e et e e e e et e e e esabaee e e abaeeeeabaeeeansteeeesnnseeesnnsens 191
Annual IFR (Left) and Spill (Right) below O’Shaughnessy Dam for Each of Base IFR and

Narrative (NA1.1) Scenarios with Changes in Precipitation (AP)..........ceeeevciiveeeeeeeeeciireeeeeeeeeeens 192

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | XV



5-47

5-48

5-49

5-50

5-51

5-52
5-53

5-54

5-55
5-56

5-57

5-58

5-59

5-60

5-61

5-62

5-63

5-64

5-65

XVi

Water Delivery Reliability with the Reference and NAE1.1 Narratives across All
Temperature (AT) Scenarios and a Subset of Four Demand Scenarios (227 mgd, Which
Corresponds SFPUC Baseline Demand, 265 mgd [+15% Increase], 300 mgd [+30%] and

334 MEA [F45%]) eeeereeeetieeeitee ettt et ecteeeett e e e te e e eteeeeteeestbeeeebeeeetaeestbeeebeeeaabeesbeeebeeeabaeeeteeebeeenraean 192
Water Delivery Reliability with the Reference and NAE1.1 Narratives across All

Temperature (AT) Scenarios and a Subset of Four Demand Scenarios..........ccccceeeeecveeecevveeeennne 193
ANNnUal IFR from Water BanK ......coccuiiiiiciiee ettt ettt e e e e e e st e e ssaare e e snaaee s 194

Water Delivery Reliability for the Reference, NAE2.1, and NAE2.2 Narratives across All
Temperature (AT) Scenarios and a Subset of Two Demand Scenarios (227 mgd, Which
Corresponds to Current SFPUC Demand, and 300 Mgd [+30%)]) ....ccccouvveeeeeeeiiiirrreeeeeeeeecivrreeeeennn 194
Water Delivery Reliability for the Reference, NAE2.1, and NAE2.2 Narratives across All
Precipitation (AP) Scenarios and a Subset of Two Demand Scenarios (227 mgd, Which
Corresponds to Current SFPUC Demand, and 300 Mgd [+30%]) ....cccvveeereeenreerreenieeeieeesvee e 195
Annual IFR below Turner Dam (San ANtonio RESEIVOIF) .....c.cecueeriieiieeerie e e cieeeiee e see s 196
Water Delivery Reliability for the Reference and NAE4.2 Narratives across All Temperature

(AT) Scenarios and a Subset of Four Demand Scenarios (227 mgd, Which Corresponds to

Current SFPUC Demand, 265 mgd [+15% Increase], 300 mgd [+30%] and 334 mgd [+45%)])..... 196
Water Delivery Reliability for the Reference and NAE4.2 Narratives across All Precipitation

(AP) Scenarios and a Subset of Four Demand Scenarios (227 mgd, Which Corresponds to

Current SFPUC Demand, 265 mgd [+15% Increase], 300 mgd (+30%) and 334 mgd [+45%])..... 197
ANNUAl IFR DEIOW StONE DaM.....uiiiieiei et e e s e et e e e e e e e r e e e e e e e e snnrraeeeeee s 198
Water Delivery Reliability for the Reference and NAE5.1 Narratives across All Temperature

(AT) Scenarios and a Subset of Four Demand Scenarios (227 mgd, Which Corresponds to

Current SFPUC Demand, 265 mgd [+15% Increase], 300 mgd [+30%)] and 334 mgd [+45%])..... 198
Water Delivery Reliability for the Reference and NAE5.1 Narratives across All Precipitation

(AP) Scenarios and a Subset of Four Demand Scenarios (227 mgd, Which Corresponds to

Current SFPUC Demand, 265 mgd [+15% Increase], 300 mgd [+30%)] and 334 mgd [+45%])..... 199
UTREP Spill Management Ecological Performance in Response to Temperature (X-axis) and

Demand (Color LINES) CRaNEES .....cceccuuiieiiiiiee ettt cctee e eree st e e e saee e e s e e s e sbae e e s sabaee e senbaeeeennees 200
UTREP Spill Management Ecological Performance in Response to Precipitation (X-axis) and
Demand (Color LINES) ChaNEES .....ccoccuuiieiiiieeecieeeectee e ettee sttt e s ae e e e saae e s e sbae e e s snbaeeesnbaeeeennees 201
Same as Figure 5-58 Except That the Results Obtained with the Implementation of the

UTREP Base Flows (Narrative NAE1.1; Section 5.3.1) Are Shown with Dash Lines ..................... 202
Same as Figure 5-59 Except That the Results Obtained with the Implementation of the

UTREP Base Flows (Narrative NAE1.1; Section 5.3.1) Are Shown with Dash Lines .................... 202

Effects of Precipitation (Left), Temperature (Right), and Demand (Colors) Changes on Daily
Average Values of the Predicted 50th (Curve), 75th (Dotted Curve), and 97.5th (Dashed

Curve) Percentiles of Predicted Turbidity Values at O’Shaughnessy Dam ...........ccccceeeevieeeennenn. 204
Climate Response Function (CRF) Showing the Reliability Metrics Obtained Using the 75th
Percentile (Left) and the 97.5th Percentile (Right) of the Predicted Turbidity at the

(O A= TUT = o T LT VA B - Ty o SRS 206
Effects of Precipitation (Left), Temperature (Right), and Demand (Colors) Changes on Daily
Average (Top) and Daily Maximum (Middle) Values of the Median Prediction of Turbidity at

RS 1 oY - | RSP 207
Effects of Precipitation (Left), Temperature (Right), and Demand (Colors) Changes in
Reliability in Regards with Turbidity at Tesla Portal ........cccccceecieiiieciee e 208

The Water Research Foundation



5-66

5-67
5-68
5-69
5-70
5-71
5-72
5-73
5-74
5-75
5-76

5-77
5-78

5-79

5-80

5-81

5-82

5-83

5-84

5-85

5-86

5-87

6-1
6-2
6-3

Effects of Precipitation (Left), Temperature (Right), and Demand (Colors) Changes on Daily
Average (Top) and Daily Maximum (Middle) Values of the Median Prediction of TOC at Tesla

2o o = PSR 209
Effects of Precipitation (Left), Temperature (Right), and Demand (Colors) Changes in

Reliability in Regards with TOC Concentration at Tesla Portal.......cccceeeeieeeiecieeccciee e 211
System Response during a Water Quality QULAge.......ccecvuveeeeiiiieeciiee et 214
System Response during a Water Quality OULAge.......cccccuveieeiiieeiciiiee et 215
Deficit Resulting from a Water Quality Outage in Combination with Precipitation and

(DT 0o T oL I @ g T o T=d TR PUPU R 216

Water Delivery Reliability across All Temperature (AT) Scenarios and a Subset of Four
Demand Scenarios (227 mgd, Which Corresponds to Current SFPUC Demand, 265 mgd

[+15% Increase], 300 mgd [+30%)] and 334 MEd [+45%]) ..eeeeeeiieiiirrreeeeee e eeeeirree e e e eeeaans 219
Same as Figure 5-71 for Change in Precipitation . .......cccieiiiiiee e 219
Same as Figure 5-70 but for Storage Reliability above 2.3 Years of Supply Remaining .............. 220
Same as Figure 5-72 but for Storage Reliability above 2.3 Years of Supply Remaining .............. 220
System Response after a Major Failure at the Moccasin Switchyard........ccccccccevvviieiiiniienennneen. 222
Deficit Resulting from the Outage of the Moccasin Switchyard in Combination with

Precipitation and Demand Changes........coccuuiiiiiiii ittt e e e srere e e e e e e snaaee e e e e e e seannnes 223
System Response after an Earthquake along the Calaveras Fault.........c.cccceocvveevciieeeccieee e, 226
Deficit Resulting from an Earthquake along the Calaveras Fault in Combination with

Precipitation and Demand Changes........coocuuiiiiiiii it e e e e ssrrre e e e e s e e eraree e e e e e e sesanenns 227
System Response after a Wildfire across Crystal Springs Reservoirs Watershed........................ 229
Deficit Resulting from a Wildfire across the Crystal Springs Watershed in Combination with
Precipitation and DemMand Changes.......coccuuieiiiiiie ittt eree e e erae e s e eabe e e e e aaee e e ennaeas 230

Results of Finance Model Stress Test under Step Model Runs for One Weather Realization
(Realization 5) under Two Different Conditions of Precipitation: No Change (Solid Lines)

and -30% (Dashed Lines), for Wholesale (Black) and Retail (Olive) Customers...........ccceevuveeee.. 232
Results of Finance Model Stress Test under Step Model Runs for One Weather Realization
(Realization 5) under Two Different Conditions of Demand: No Change (Solid Lines) and

+30% (Dashed Lines), for Wholesale (Black) and Retail (Olive) Customers........ccccceeeeeeeecnnvnnenn.. 233
Results of Finance Model Stress Test under Step Model Runs for One Weather Realization
(Realization 5) under Two Different Conditions of CAPEX: 2020 CAPEX Spend $0.35B (Solid

Lines) and $1.05B (Dashed Lines), for Wholesale (Black) and Retail (Olive) Customers.............. 234
Response Surfaces Showing the Combined Effect of Demand and CAPEX Expenditure under
$0.29B Annual OPEX Spend (Left), and $0.5B Annual OPEX Spend (Right) on the Price of

LT T Lot i T 234
Results of Finance Model Stress Test under Trend Model Runs for One Weather Realization
(Realization 5) under Two Different Conditions of Precipitation: No Change (Solid Lines)

and -30% (Dashed lines), for Wholesale (Black) and Retail (Olive) Customers .........cccceveereveenee. 236
Results of Finance Model Stress Test under Trend Model Runs for One Weather Realization
(Realization 5) under Two Different Conditions of Demand: No Change (Solid Lines) and

+30% (Dashed Lines), for Wholesale (Black) and Retail (Olive) Customers.......ccccceeeeeeeeeennvennnn.. 237
Response Surfaces Showing the Combined Effect of Demand and Precipitation (Left), and
Temperature and Precipitation on the Average Price Rate Increase (% Change in Price

From ONE YEAr 10 The NEXL) ...uvreeeiieei ittt e et e e e e eeaaae e e e e e e e snabaaeeeeeees 238
Overview of the Dynamic Adaptive Policy Pathways (DAPP) Approach........ccccceeecvveeeecvieeeennen. 240
Levels of Analysis and Their OQutput and PUIPOSE .......cceeciiieiiiiiie et 241
Pathways FOCUSING 0N STrat@EIES. .. .uuuiiiiiiiiciiiiieee ettt e eeccrree e e e eeesctraee e e e e e eetaraseeeeeeesannnes 242

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase | XVii



6-4 Efficiency of Individual Measures (Top) and Pathways Developed from the Water Supply
Strategies Provided by the SFPUC (BOTEOM) .....cccicuiiieeiiiiecciieee ettt et e et 243

Xviii The Water Research Foundation



ACDD
AF

AIC

AS

CA
CAPEX
CCSF
CFS
CliwxGen
CMIP5S
CONUS
CRT

Cs

BC
BCSD
BIC
DBP

DP
GCM
HH
HHLSM
HRG
HTWTP
IFR

ISG
KGE
KNN
LG

LOS

LP
LTVA
MGD
NAE
NAI
NAD
NCAR
NTU
NSE
OCPs
OPEX

Alameda Creek diversion dam

Acre-feet

Akaike information criterion

Alameda siphons

Calaveras Reservoir

Capital expenditure

City and County of San Francisco

Cubic feet per second

Climate Weather Generator (developed by UMass)
Coupled Model Intercomparison Project (Phase 5)
Continental United States

Coast range tunnel

Crystal Springs Reservoirs

Bias correction

Bias Correction and Spatial Disaggregation method
Bayesian information criterion

Disinfection byproduct

Don Pedro

General circulation model

Hetch Hetchy Reservoir

Hetch Hetchy/Local System Model

The Hydrosystems Research Group at the University of Massachusetts
Harry Tracy Water Treatment Plant

Instream flow requirement

Individual supply guarantee

Kling-Gupta efficiency

K-nearest neighbors

Lagrange

Level of service

Linear programming

Long-term vulnerability assessment

Million gallons per day

Environmental narrative

Infrastructure narrative

Demand narrative

National Center Atmospheric Research
Nephelometric turbidity units

Nash-Sutcliffe efficiency

Other climate parameters

Operating expenditure

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
Commission Water Enterprise - Phase |

Xix



PRMS Precipitation Runoff Modeling System

QRNN Quantile Regression Neural Network

RCP Radiative concentration pathways

RWS Hetch Hetchy Regional Water System
SAC-SMA Sacramento Soil Moisture Accounting Model
SD Standard deviation

SFPUC San Francisco Public Utilities Commission
SFWSM San Francisco Water System Model (developed by HRG)
SJIPL San Joaquin pipelines

SVWTP Sunol Valley water treatment plant

TR Technical report

TOC Total organic carbon

UTREP Upper Tuolumne River ecosystem program
WARM Wavelet autoregressive model

WET Water executive team

WSIP 2018 Water system improvement program

WG Weather generator

WTP Water treatment plant

WSA Water supply agreement

XX The Water Research Foundation



ES.l Key Findings

Overall, the study found that:

e Climate change exacerbates impacts from other external drivers of change and is not the single most
important driver of vulnerability for the San Francisco Public Utilities Commission’s (SFPUC'’s)
Regional Water System (RWS).

e The RWS at a baseline demand of 227 mgd is resilient to changes in climate and other external
drivers.

e The RWS water supply performance declines with reductions in mean precipitation, but is mostly
insensitive to increases in temperature.

e The RWS is more vulnerable to changes in demand and instream flow requirements than changes in
mean annual temperature and precipitation.

e The RWS s vulnerable to changes to mean climate when demand or instream flow requirements
increase.

ES.2 Background and Objectives

To help better understand the potential vulnerability of the SFPUC RWS to uncertain future conditions,
SFPUC partnered with The Water Research Foundation to develop a long-term vulnerability assessment
(LTVA) of the RWS. The study was conducted by University of Massachusetts Hydrosystems Research
Group (HRG) with input from National Center for Atmospheric Research (NCAR), other climate scientists,
and Deltares.

The goal of the LTVA is to help quantitatively and qualitatively assess to what extent climate change will
be a threat to the RWS in comparison to, or in combination with, other external drivers of change over
the next 50 years (2020-2070). More specifically, the assessment aims to answer the following
questions:

e Under what conditions and when will the RWS no longer meet system performance criteria?
e Isclimate change the most important driver of vulnerability for the RWS and if not, what is?

While climate change is the driver of change that triggered this study, the intent is to understand the
effects of climate change in the context of effects from other drivers of change on the RWS.

ES.3 Project Approach

The LTVA was performed using the decision scaling approach whereby vulnerabilities are first identified
and used as a basis for assessing risks. The analysis includes a multi-dimensional quantitative stress test
and qualitative scenarios in which sources of vulnerability are revealed through testing against changing
conditions. A suite of computer models of the RWS was created, calibrated, and used to estimate the
system performance under a range of future and/or unexpected conditions. Models were developed to
simulate changes in climate and weather, hydrology of each of the contributing watersheds, operations
of the RWS, long-term demand, raw water quality, and finance. Narratives or qualitative scenarios were
designed to investigate the effects of instream flow requirements and failures of key infrastructure
components. A series of performance metrics and targets was used to reveal vulnerabilities of the RWS
water supply.
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SFPUC RWS, a large, complex water supply system spanning the width of California. The result is a
vulnerability assessment that reveals clear thresholds of climate change that are problematic while using
climate projections to inform rather than drive the analysis. The report demonstrates methods for using
climate stress testing and qualitative scenarios of demand change, new regulation, and infrastructure
failure to reveal vulnerabilities singly and in combination. The report shows how climate change
projections and expert elicitation from climate experts can be used to assess a level of concern
associated with vulnerabilities. The analysis reveals the vulnerability of the system to specific climate
changes and shows the relative effect of climate change versus other uncertain factors. The result for
SFPUC is a clear vision of priority considerations for long-term planning.

ES.6 Related WRF Research

An Integrated Modeling and Decision Framework to Evaluate Adaptation Strategies for Sustainable
Drinking Water Utility Management Under Drought and Climate Change (4636)

Impacts of Climate Change on Honolulu Water Supplies and Planning Strategies for Mitigation
(4637)

Improving Tradeoff Understanding in Water Resource Planning Using Multi-Objective Search (4941)
Mapping Climate Exposure and Climate Information Needs to Water Utility Business Functions
(4729)

Water Utility Planning Strategies to Mitigate Impacts of Climate Change in Central Ohio (4585)
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Introduction

1.1 Regional Water System Overview

The Hetch Hetchy Regional Water System (RWS) is a municipally owned utility operated by the SFPUC, a
department of the City and County of San Francisco and serves both retail and wholesale customers
(Figure 1-1). The RWS supplies water from the Tuolumne River watershed and from local reservoirs in
the Alameda and Peninsula watersheds, delivering high-quality drinking water to 2.7 million residents
and businesses in the Bay Area. The Upper Tuolumne River flow is partitioned between Turlock and
Modesto Irrigation Districts (the Districts) and the SFPUC at the location of La Grange, a few miles
downstream of New Don Pedro Dam. The river flow at La Grange is reconstructed to obtain the
unimpaired natural flow before it is partitioned between water right holders. The RWS draws an average
of 85% of its supply from the Tuolumne River watershed, collected in Hetch Hetchy Reservoir in
Yosemite National Park. This water feeds into a system of tunnels and pipelines delivering water by
gravity 167 miles to Bay Area reservoirs and customers. The remaining 15% of the RWS supply is drawn
from local surface waters in the Alameda and Peninsula watersheds. The split between these resources
varies from year to year depending on the water year hydrology and operational circumstances.
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(Charry Lake) 4 ok Elomnor
Reservesr

SAN FRANCISCO

SAN FRANCISCO BAY

&
Cherry Power Tunnel £ &

S PENINSULA Holm Powerhouse Canyy

TUOLUMNE
Harry Tracy SERVICE AREA
Troatngd SUNOL VALLEY

SAN JOAQUIN

San Antonic
Reservoir

Foothil Powerhouse
e Tunnel and Reservoir
n Joagquin
Piarei Pipelinas L EMITE
Piarcios | NATIOMAL
esarvoIr New Don Pedro i PARK
Tosla UV Resenair

Crystal Treatment Facsity

Speings

Reservoir

Pugas Calaveras Dam STANISLAUS
HALF MOON BAY o 00 4 Resenvoir MATIONAL

Temple FOREST

Hayward Fault

o
Figure 1-1. Hetch Hetchy Regional Water System Owned and Operated by SFPUC.
Source: Courtesy of SFPUC.

San Andreas Fault

Bay Division Pipelines Nos. 3 & 4 Calaveras Fault

The RWS is a complex water supply network divided into the Hetch Hetchy (Upcountry), East Bay
(Alameda or Sunol Valley), and Peninsula Systems. The in-city Retail Customer distribution system,
owned and operated by the SFPUC, is not part of the RWS, though is supplied by water from the RWS.

In the Upcountry System, water is diverted from Hetch Hetchy Reservoir into a series of tunnels and
large pipelines from the Sierra Nevada Mountains and through the San Joaquin Pipelines that cross the
San Joaquin Valley to the Coast Range Tunnel, which connects to the Alameda system at the Alameda
East Portal. The Upcountry System water is disinfected without filtering at the Tesla Treatment Facility.
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The Upcountry System has a surface water filtration waiver from State and Federal agencies due to a
pristine watershed producing exceptional water quality.

The East Bay System includes two reservoirs, San Antonio Reservoir and Calaveras Reservoir plus
conveyance facilities connecting the Upcountry System and East Bay water sources to the Peninsula
System. Calaveras Reservoir collects water from the upper Alameda, Arroyo Hondo, and Calaveras Creek
watersheds. San Antonio Reservoir collects water from San Antonio Creek watershed. San Antonio
Reservoir can also receive water from the Upcountry System via the San Antonio Pump Station. The Bay
Division Pipelines (BDPLs) cross the South Bay to the Peninsula System delivering water to SFPUC
customers along the pipeline route. The Sunol Valley Water Treatment Plant (SVWTP) filters and
disinfects water supplied from San Antonio and Calaveras Reservoirs. In rare situations during which
Hetch Hetchy water must be treated (e.g., when turbidity levels exceed filtration avoidance waiver),
Hetch Hetchy water is transferred from the Alameda Siphons to SYWTP to be treated.

The Peninsula System includes conveyance facilities connecting the BDPLs to the in-City distribution
system and to other SFPUC customers on the Peninsula. Two reservoirs, Crystal Springs and San
Andreas, collect runoff from the San Mateo watersheds, and Crystal Springs also receives water from
Hetch Hetchy Reservoir. Pilarcitos Reservoir collects runoff from the Pilarcitos watershed. The Harry
Tracy Water Treatment Plant (HTWTP) filters and disinfects water supplied from Crystal Springs and San
Andreas Reservoirs before it is delivered to the Peninsula customers and to the in-City distribution
system. The City Distribution System is not included in the scope of the LTVA.

1.2 Planning for Climate and Other Changes

Climate change is having a profound impact on California’s water resources, as evidenced by changes in
temperature, precipitation, snowpack, and river flows (Vicuna et al. 2007). A recent study conducted by
the UMass HRG for the California Department of Water Resources found that 2 °C of warming alone
causes a 20% reduction in water deliveries for the California State Water Project (CA DWR 2019). CMIP5
projections of climate change for the region show a consistent expectation of warming between 1-3°C
by mid-century (1.5). Precipitation projections range from decreases of 20% relative to mean annual
average to increases of more than 20% also by mid-century (1.5).

In 2012, the SFPUC and Turlock Irrigation District (TID) sponsored a hydrologic modeling study to
determine streamflow sensitivities to possible increases in temperature and changes in precipitation
due to climate change in the Tuolumne watershed (Hydrocomp et al. 2012). For the hydrologic study,
the likelihood of any specific climate future was not assessed, and the report did not seek to
comprehensively frame all the changes climate scientists expect from global warming. The goal of that
study was simply to assess the sensitivity of reservoir inflows to a range of changes in two climate
variables, temperature and precipitation. For that purpose, a physically-based conceptual hydrology
simulation model was calibrated against past conditions and used to assess potential changes in the
timing and volume of runoff that may occur for increases in temperature of up to 5.4°C (9.7°F) and
changes in precipitation ranging from between -15% to +6% relative to existing conditions. A review of
the literature and consultation with climate science experts informed the selection of climate scenarios
that encompassed a range of temperature and precipitation changes that may be experienced through
2100 so that potential changes in watershed runoff could be simulated and analyzed. With regards to
temperature alone, median annual runoff at Hetch Hetchy Reservoir were projected to decrease by 0.7-
2.1% from present-day conditions with increases in temperature between +0.6 and 1.7°C (+1 and +3°F)
and decrease by 2.6-10.2% from present-day with increases in temperature between +2 and 5.4°C (+3.5
and +9.7°F). When changes in precipitation are accounted for on top of temperature, the median annual
runoff at Hetch Hetchy Reservoir were forecasted to decrease by 7.6-8.6% from present-day conditions
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2017). SFPUC staff were asked to identify key sources of vulnerability that they considered could
significantly impact the SFPUC’s ability to meet level of service (LOS) goals and rank them in terms of
importance and degree of uncertainty. Importance was defined based on the possible impacts each
source could have on the SFPUC’s ability to achieve the LOS objectives, with higher impacts
corresponding to higher importance. Uncertainty was defined as how much we know about the impact
of each source. The results of this exercise are shown in Figure 1-2. Among a wide range of sources of
vulnerability deemed important/uncertain, climate change was identified as highly uncertain, but of
medium importance, while demand was deemed of medium uncertainty and medium importance. Some
of the more important uncertainties included regulatory factors, infrastructure, and natural hazards.
Each of these sources can be considered and, in some cases, analytically explored using the approach
described herein to discover the key concerns and possible vulnerabilities that will challenge SFPUC in
the years ahead.
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Figure 1-2. Importance and Uncertainty Associated with Sources of Vulnerability Identified by SFPUC Leadership.

1.4 Vulnerability Assessment Objectives and Scope

The LTVA generally aims to provide the tools, analytical framework and important insights needed to
plan for an uncertain future by assessing vulnerability stemming from climate and other drivers of
change, with the goal of informing the adaptation planning process.

Based on tailored simulation models and narratives, the vulnerability assessment 1) identifies potential
vulnerabilities to the SFPUC water enterprise through an exploration of uncertain future conditions, 2)
assesses the risks associated with vulnerabilities through integration of the best available information
from climate models and expert opinion from SFPUC and others. The aim of this assessment is to
provide guidance for water supply decisions that address the risk of system vulnerabilities over the next
50 years and provides a technical platform for further assessment. This phase of the assessment (Phase
1) will help the SFPUC identify its needs to address identified vulnerabilities. A future phase of study
builds on the assessment to develop and evaluate an adaptation plan consisting of a portfolio of options
that together are flexible and robust to a wide range of futures (Phase 2).
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1.4.1 Decision Scaling

The assessment was performed using the concept of decision scaling (Brown et al. 2012; Brown and
Wilby 2012; Poff et al. 2015) whereby vulnerabilities are first identified and used as a basis for assessing
risks, then later integrated with more detailed assessments of vulnerability pathways to define
adaptation plans (Haasnoot et al. 2013; Wise et al. 2014). The general analysis framework includes a
multi-dimensional stress test approach, or structured sensitivity analysis that preserves the correlations
and dependencies of key uncertain hydro-meteorological factors executed via high power computing
resources. It includes the creation of a stochastic weather generator, new hydrologic models, a new
water system simulation model, new water demand model and modules devoted to finance and raw
water quality estimations. It also includes scenario narratives to address key uncertainties associated
with changes in instream flow requirements and failure of important infrastructure facilities. The stress
test is implemented in two ways that offer different and complimentary perspectives on system
vulnerability: 1) step, where changes in climate and demand do not occur over time but instead occur
over the entirety of the time series, and 2) trend (also called transient in the climate change literature),
whereby changes in climate and demand occur gradually over time. While 1) is useful to estimate
system performance and/or vulnerability metrics that require long time series of stationary forcing to
converge, 2) is required for planning of adaptation options (which will be evaluated during Phase 2).
More details regarding the design of the vulnerability assessment are provided in Chapter 3.

1.4.2 Spatial Scope

The spatial scope of this assessment generally encompasses 1) all critical facilities of the RWS and 2) all
27 wholesale customers part of the Bay Area Water Supply & Conservation Agency (BAWSCA) and the
City and County of San Francisco (for 28 urban demand nodes in total). In addition, there are also 8
suburban retail customers and Cordilleras Mutual Water Company (MWC) a wholesale customer not
part of BAWSCA. The analysis includes New Don Pedro Reservoir, including La Grange, to account for the
operational connection between Don Pedro Reservoir operations in the Water Bank scheme. The
analyses thus span the Upcountry, East Bay and Peninsula regions and delivery to the wholesale
customers and the City of San Francisco (including its suburban retail customers) but do not explicitly
include within-city water distribution systems.

1.4.3 Temporal Scope

The vulnerability assessment is carried out over a 50-year period from 2020 to 2070. The time step of
the assessment varies, depending on 1) the specific analytic component and 2) the performance metric
of interest, each of which is described further below.

1.5 Report Organization

This report is organized as follows. First, the regional water system and the vulnerability assessment are
described in more detail in this introduction. Second, the summary of the climatology and of the climate
projections across the SFPUC regions is given in Chapter 2. Third, the methods used to quantitatively
model the response of the RWS to probable ranges in drivers of change are described in Chapter 3.
Fourth, the long-term vulnerability assessment design is described in Chapter 4. The outcomes of the
vulnerability assessment are described quantitatively in Chapter 5. The vulnerability assessment includes
analysis of system performance with stress tests related water supply, environmental stewardship,
water quality, and finance, and with narratives related to instream flow requirements and infrastructure
failures. Chapter 6 presents a proof-of concept adaptation planning study using dynamic adaptation
policy pathways. Finally, the vulnerability assessment results are discussed qualitatively for better
interpretation in Chapter 7. Apart from the vulnerability assessment itself and subsequent discussion,
much of this report aggregates and organizes text, figures, and tables from a range of other reports and
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documents prepared for the LTVA, with some editing and additions for consistency and clarity; these
reports are referenced explicitly as relevant and are available as supplementary materials. These reports
are:

e HRGTR1 (HRG 2018). Technical Report 1: Weather Generator Module. Hydrosystems Research
Group, University of Massachusetts, Amherst, Amherst, Massachusetts.

e HRG TR2 (HRG 2021a). Technical Report 2: Hydrologic Modeling Module. Hydrosystems Research
Group, University of Massachusetts, Amherst, Amherst, Massachusetts.

e HRG TR3 (HRG 2020a). Technical Report 3: Urban Water Demand. Hydrosystems Research Group,
University of Massachusetts, Amherst, Amherst, Massachusetts.

e HRG TR4 (HRG 2021b). Technical Report 4: San Francisco Water System Model. Hydrosystems
Research Group, University of Massachusetts, Amherst, Amherst, Massachusetts.

e HRG TR5 (HRG 2021c). Technical Report 5: Raw Water Quality Model. Hydrosystems Research
Group, University of Massachusetts, Amherst, Amherst, Massachusetts.

e HRG TR6 (HRG 2020b). Technical Report 6: Finance Module. Hydrosystems Research Group,
University of Massachusetts, Amherst, Amherst, Massachusetts.

e Stuparu D., A. Dufour, W. van Deursen, M. Haasnoot (2019) Piloting Adaptation Pathways for San
Francisco Water. Deltares

e Lempert, R., Berry, S., Tanverakul, S. (2019) Climate Information Workshop Goals, Process and
Results, The RAND Corporation.
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Historical Trends and Climate Projections

The approach of decision-scaling, used in this study, is to determine when the performance of a water
system becomes unacceptable due to changes from external drivers such as climate change. Due to the
large and inherent uncertainty in the future climate, the approach selected incorporates the full
plausible range of climate change projections without regard to likelihood to explore a comprehensive
set of possible outcomes. In meeting this approach for climate change, the following factors need to be
defined: 1) the climatic stressors that are relevant, 2) the appropriate method to generate synthetic
future climate inputs to be used in the stress test and lastly 3) the range of change in the climatic
stressors. For this study, climate change is limited to changes in mean annual precipitation and mean
annual temperature in SFPUC watersheds and service area. A weather generator is also used to
generate realistic synthetic time series of precipitation and temperature. To develop the weather
generator signals of climate change in the SFPUC watersheds and an understanding of the natural
variability of annual precipitation is necessary. This chapter covers the information needed to develop
the weather generator and establish the range of climate change explored in this study. The chapter also
presents a detailed analysis of climate change projections by global circulation models for Central
California by the National Center for Atmospheric Research (NCAR) and findings from an elicitation
workshop of climate science experts organized by SFPUC. Findings from projections and elicitations
were used to set bounds for the stress test (Chapter 4) and to judge the seriousness of any potential
vulnerabilities identified by the vulnerability assessment (Chapter 5).

2.1 Historical Trends and Variability

2.1.1 Temperature Trend

Across California, temperatures have shown a warming trend in the past century. As a whole, the state
experienced an increase of 0.6 to 1.1°C (1.1 to 2°F) in mean temperature over the past century (i.e.,
from early 1900s to 2010s) (CA DWR 2015). Seasonal trends indicate a greater temperature increase in
summer months than in winter months. Studies of precipitation trends in the state have yielded
inconclusive results. While northern California shows increases in both mean annual precipitation and
number of rainfall days, southern California shows small or no change, although none of these change
are significant at 5% (Killam et al. 2014). Given these well-documented trends in the 20" century in
California’s climate, the HRG conducted time-series analyses on the trends for annual and seasonal
temperature and precipitation across the SFPUC watersheds to determine the nature of the trends and
understand their spatial and temporal variations.

The HRG has assessed annual and seasonal trends in minimum temperature (Tmin) and maximum
temperature (Tmax) from the year 1956 to 2011. For the trend analysis, stations with long-enough
records were used (i.e., over the 56-year analysis period). These stations are: Half Moon Bay (HMB) and
San Francisco Airport (SFO) for the Peninsula region; Mt Hamilton (HML), Livermore (LVK) and Newark
(NEW) for the East Bay region; and Moccasin (MCN), Early Intake (IN), Cherry Valley (CHV) and Hetch
Hetchy (HTH) for the Upcountry region respectively. For annual trend analysis, minimum and maximum
temperature values were averaged from each station over each water year (October to September).
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Figure 2-2. Annual Averages of Daily Maximum Temperatures (Tmax) across the Upcountry, Peninsula, and East
Bay Regions.
Results are shown for the analysis period from the year 1956 to 2011. Blue lines indicate the linear trend fitted to
the underlying data. The shaded regions show the 95% confidence interval for the associated trend line.

Historical trends in Tmin and Tmax from the same gauges are also evaluated for the dry season (i.e., from
April through September) and wet season (i.e., from October through March). Tmin exhibits a positive
trend in all three regions and both seasons (Figure 2-3). All are significant at 5% using the Mann-Kendall
test. The strongest trends are observed in the East Bay region. In contrast for Tmax, N0 trend is significant
at 5% using the Mann-Kendal test (Figure 2-4). More details regarding the analysis of the trends in
temperature variable are provided in the Technical Report 1: Weather Generator Module (HRG 2018).

Overall, the Tmin and Tmax trends shown in Figure 2-1 through Figure 2-4 are important to understand the
possible range of changes in the spatial and temporal availability of water resources. The positive trends
detected for the Upcountry region for Tnin are especially important because this can affect the phase of
precipitation, the volume of snowpack, and the timing of flows into the Upcountry reservoirs (e.g.,
change in precipitation from snow to rain). Earlier analyses have shown that over the last several
decades, rising temperatures in the Sierra Nevada and northern California trigger decreasing snowpack
and earlier snowmelt (Barnett et al. 2008).

Long Term Vulnerability Assessment and Adaptation Plan for the San Francisco Public Utilities
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Figure 2-3. Dry Season (April through September) and Wet Season (October through March) Averages of Daily
Minimum Temperatures (Tmin) across the Upcountry, Peninsula, and East Bay Regions.
Results are shown for the analysis period from the year 1956 to 2011. Blue lines show linear trend fitted over the
data. Shaded regions show 95% confidence interval for the fitted trend line.
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Figure 2-4. Dry Season (April through September) and Wet Season (October through March) Averages of Daily
Maximum Temperatures (Tmax) across the Upcountry, Peninsula, and East Bay Regions.
Results are shown for the analysis period from the year 1956 to 2011. Blue lines show linear trend fitted over the
data. Shaded regions show 95% confidence interval for the fitted trend line.

These results generally agree with the previous studies done by SFPUC (Hydrocomp et al. 2012), which
concluded that the average daily temperatures have increased over the 79-year period from 1930 to
2008, although increases were not consistent. According to SFPUC previous studies, there is no apparent
trend in average daily temperatures from about 1930 to 1960. From about 1960 to 2017, average daily
temperatures at Upcountry locations, Hetch Hetchy (HTH) and Cherry Valley (CHV) have increased, with
the increase being mostly driven by an increase in daily minimum temperatures, which is consistent with
the results shown in Figure 2-1 through Figure 2-4. Previous SFPUC studies have also shown that
temperature records at Moccasin at 938 ft. elevation do not show preferential increases in daily
minimum temperatures relative to daily average or daily maximum temperatures. A similar result was
obtained for this station in this study (HRG 2018).

These findings are similar to the results from other climatic studies in the region. Behnke (2011) found
that daily minimum temperatures in the Sierra have generally increased since 1900, with most of the
increase occurring before 1930 and since 1960. Bonfils et al. (2008) found that daily minimum winter
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temperatures in the Sierra increased over 1.5°C (2.7°F) between 1950 and 1999, while winter average
daily maximum temperatures increased over 0.8°C (1.4°F).

2.1.2 Annual Precipitation Trend

For the precipitation trend analysis, stations with long-enough records were used (i.e., over the 56-year
analysis period). These stations are: Half Moon Bay (HMB), San Francisco Airport (SFO), Upper (UCS) and
Lower (LCS) Crystal Springs Reservoirs, San Andreas Reservoir (SA) and Pilarcitos Dam (PLD) for the
Peninsula region; Mt Hamilton (HML), Livermore (LVK), Newark (NEW), Sunol (SUNO) and Calaveras
(CAL) for the East Bay region; and Moccasin (MCN), Early Intake (IN), Cherry Valley (CHV), Hetch Hetchy
(HTH), Sonora (SON) and Yosemite (YOS) for the Upcountry region respectively.

Figure 2-5 illustrates the results of the trend analysis for annual precipitation, while Figure 2-6 show
results of the trend in both dry and wet seasons. None of the regions shows statistically significant trend
at 5% level using the Mann-Kendal test, a finding that is consistent with the literature (Killam et al.
2014). More details about the trend analysis can be found in the Appendix of the Technical Report 1
(HRG 2018).
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Figure 2-5. Annual Precipitation across the Upcountry, Peninsula, and East Bay Regions.
Results are shown for the analysis period from the year 1956 to 2011. The blue lines indicate the linear trend fitted
to the underlying data. The shaded regions show the 95% confidence interval for the associated trend line.
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Figure 2-6. Dry Season (April through September) and Wet Season (October through March) Sum of Daily
Precipitation across the Upcountry, Peninsula, and East Bay Regions.
Results are shown for the analysis period from the year 1956 to 2011. Blue lines show linear trend fitted over the
data. Shaded regions show 95% confidence interval for the fitted trend line.

2.1.3 Variability in Annual Precipitation

Deser et al. (2012) defines natural climate variability (also known as internal climate variability) as the
“variability of the climate system that occurs in the absence of external forcing, and includes processes
intrinsic to the atmosphere, the ocean, and the coupled ocean-atmosphere system”. The term “external
forcing” refers for instance to the increasing greenhouse gas concentration in the atmosphere, which
alters the earth-atmosphere energy balance and leads to warming temperature. Natural climate
variability is acknowledged having two components whose effects are noticed across different temporal
and spatial scales. The first component is deemed a “noise” (it does not offer a signal) that is noticeable
from local to regional scales. The second component is associated with low-frequency oscillations at
regional to sub-global scales that are often driven by the large-scale climate patterns. Examples of such
a patterns include EI-Nino Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO) and the
Atlantic Multidecadal Oscillation (AMO). Understanding the effect of those large-scale climate patterns
on regional climate is important because they can be important factors to explain, among other things,
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the frequency and/or severity of hydro-meteorological extremes such as droughts and floods or the
occurrence of other natural hazards such as wildfires (e.g., Cardil et al. 2020).

The impact of large-scale climate patterns on precipitation in California is well documented (Dettinger et
al. 1998). For instance, ENSO has been shown to influence precipitation in the State, especially in
Southern California (evidence for the effect of ENSO on precipitation in the Central California region is
inconclusive). Across the state of California, Shukla et al. (2015) highlighted a complex relationship
between climate patterns, such as ENSO and PDO, and the occurrence of meteorological drought.
Regarding streamflow variable, Andrews et al. (2004) showed that magnitude of flooding is negatively
correlated with ENSO in Northern California, and positively correlated in Southern California. Note that
correlation is not significant in central California.

The HRG investigated the historical annual precipitation records across the Hetch Hetchy RWS for
presence of a low frequency variability signal using a method called Wavelet Analysis (Torrence and
Compo 1998). Broadly speaking, Wavelet Analysis allows identification of the different modes of
variability within a time series. Here, the “modes of variability” refers to specific periods (durations in
years) at which a signal oscillates (repeat itself). For instance, important modes of variability for the
solar radiation at the top of the atmosphere over a specific location are daily and annual. The former is
due to the diurnal cycle caused by the rotation of earth around its axis, while the latter results from the
seasonal cycle resulting from the orbit of earth around the sun. The Sunspot (=11 years) and de Vries
(=200 years) cycles are modes controlling the variability of solar radiation at larger temporal scales and
result from periodic variations of the activity of the sun. Wavelet Analysis allows identification of these
modes in a time series of observations, although they might be initially masked in the time series by
local weather and climate conditions. Technical details regarding the Wavelet Analysis are provided in
the Technical Report 1 (HRG 2018).

Figure 2-7 shows the global wavelet spectrum obtained for the Hetch Hetchy and Pilarcitos rain gauges.
The global wavelet spectrums (black) show peaks of power values to indicate the major modes of
variability within the analyzed signal. To verify the significance of the identified modes of variability, the
global wavelet spectrum obtained from the wavelet analysis is compared with the one obtained for a
random process (red). If the power value (on the horizontal axis) obtained for a given period is larger
than the one obtained for a random process, the mode of variability is deemed significant.
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Figure 2-7. Global Wavelet Spectrum for the Hetch Hetchy (a) and Pilarcitos Dam (b) Rain Gauges (Black Curves).
Rainfall records at both locations spans from 1930 through 2016. Annual precipitation time series are used as input
time series to the wavelet analysis. As such, the shorter mode of variability (Fourier Period) that can be detected is
2 years. The dash-red curves show the theoretical power spectrum obtained for a red-noise at a 90% confidence
level interval.

Regarding the annual precipitation time series observed at Hetch Hetchy (Figure 2-7a) and Pilarcitos
(Figure 2-7b) rain gauges, the power spectrums show a peak at both locations at a 5-year period. This
mode of variability could be associated with ENSO whose period of variability is often deemed ranging
from 4 to 6 years. However, the power values obtained from the wavelet analysis for this period are
lower than the one obtained with a random process (red curves). As such, the 5-year period cannot be
deemed significant. This result is consistent with the lack of evidence of the impact of ENSO on
precipitation in central California (e.g., Dettinger et al. 1998).

On the other hand, the power values observed at both locations are larger than the one obtained from a
random process at a period close to 15 years. This quasi-periodic 15-year cycle in the precipitation signal
for the Hetch Hetchy and Pilarcitos stations has been identified previously in the literature but
surprisingly has received little further attention. This signal is also visible in the paleo-records for the
past 200 years, but not before that (Meko et al. 2014). The climatic patterns responsible for this signal
are not currently well understood. The cause of this phenomenon is unknown, however, including this
quasi-periodic 15-year cycle allows a realistic representation of the low frequency variability of
precipitation in the region. Some analysts would not include such a factor when the causation is
unknown, but it is included here based on our assessment.

2.2 Climate Projections

In this section, results from recent climate projections are evaluated across the SFPUC region based on
the data from the Global Coupled Model Intercomparison Project phase 5 (CMIP5, Taylor et al. 2012). In
addition, the SFPUC convened nine climate science experts representing a variety of perspectives and
disciplines to provide climate information relevant to the climate vulnerability of the RWS. The gathered
information is then considered to evaluate the possible range of mean changes in long-term
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precipitation and temperature for perturbing the natural variability realizations presented in the
previous section. The work presented here is a joint effort of the HRG and the NCAR. The analysis is
structured into four parts: 1) choice of Representative Concentration Pathway (RCP) of greenhouse
gases (GHG) for the study, 2) description of temperature and precipitation model projections, 3) findings
from the elicitation workshop of climate science experts, and 4) a summary of projected changes for use
in the decision-scaling analysis and in particular with the weather generator.

2.2.1 Choice of RCP

General Circulation Models (GCMs, sometimes also called Global Climate Models) provide a scientific
basis for helping climate scientists develop and test theories of the climate system and explore its
complexities, and thus provide a useful tool for understanding climate change and the projections of
future climate and related impacts. The Inter-Governmental Panel on Climate Change (IPCC) developed
a Fifth Assessment Report (AR5) that guided the development of the community Coupled Model
Intercomparison Project, Phase 5 (CMIP5) for which datasets of GCM output are available to the
community for assessing regional climate change (IPCC, n.d.). The CMIP5 is a collaborative climate
modelling process, coordinated by the World Climate Research Programme (WCRP), which resulted in a
database of GCM simulations from the main climate modeling centers of various scientific institutions. A
standard set of assumptions and procedures were followed by each modeling center, resulting in a
consistent set of GCM simulations of the past, current, and future climate under various assumptions of
greenhouse gas emissions.

The emission scenarios adopted by the IPCC and CMIP5 community in AR5 to characterize future
greenhouse gas (GHG) concentrations are the Representative Concentration Pathways (RCP). The
guantity of GHG releases in the atmosphere by human-induced activities or by natural feedbacks over
the 21st century cannot be projected; the uncertainties are too vast. This is the reason why the IPCC
developed RCP scenarios, with each RCP having a prescribed increase in radiative forcing by 2100
relative to preindustrial levels. The increase in GHG in the atmosphere increases the radiative forcing
which is the additional energy in the Earth’s climate system. The word “representative” signifies that
each RCP provides only one of many possible emission scenarios that would lead to the specific radiative
forcing characteristics in the year 2100. The term “pathway” emphasizes that not only the long-term
concentration levels are of interest, but also the trajectory taken over time to reach that outcome (Moss
et al. 2010). Four pathways were used for climate modeling and research for the AR5 and each describe
different climate futures, all of which are considered possible depending on the volume of greenhouse
gases (GHG) emitted in the years to come. The RCPs are labeled as RCP2.6, RCP4.5, RCP6, and RCP8.5
after a possible range of radiative forcing values in the year 2100 (2.6, 4.5, 6, and 8.5 W/m?,
respectively).

16 The Water Research Foundation



IPCC Representative Concentration Pathways

1200 RCP8.5
g

& 1000

5 800

g RCP6.0
=}

& 600 RCP4.5
Q 400 RCP2.6
O 1 | 1 | | |

| | |
2000 2020 2040 2060 2080 2100

Figure 2-8. Trends in Concentrations of CO, Concentration for the Four RCPs of IPCC ARS5.
Source: Efbrazil 2020.

Generally, the different assumptions of each RCP tend to result in similar climate projections to mid-
century, which then diverge to the end-of-century (Figure 2-8). The RCP8.5 scenario results in the
greatest amount of warming by the end-of-century and is the highest emissions scenario. The planning
horizon for this study is 2070 or just beyond the midpoint of the 21 century. For that reason, it was
decided that the RCP8.5 scenario has the greatest potential warming impacts and therefore, it allows an
assessment of the outer bounds of RWS impacts for 2070.

2.2.2 Global Circulation Models Projections

2.2.2.1 Temperature Projections

Figure 2-9 and Figure 2-10 summarize the GCM multi-model spatial projection of minimum and
maximum surface temperature changes for winter (DJF) and summer (JJA) seasons across the western
US (including the SFPUC region) around the 2040 and 2070 periods using a 30-year averaging interval for
each. The largest changes are seen in areas with snow feedback (winter in high-latitudes and continental
interiors) and high elevations (all seasons), while the smallest changes are projected over the ocean and
coastal regions. The magnitude of this warming by mid-century (~2040) varies slightly between models:
in winter 1.5 to 2°C in the Upcountry region and closer to 1°C closer to the ocean; in summer, ~2 to
2.50°C in the Upcountry region and 1.5 to 2°C closer to the ocean in the East Bay and Peninsula regions.
There is strong intensification of warming into the second half of the 21 century with warming about
4.5 to 5°C. The seasonal variations of this robust change are more modest along the coastal regions and
greater in the interior regions.
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Figure 2-9. The Projected Changes in Maximum (Left) and Minimum (Right) Surface Temperature (in °C ) for the
Winter Season (DJF) as the CMIP-5 Multi-Model Average, for the 2040 (Top) and the 2070 (Bottom) for the 30-
Year Averaging Intervals Relative to Historical Averaging Interval (1965-1994).
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11.5°C, and 13°C respectively. Note, the larger the projected mean changes, the broader the model
spread. The key message of this figure is that the changes are systematic across models, despite internal
climate variability (in contrast to precipitation, see Section 2.2.2.2).

Monthly Avg Temperature for the Southern Sierra
30-year climatologies, RCP8.5 for Multi-Model Ensemble
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Figure 2-11. The Projected Changes in Mean Monthly Temperature Averaged across the BCSD CMIP5 Multi-
Model Ensemble for the Averaging Intervals 1996-2025 (Grey), 2026-2055 (Yellow), and 2056-2085 (Red) as Bias-
Corrected in the BCSD Archive for More Accurate Absolute Values.
The boxes represent the upper and lower quartile, while the whiskers are the 10th and 90th percentile range of
the projections and open circles are outliers.

On inter-annual time scales, the variability of temperature also appears to be increasing slightly as time
progresses, although the change is not significant. Looking at the CMIP5 RCP8.5 projections, Figure 2-12
shows the trend of warming over 3 periods of 30 years centered around 2010, 2040 and 2070. The
figure indicates that the range across the models increases as the different models exhibit slight
differences in the mean warming trajectory (due to different climate sensitivities as well as differences
in regional dynamical changes). When examining the inter-quartile range, the distribution of annual
mean temperatures in the CMIP5 models is slightly larger for future periods than for the evolving
present-day window, and the overall rate of the warming trend over the period 2056-85 is greater than
over the “near-current’ 1996-2025 averaging interval.
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Annual Mean Temperature for the Southern Sierra
30-year Averaging Intervals, Multi-Model Ensemble for RCP8.5
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Figure 2-12. The Projected Mean Annual Temperature across a CMIP5 Multi-Model Ensemble for the Averaging
Intervals (2010, 2040, and 2070) Including 1996-2025 (Grey), 2026-2055 (Yellow), and 2056-2085 (Red).

Each year in the 30-year sequence is represented by the distribution across the 70 GCM RCP8.5 simulations from
the BCSD archive. The boxes represent the upper and lower quartile, while the whiskers are the 10th and 90th
percentile range of the projections and open circles are outliers, and the line is the mean of the ensemble. The

segments connect seamlessly if assembled in sequence.

As discussed above, the changes seen in temperature are robust and showing a systematic warming
across time in all consulted datasets. The mean of the 2010 averaging period is 6.0°C, while the 2040
ensemble mean is 7.3°C, while the 2070 ensemble mean is 9.1°C, with a clear trend over each of the 30-
year averaging intervals. Figure 2-12 offers insight into the evolving nature of these changes (note, the
segments connect seamlessly if assembled in sequence).

In summary, temperatures are clearly projected to increase across the SFPUC watersheds. The changes
by the 2050s are expected to be around 2 to 2.5 °C, with the Upcountry region possibly slightly higher.
Towards the end of the century, temperature changes could increase as much as 4 to 5°C under RCP8.5.
The seasonal distribution of these changes is to a first order uniform, though locally in the high Sierra
where snow feedback can operate larger values can be expected during the shoulder seasons and in the
winter.

2.2.2.2 Precipitation Projections

The NCAR staff analyzed the precipitation projections keeping in mind the focus of the analysis being
water resource management, thus this summary keeps an eye on key aspects such as seasonal changes
in precipitation amount and the timing of that precipitation that could affect mean annual water
volumes and, by proxy, water availability to the RWS. In addition, the NCAR staff looked for trends in the
climate projections that exhibit more systematic signals such as seasonal changes. It important to note
that many of the projected changes are not significant with respect to the range of variability
experienced within the observational record. This type of “non-result” is actually useful in the context of
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this climate change assessment because it indicates that, based on what we know today, precipitation
regimes may not shift significantly, and this is useful information for surface water system planning.
However, it may have other significant impacts on watershed land management and wildfire which are
not in the scope of this study.

Figure 2-13 and Figure 2-14 show the projected precipitation anomalies (departure from long-term
average) relative to the present-day baseline for the direct GCM output for the 2040 and 2070 30-year
averaging intervals relative to the 2010 historic period, respectively. These average climatologies
derived from the CMIP-5 archive for the 30-year averaging intervals of 2040 and 2070 relative to the
historic 2010 period for the Upcountry region and East Bay and Peninsula regions.

While most individual months do not show significant precipitation volume change, when taken
together across the seasonal cycle a more systematic story emerges: a clear seasonal evolution of the
mean and median anomalies with relatively wetter winters and drier summers is seen. The two future
periods show the GCM-derived projected changes in monthly precipitation, which suggest increasing
winter-time precipitation as reflected in the multi-model median as well as the inter-quartile range, as
shown in Figure 2-12. The other period of increase is during summer, though the absolute values are
diminishingly small (the large percent change in summer is an artifact of the very small absolute values
of precipitation.). However, these two periods are separated by shoulder seasons that show a tendency
for drying, namely for April, May, and June, as well as October and November. Changes, both increases
and decreases, are greater in 2070 than in 2040 for all months in both the Upcountry region and East
Bay and Peninsula regions.
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Upland Precipitation Change by 2040 (RCP 8.5)
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Figure 2-13. GCM Projected Changes in mm/Month (Left Panel) and Percent Changes (Right Panel) Compared to
the Present-Day Baseline for the 2040 Averaging Interval of 2026-2055.

Upland refers to the Upcountry region and Lowland to the East Bay and Peninsula regions. The colored shapes are
the means of the distribution for each month, and the color simply indicates positive (blue) or negative (red)
changes, where the values are linearly interpolated between the months. The box-and-whiskers are the inter-

quartile range (box), the 10th and 90th percentile (whiskers), and the median (bar). Clearly seen are the increases

during the core winter and summer season and decreases in the shoulder season.
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Upland Precipitation Change by 2070 (RCP 8.5) Upland Precipitation Change by 2070 (RCP 8.5)
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Figure 2-14. Same as Figure 2-13 , Except for the 2056-2085 (2070) Averaging Period.

Figure 2-15 shows the absence of trend in mean annual precipitation over 3 periods of 30 years
centered around 2010, 2040 and 2070 using these same CMIP5 projections for RCP8.5. The figure shows
that the inter-annual spread of the running average across the different GCMs are fully overlapping,
suggesting that natural variability, not GHG forcing, dominates precipitation variability. Had the
atmospheric forcing induced by GHG been more dominating in terms of its impact on the regional
precipitation in California, then one would have expected some departure of the mean state for the
2070 averaging period when compared with the other averaging periods (2010 and 2040). This
demonstrates that natural inter-annual variability in the Upcountry region masks the signal from climate
change, as is the case in other regions (Deser et al. 2012). Although the mean precipitation change over
the broader Upcountry region shows a slight increase over the 2070 averaging interval, the coherence of
this signal across models is much lower than in regions further to the north (and much further to the
south (Figure 2-16). Therefore, it is important to ask the question if the changes are in any form
significant for the annual precipitation chance.

24 The Water Research Foundation



Annual Mean Precipitation for the Southern Sierra

30-year periods, RCP&.5 for Multi-Model Ensemble

18 20 22 23 25 27 26 30

Figure 2-15. Projection of Annual Mean Precipitation for the Three, 30-Year Climatological Averaging Periods,

17
2010, 2040, and 2070 (1996-2025 Light Grey, 2026-2055 Tan, and 2056-2085 Brown) for the Upcountry Region.

12 13 15

2 3 5 6 7 9 10

1

Each box represents 70 samples from the CMIP-5 data archive for RCP8.5. The running mean values across the 30-

year intervals are shown as lines. The segments connect seamlessly if assembled in sequence.

Figure 2-16 illustrates significance of change in seasonality of precipitation using the approach applied in
the IPCC report (Stocker et al. 2013, building on Tebaldi et al. 2011), where color is applied only in areas
where at least two thirds of the models agree on the sign of change (the Upcountry region falls just
outside of that area), and when additionally requiring a statistically significant deviation from the

present day distribution using a 90% confidence, then only areas in Nevada and off the coast of Oregon

fulfill these criteria for the DJF period in 2070 along the West coast of North America (hatched areas in

Figure 2-16).
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CMIP5-MultiModel Projection of Seasonal Precipitation: JJA CMIP5-MultiModel Projection of Seasonal Precipitation: DJF
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Figure 2-16. Projection of Precipitation Change (in mm) for the 2040 (Top) and 2070 (Bottom) Averaging Periods
in Summer (JJA, Left) and Winter (DJF, Right) over the North American West.
Colored areas indicate at least two-thirds of models agree on the sign, and hatched areas additionally fulfill
significance criteria at the 90% confidence level.

Figure 2-16 broadly outlines the dynamical feature of expected changes in the hydrologic cycle. Higher
latitudes will very likely see an increase in precipitation due to an increase in transport of moisture in
warmer air. The subtropical areas are more likely to see a decrease in precipitation due to enhanced
downward motion in the descending branch of the Hadley cell. Based on the different climate model’s
depiction of this constellation, the intersect between these two large-scale domains falls somewhere
over Southern California. The Upcountry region and East Bay and Peninsula regions are in the positive
precipitation domain for the winter season in 2070, and thus are somewhat more likely to see positive
than negative precipitation in the near future. This outlook appears consistent with the changes
discussed above regarding the seasonal cycle. Positive trends during winter (Dec - February) align with
the more robust trends to the north of the SFPUC regions. But because of the high variability, the
significance of these changes in the means remains low.
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When considering only the maximum precipitation events, however, then a trend towards higher values
is apparent in the CMIP5 multi-model ensemble for RCP8.5. Figure 2-17 illustrates this, where the
maximum daily precipitation in each month of each year is shown for the Upcountry region. This figure
suggests an increasing trend in the maximum precipitation events over the coming decades in both the
expected value (median and mean maxima) as well as an increase in the spread reflecting the heavy tail
of the distribution of these maxima. This is consistent with the general idea that a warmer atmosphere
can hold more water, and an intensified hydrologic cycle result in heavier precipitating events.

Annual Precipitation Maxima at Southern Sierra
30-yr evolving climatologies for CMIP5 models using three climatology periods for RCP-8.5
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Figure 2-17. Projection of Change in Annual Maximum Precipitation (in mm/Day) for the Southern Sierra
Showing an Increase from 12 to 14 mm.

2.2.3 Climate Information Elicitation Workshop

2.2.3.1 Elicitation Process

The SFPUC held a Climate Information Elicitation Workshop on March 21-22, 2019 (Figure 2-18). The
workshop was organized by Robert Lampert, Sandy Berry, and Stephanie Tanverakul of RAND. The aim
was to add depth to the information gathered from the CMIP5 model archive to inform the findings of
the SFPUC vulnerability assessment. In particular, the elicited climate change information helps inform
the extent to which the climate model projections are capturing the full uncertainty of future climate.
The workshop sought expert opinion to help supplement the projections of mean annual temperature
and precipitation changes from the CMIP5 archive for use in the decision-scaling analysis. The workshop
focused on eliciting, where possible, most likely, best, and worst changes for the 2040 and 2070
planning horizons for climate change phenomena of greatest concern to the RWS. This included
elicitation of opinions about mean changes in temperature and precipitation, but also about changes of
extreme events identified by SFPUC staff and the consultant team as of significance to the SFPUC, but
which don’t emerge easily from climate model data. The workshop results are summarized here and are
expected to appear in a future separate report.
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Figure 2-18. Climate Workshop Venue in SFPUC Offices, March 2019.
Source: Courtesy of SFPUC.

The workshop employed a structured expert elicitation using a Delphi-based approach. The workshop
convened nine climate scientists representing a variety of perspectives and disciplines to provide climate
information relevant to SFPUC’s vulnerability analysis. This workshop generated important information
for the SFPUC and demonstrated a process that can be used by utilities and other adaptation planners
more broadly. This work was led by the RAND Corporation and both process and outcomes are
described in detail in ‘Climate Information Workshop Goals, Process and Results’ (Lempert et al. 2019 ).
The experts’ professional affiliations included universities (UCLA, University of Colorado), federal
agencies (NASA, US Geological Survey), a federal research lab (Lawrence Berkeley National Laboratory),
and research institutions (Scripps Institution of Oceanography and the National Center for Atmospheric
Research). In addition, five SFPUC staff, three consultants from RAND, and three consultants preparing
the vulnerability assessment gave presentations and were involved in facilitation and note-taking.

Participants were asked multiple times (2-3) for their expert judgement of the climate phenomena of
interest, first a week before convening, and subsequently during convening. This allowed for clarification
of objectives in asking the question and reconsideration of responses in light of group discussion. For the
mean annual temperature and precipitation changes, scientists were asked for three estimates (most
likely change, worst possible change and best possible change) for the horizon 2040 and the horizon
2070 for RCP8.5 and 4.5. These RCP scenarios relate to different possible levels of sensitivity of climate
to any given GHG concentration in the atmosphere, an important source of uncertainty. All RCPs result
in similar climate projections to mid-century (2040), but then projections diverge to the end-of-century
(2070).

The questions were asked for changes in mean annual temperature and precipitation assuming 30 years
centered on 2040 and 2070, baseline for estimating change was 1986-2005:

e What is the most likely change in mean annual temperature and precipitation?
e What is the worst possible case (hottest and driest)?
e What is the best possible case (coolest and wettest)?

For each question, degree of confidence was requested on a five-point scale from very low to very high
based on the quality of scientific evidence. Workshop participants were also asked to evaluate other
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climate parameters (OCPs) such as meteorological drought, the seasonal cycle of rainfall, frequency of
atmospheric rivers and extreme precipitation, and changes in interannual variability. Participants were
provided with description of the phenomena under consideration and a range of possible futures on
either side of current conditions for selection — these phenomena, focused just on a 2070 future under
RCP8.5. The OCPs are not discussed in this report but more information can be found in workshop
report (Lempert et al. 2019).

Importantly, expert judgement can vary from climate model output for various reasons and in various
ways. In general, in the literature and in this elicitation, extreme climate outcomes (in the “tail,” or
extreme end, of the distribution of outcomes) can be muted when available climate model output is
considered due to limitations inherent in models seeking to project future climate outcomes under
concentrations of GHGs that have not existed in the past. This statement applies to both extreme
changes in climate as well as extreme weather events. As the IPCC AR5 stated (Flato et al. 2013),
“Extreme events are realizations of the tail of the probability distribution of weather and climate
variability. They are higher-order statistics and thus generally more difficult to realistically represent in
climate models.”

Models calibrate their projections against observed data, but atmospheric conditions that will exist in
the future were never observed, nor do the extreme or high-end outcomes that might occur under
those conditions (e.g., very hot temperatures, catastrophic melting of ice sheets, large storm events).
Without observational data to train the models, they are thought to do a relatively poor job of
projecting extreme outcomes. In addition, our understanding of how the climate will respond to
increased GHG concentrations (“sensitivity”) remains imperfect and it is therefore less likely that models
will produce high quality projections for extreme climate change and extreme events. Coupled together,
these uncertainties lead to a tendency for climate models to do a relatively poor job projecting extreme
outcomes. Expert judgement, on the other hand, can supplement model output to incorporate general
understanding of climate physics, data from outside the observational record (e.g., paleoclimatology),
and other non-model judgements to project high-end outcomes. In recent years, these expert
judgements have tended to suggest high end outcomes that are greater than those projected by models
(e.g., Bamber et al. 2019). Finally, as discussed in the workshop report (Lempert et al. 2019), the
convened climate science experts thought expansively when considering high end possibilities and felt
unconstrained from rendering judgements that disagreed with the CMIP5 projection data archive.
Precisely due to model limitations, expert judgement is increasingly being used to frame risk in
adaptation planning.

2.2.3.2 Outcomes of Interest: Change in Mean Annual Temperature and Precipitation

The elicitation results for changes in mean annual temperature and precipitation are presented for the
Upcountry, East Bay and Peninsula regions in Figure 2-19 for 2040 and 2070. The elicitation results are
compared with CMIP5 model projections. Generally, the convened scientists believed warming and
changes in precipitation could be more extreme than the CMIP5 model projections for all three regions.
The envelope of uncertainty of change for these two climate variables increased compared to CMIP5
model projections. Statistics on the elicitation responses are presented in Table 2-1 for temperature
change and in Table 2-2 for precipitation change. Elicitation results are discussed for each climate
variable below.

Temperature

Workshop participants believe warming in the Upcountry region could exceed, under all scenarios
considered, the picture provided by the CMIP5 model archive. For example, in a hot and dry scenario
under RCP8.5 in 2070, many participants suggested warming could reach 6-7°C, while just one model
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sampled reached this level of warming. For 2040, the elicitation produced a large cohort of opinions that
warming would exceed 3°C, including several suggestions that warming could exceed 5°C; the CMIP5
archive included only a single estimate of temperatures above 3°C.

For the East Bay region, a similar level of increased warming in the elicitation emerged — as with
Upcountry, the upper end for T under the hot and dry scenario for 2070 under RCP8.5 exceeded 5°C for
most experts and for several exceeded 6°C, while model output projected under 5°C change in all but
one realization. For the 2040 period, the elicitation skewed higher as well, though not as convincingly:
the elicitation produced eight estimates of warming above 3°C for all scenarios, while the CMIP5 archive
produced three.

For the Peninsula region, as would be expected in a coastal location, projected warming was significantly
lower for both the elicitation and the models, with the elicitation skewing slightly higher for both 2040
and 2070. In 2040, elicitation experts thought warming at the high end would be in the 2.5-3.5°C range,
while models at the upper end were around 2-3°C. For 2070, hot and dry conditions under RCP8.5 were
thought to bring 4-5°C warming from virtually all the convened experts, while the CMIP5 archive fell
largely around 3-4°C.
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Figure 2-19. Elicitation Results for Changes in Mean Temperature and Precipitation Compared with CMIP5 Model

Projections for Upcountry (a), East Bay (b), and Peninsula (c) Regions for 2040 and 2070.
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In contrast, when asked about the “most likely” temperature outcomes across the three regions,
elicitation expert judgements tended to mirror outputs from the CMIP5 archive. As indicated in Table
2-1 the elicitation responses to the “most likely” changes are:

e Inthe Upcountry region, for 2040, the “most likely” estimates ranged from 1.5 to 5°C with a median
of 2.5°C. By 2070 RCP8.5, the range increased to 3.4 to 6.3°C and the median increased to 4.3°C.

e Inthe East Bay region, for 2040, the “most likely” estimates ranged from 1.3 to 3.8°C with a median
of 1.9°C. By 2070 RCP8.5, the range increased to 2.6 to 5°C and the median increased to 3.3°C.

e Inthe Peninsula region, for 2040, the “most likely” estimates ranged from 1 to 2.7°C with a median
of 1.5°C. By 2070 RCP8.5, the range increased to 2.3 to 4.2°C and median increased to 3°C.

Table 2-1. Descriptive Statistics of Elicitation Responses on Change in Mean Annual Temperature for Upcountry,
East Bay, and Peninsula Regions for 2040 and 2070.
Mean Temperature Increase above Baseline (1986-2005, in °C)

2040 2070 Under RCP4.5 2070 Under RCP8.5

“Most Coolest Hottest “Most Coolest Hottest “Most Coolest Hottest
Likely” and and Likely” and and Likely” and and
Estimate Wettest Driest Estimate Wettest Driest Estimate Wettest Driest

Upcountry Region

Mean 24 17 34 32 22 43 24 31 6.4
;t:;:fl:] 11 11 5.5 1.0 12 0.9 0.9 11 0.4
Maximum 5.0 46 55 5.7 47 6.0 63 5.9 7.0
Minimum 15 08 22 24 0.7 35 34 20 55
Median 25 10 35 28 2.30 40 43 3.0 6.5

East Bay Region

Mean 2.0 14 31 26 19 3.9 36 26 5.7
;t:;:flg‘:] 0.7 1.0 0.9 0.7 0.9 0.9 0.7 0.8 1.0
Maximum 38 35 43 43 38 56 5.0 45 7.0
Minimum 13 0.4 18 20 05 23 26 13 2.0
Median 19 11 33 25 18 3.7 33 25 55

Peninsula Region

Mean 16 10 26 22 15 33 32 22 47
;t:;:fl:] 0.5 0.6 0.7 0.6 0.8 0.7 0.7 0.8 12
Maximumn 27 23 33 35 31 20 22 36 7.0
Minimum 10 04 13 17 05 20 23 10 26
Median 15 08 29 21 13 35 3.0 21 44

Precipitation
The convened scientists identified a range of possible precipitation futures on either side of no change
for all futures and all regions — an outcome that largely mirrors output from the CMIP5 model
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projections. Again, projections of extreme change — for both increased and decreased precipitation —
tended to be more dramatic in the elicitation than the CMIP5 models. Excursions beyond the CMIP5
archive were more pronounced for the 2070 period, and most so for RCP8.5 scenario. For example, for
the Upcountry watershed, model projections for 2070 RCP8.5 fell between -20% and +25% (all but one),
while elicitation responses fell between -30% and +40%. For 2040, precipitation projections clustered for
the most part in the -20% to +20% range for both experts and models, showing rare consensus between
expert opinion and computer model ensemble. These results appeared for the East Bay and Peninsula
regions as well, though in the Peninsula the effect was more muted.

For precipitation in East Bay region for 2070 RCP8.5, results were similar to Upcountry, with CMIP5
models projecting between -20% to +30% precipitation change while elicitation participants estimated
between -30% and +40%. For 2040, expert opinion both projected precipitation would fall between -25
and +35%, though the preponderance of estimates from both sources fell in the -20% to +20% range.

For the Peninsula region, as with temperature, precipitation change — and the distinction between
elicitation and models -- was more muted, with the elicitation finding a range of -30% to +30% by 2070
under RCP8.5, while the models suggested a range between -20% and +30%. For 2040, the result was
somewhat anomalously mixed at the tails, with experts estimating a range of -30% to +25% while the
models showed -25% to +35% for precipitation change.

As indicated in Table 2-2 the elicitation responses to the “most likely” changes are:

e Inthe Upcountry region, for 2040, the “most likely” estimates ranged from -4% to 3% with a median
of 0%. By 2070 RCP8.5, the range increased to -10% to 5% and the median increased to 0%.

e Inthe East Bay region, for 2040, the “most likely” estimates ranged from -5% to 0% with a median of
0%. By 2070 RCP8.5, the range increased to -10% to 5% and the median increased to 0%.

e Inthe Peninsula region, for 2040, the “most likely” estimates ranged from -5% to 0% with a median
of 0%. By 2070 RCP8.5, the range increased to -10% to 2% and median increased to 0%.
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Table 2-2. Descriptive Statistics of Elicitation Responses on Change in Mean Annual Precipitation for Upcountry,
East Bay, and Peninsula Regions for 2040 and 2070.
Mean Precipitation Change from Baseline (1986-2005, in %)

2040 2070 Under RCP4.5 2070 Under RCP8.5
Most Coolest Hottest Most Coolest Hottest Most Coolest Hottest
Likely and and Likely and and Likely and and

Estimate Wettest Driest Estimate Wettest Driest Estimate Wettest Driest

Upcountry Region

Mean -0.4 14.1 -11.5 -0.3 16.3 -14.6 -0.9 21.1 -20.2
Standard

Deviation 1.9 83 43 2.9 6.3 5.5 4.7 9.3 9.5

Maximum 3.0 35.0 -5.4 5.0 31.0 -5.2 5.0 40.0 -4.9
Minimum -4.0 7.5 -19.0 -6.0 9.5 -23.0 -10.0 9.3 -30.0
Median 0.0 13.0 -10.0 -0.0 14.0 -15.0 0.0 21.0 -19.5

East Bay Region

Mean 14 113 110 17 12.0 141 14 15.2 143
S;;;:;;i 2.2 126 9.6 3.1 121 11.9 45 145 15.7
Maximum 0.1 34.0 10.0 15 300 10.0 5.0 40.0 10.0
Minimum 50 -10.0 250 70 -10.0 30.0 -10.0 -10.0 30.0
Median 0.0 9.8 120 0.0 10.1 165 0.0 14.0 20

Peninsula Region

Mean 11 10.9 105 13 11.9 122 14 148 144
S;;;:;;i 2.2 9.7 9.9 3.1 9.6 10.8 3.7 11.8 11.8
Maximum 0.2 25.0 10.0 15 230 10.0 2.0 310 10.0
Minimum 50 -10.0 250 8.0 -10.0 27.0 -10.0 -10.0 30.0
Median 0.0 10.0 140 0.0 13.0 15 0.0 16.0 17.0

2.3 Setting Bounds for the Stress Test

Based on the findings of the CMIP5 models and the expert elicitation, it was decided to limit the climate
stress test to changes to mean annual temperature and precipitation applied uniformly across seasons
and regions. The central tendency for both CMIP5 projections and elicitations agreed to warming
roughly around 2°C and minimal precipitation change. However, both datasets also suggest deep
uncertainty about the potential climate change due to the large range of plausible changes for both
temperature and precipitation as shown in Figure 2-20. The figure presents the CMIP5 projections and
elicitation results for 2040 and 2070 for the Upcountry region. This study follows the principle of
decision making under deep uncertainty which is to utilize an approach that incorporates the full
plausible range of climate change projections, without regard to likelihood, to explore a comprehensive
set of possible outcomes and find system vulnerabilities. Therefore, for the stress test, the warming in
mean annual temperature will vary from 0 to 7°C and the change in mean annual precipitation will vary
between -40% and +40% of historical conditions. The historical baseline is from 1986 to 2005.
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Figure 2-20. Comparison of the Results from the CMIP5 Projections and the Expert Elicitation for the

Upcountry Region.

The scatterplot shows the average relative change in precipitation (x-axis in %) and the average absolute change in
temperature (y-axis in °C). CMIP5 projections are shown with circles and expert elicitations are shown with cross
symbols. Results are given for the Upcountry region, two future periods: 2040 (2026-2055; yellow color) and 2070
(2056-2085; blue color) and for the RCP8.5. Baseline is 1986-2005. The histogram plots show the distribution of
CMIP5 projections and expert elicitations.
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Modeling Methods for the Hetch Hetchy RWS

The modeling system, including inputs, model relationships and connections, and outputs, are shown in
Figure 3-1. The main inputs and outputs to each model, and their spatial and temporal scopes, are
summarized in Table 3-1. This section describes each component of the modeling system so that one
can understand the assumptions and the results of the LTVA. However, a more comprehensive

description of each model and method is available in associated supplementary materials (HRG 2018,

2020a, 2020b, 2021a, 2021b, and 2021c).
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Figure 3-1. Conceptual Diagram of the Modeling System Developed for the LTVA.

including a summary of inputs and outputs.
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Table 3-1. Summary of Specific Models in the Modeling System Developed for the LTVA.
All physical models use the daily time step. The only non-physical model—the finance model—is on an annual

time step.
Module Inputs Outputs Time step
Weather Generator Observed temperature and Simulated time series of Daily
precipitation temperature and
precipitation; temperature
and precipitation scenarios
Hydrology Temperature, precipitation, Simulated time series of Daily
topography, misc. physical- streamflow into each
based parameters, river reservoir
channel routing parameters
Water System Physical system A wide range of system state  Daily
characteristics, inflow into variables (storage in
reservoirs, operating rules, reservoirs, flow through
water demand, instream main conveyances,
flow requirements, water deliveries to customers, ...)
rights, and others
Demand Retail and wholesale water Water demand for retailand  Daily
price, climate conditions, wholesale service areas
population, policy and
management objectives
Water Quality Hydrometeorological Total Organic Carbon (TOC) Daily
conditions + system state and Turbidity
variables (e.g., Hetch Hetchy
storage, flow through San
Joaquin pipelines ...).
Finance Deliveries, OPEX, CAPEX, Price of water (wholesale Annual

interest rate, key financial
management policies

and retail)

The weather generator is a key component of the climate stress test. It creates time series of
temperature and precipitation that systematically sample plausible climate conditions that i) might have
occurred over the historical period and ii) may occur in the future. It is specifically designed to create
equally probable time series that represent realizations of natural climate variability. Weather generator
outputs provide input to the hydrology models to model daily river flows across the three regions of
interest: the Upper Tuolumne River watershed in the Central Sierra Nevada (“Upcountry”); the Alameda

Creek watershed in the East Bay (“East Bay,

” u

Sunol Valley” or “Alameda”); and the San Francisco

Peninsula (“Peninsula”). Weather generator outputs are also input to the water demand model that
simulates daily demand for 27 wholesale customers, San Francisco city and sub-urban customers.
Simulated time series of streamflow variable at various key locations of the Hetch Hetchy RWS and
water demand at SFPUC customer locations are the main inputs for the water system model (hereafter
called San Francisco Water System Model, or, for the short, SFWSM). Other inputs to SFWSM include
major infrastructure (e.g., reservoirs and storage capacity) and of their operations/regulations (e.g.,
minimum and maximum preferred storage levels), precipitation and evaporation rate over the
reservoirs, plus operational policies that reflect the management of the system, particularly during
drought. SFWSM outputs are then input to the finance and water quality models; the latter also uses
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outputs from the weather generator and the Upcountry hydrology model. Outputs from hydrology
models, SFWSM, water quality and finance models are used to calculate various performance metrics
(Section 4.4) that are used to assess system performance and/or vulnerability.

This section is organized as follows. The stochastic weather generator developed by the HRG is
described in Section 3.1. This section also includes the presentation of, and comparison with, the
weather generator developed by NCAR. The hydrology models built for the three regions of the Hetch
Hetchy RWS are presented in Section 3.2. This section also describes the frequency analysis conducted
for drought severity and duration at La Grange. The reason why the Tuolumne River flow at La Grange is
important is because SFPUC is the junior water right holder on the Tuolumne River at Don Pedro
Reservoir, while the Modesto and Turlock Irrigation Districts (MID and TID) are senior water right
holders. The amount of water available for SFPUC to serve their customers (aka WAC, which stands for
Water Available to the City) is determined based on these water rights, which are calculated based on
flow at La Grange. The water demand model is described in Section 3.3. The water system model is
presented in Section 3.4. Raw water quality models are described in Section 3.5 while the finance
modeling approach is presented in Section 3.6.

3.1 Stochastic Weather Generator
3.1.1 Modeling Goals

Stochastic weather generators are mathematical algorithms that produce time series of synthetic
weather data at desired spatial and temporal resolution. The parameters of the model are conditioned
on existing meteorological records to ensure that the characteristics of historical weather emerge in the
daily stochastic process. Stochastic weather generators can also be used to perform exhaustive
assessments of a system’s vulnerability to climate conditions across multiple temporal scales, including
changes in mean climate and variability (Steinschneider and Brown 2013). Stochastic weather
generators can be used to produce new realizations of a time series of weather variables that exhibit
similar statistics as the historical record, thus producing an ensemble of time series that provides a
sample of the historical or “natural” variability. By incrementally manipulating one or more parameters
in a weather generator, one can simulate many climate scenarios that exhaustively explore potential
futures that exhibit slight differences in nuanced climate characteristics, such as the intensity and
frequency of daily precipitation, the serial correlation of extreme heat days, or the recurrence of long-
term droughts.

The weather generator developed for the LTVA was used to produce time series of temperature and
precipitation at locations of weather stations for use in the hydrologic (Bay Area and Sierra Nevada) and
demand modeling (retail and wholesale service area). These output time series help explore the effects
of variations similar to observed historical conditions, as well as climate variability beyond the historical
record due to changes in future temperature and precipitation. Outputs from this module are used to
evaluate effects of warming temperatures and changing precipitation on the streamflow to the RWS and
on the resulting reservoir operations. This module enables evaluation of the RWS performance over a
range of possible drought sequences.

3.1.2 Modeling Method

The CliwxGen weather generator developed for the LTVA is a simplified version of the weather
generator proposed by Steinschneider and Brown (2013). This section provides a technical overview of
the CliWxGen. Figure 3-2 illustrates the four major phases of the CliwxGen. Note that the description
below summarizes the main steps of the methodology, rather than describing in detail every single step
of the flow chart shown in Figure 3-2. A more complete and technical description of the different steps
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involved in the generation of the climate realization via the CliWxGen stochastic weather generator is
available in the Technical Report 1 (HRG 2018).

Figure 3-2. Flow Chart Describing the Four Main Phases for Development of the CliWxGen Stochastic Weather
Generator for the Hetch Hetchy RWS.

40 The Water Research Foundation



