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Purpose

This Technical Repodescribeghe climateweather generatd€lixWGen)and the background

climate analysis that was performed to inform the development of the weather gempamtof

the LongTerm Vulnerability Assessment and Adaptation Planningef@an Francisco Public
Utilities Commissiowater Enterprisd he weather generator described in this document is used to
produce time series of temperature and precipitation at locations of weather stations used for
hydrologic (Bay Area and Sierra Mayand demand (retail and wholesale service area) modeling.
These output time series will help explore the effects of variations sioblsert@d historical
conditions, as well as climate variability beyond the historical record due to changes in futur
temperature and precipitatidrhe weather generator is a component of the climate stress test, which
creates time serieStemperature and precipitatittrat systematically sample the plaudiibhate
conditions that may occur in the futurés sgcifically designed to create equally probable time series
that represent realizations of natural varial@itgput from this module will be used to evaluate
effecsof warmer temperatures and associated chasges/melbn reservoir operations andess

impact of changes in frequency and magnitude of extreme weather events. Thenaidekile
evaluation of thRegional Water Systperformance over a range of possible drought aabiitsr
sequenced he tool will develop drought sequences sticdihsbased on observed variability and

useour recentlylevelopednethodfor ranking their severity and recurrence interval



1. Introduction

Climate change is having a profound impact on California water resoevigsnesd by changes

in temperature, precipitation, snowpack, and river fasna et al. 2007)hese changes are
expected to continue in the futungth more precipitatioexpected tdall as rain instead of snow.

This potential change in weather patterns will exacerbate both drought and $lcoe resdd
additional challenges for water supply reliaflitke et al. 2013)hese accelerated changes in
climate undecorethe need for climate chamigk assessment aadaptationVulnerabilitybased
approaches to climate changle assessmearte increasingtiesiredin a bottorup or vulnerability

based approach, performance of systaysismatically evaluated over a range of plausible future
climates to identify climatic conditions that can cause a systerfBtovailet al. 2012Jhisis in

contrast to scenarltased approaches where system perfornsanogy testedor a given set of
climate model projections that ma y, amdovheren e c e S ¢
results are contingent dretprojections and downscaling approach that happenusedin the

bottomup approach, once toblimatessiatgsvebeaed slentfiedchemthe a b i | i
level of concern associated lithse climate states can be assessed using plioettionge.g,
generatirculation models @CMes), historical observationspalaeoclimatologicamulationsT his

separation of tharticulation obystem response to climasing climate stress testiragn the use

of GCM projections of futurelimate conditiorallows a comprehensive understanding efftbets

of climate changes on twater resource systéivhen projections of future climate conditions are
updated based on the best scientific understanedimglownscaling methadc, the expected risk

can beupdated usinghe new climatenformation without having torepeatthe entiremodel

simulations andssessment.

Stochastic eather generatofSWGs)are mathematicaalgorithms that produdeng series of
synthetioveather datat desired spatial and temporal resoluTioa.parameters of the model are
conditioned on existing meteorological records to ensure that the characteristics of historical weather
emerge in the daily stochastic pmcddsather generators provide various functions in water
resources management studies suckx@mnding meteorological records (Richardson 1985);
supplementing weather data in a region of data scarcity (Hutchinson 1995); disaggregating seasona
hydroclimat forecasts (Wilks 2002); and downscaling coarseeriong/imate projections tmdi

resolution, dailgata need in climate impact studi@slly et al. 2007SWGs canalso beused to
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perform exhaustive assess meatetcenditorfs acaosssmuleplee mo s
temporal scalegicluding changes in mean climate and varigbiétgschneider and Brown 2013)

SWGs can beusedo produce a new realization of a time series of weather variables that exhibit the
same statistics as the original historical record, thus producing an ensemble of time series that samples
the historical Byrincremerdallyumaridtiidg onea moreafdararhetets yn.a

weather generat@ne can simulateany clnate scenaridisat exhaustively explore potential futures

that exhibit slight differences in nuanced climate characteristics, such as the intensity and frequency
of daily precipation, the serial correlation of extreme heat days, or the recurrencetesfmong
droughts

CliwxGenis developedo support bottm-up vulnerability assessment of $la@ Francisco Public

Utilities CommissioiBFPUQ Regional Water System (RWSljfferent aspects of climate variability

and changeThe weather generation process GBiWgxGenconsists o number osubsequent

phases. In the first phase, a large ensemble ofadeaations of historicelimate record to sample

the natural (stochastic) climate variabilitthe regionThis first stepis done using a wavelet
autoregressive mod®/ARM)to reproduce a time series of climatgableexhibiting asimilar

spectral structure (lefinequencyariability) to the observed ddtethe second phaségtsimulated

ensemble of climate realizations are perturbed to alter the historical climate characteristics and to
represent possible leteym changes in future climbtgh uniformly and differealiy across space

and timeThisapproaclallows for an assessment beybattaditionamethod®f climate sensitivity

analysis through exhaustive exploration and systematic sampling of climate uncertainties to identify

future conditions that may leadstdnerable outcomesgardingystem performance.

There are some important considerations associated with development of weather. generators
Weather generators should be able to replicate and perturb climate variability important for a given
systemreasonablyFor instance, for this vulnerability assessmerftelguency variabilifipettinger

and Cayar2014that hadeen identifiedth the literature as a characteristic of regional climate needs

to be replicated. Furthermore, given the geographic and topographic differences in the sources of
water for the SFPUC, the weather generator needs to produce synthetic time series where the

covariance structure between weather variables and acrizssaitgained



2. Historical Climate of the Regional Water System

System Description

A preliminarystep for the weather generadevelopmenis gainng a good understanding of the
climatologyof the study arearhis typically includeanalyses gdast trendén the relevant climate
variables such as precipitation and temperapagal and temporal correlations across different
climate variables anteterologicalstations, and lodvequencyariabilityor persistence in annual
precipitationwhich may result from atmospheric teleconnections such BBNiftbern Oscillation
(ENSO).

The SFPUC RWS consists of three distinct regions, which differ based on their climatological

characteristic§igurel). These are:

1 Upcountrggiqrronsisting dfletch Hetchyklearor, and Cherry Valley watershétitch Hetchy
reservoiis locatedn this regioprovideas bout 85% of the SFPUC&s to

1 Peninsutagiqgrconsisting ofwo reservoirs, Crystal Springs and San Andreas that collect runoff
from the San Mateo Creek watershed.

1 East Basegiqronsisting ofwo reservoirs, 8aAntonio and Calaveras, which collect water from
the San Antonio Creek, Upper Alameda Creek, and Arroyo Hondo wateriedaimeda
County San Antonio Reservoir also receives water from the Upcountry region.

Together, these watersheds and resepmavsde high-quality municipal drinking water the
SFPUC regionThe East Bayand Peninsula watersheds, collectively referred to as the Bay Area

watersheds, exhibit a similar climatology that is significantly different from the Upcountry watersheds.
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Figure 1 Map of SFPUCRWSshowing the watershedsn the Upcountry, Eastbay, and Peninsularegions
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2.1.M eteorological Stations

The neteorologicalata considerddr this studyncludeslaily timeseries of precipitation fratmrty
gages and daily tirseries ominimum and maximunemperature from twentwo gagesThese
climate data confeom a number of different agencasl institutiongncludng SFPUC California
Department of Water Resourc88DWR), the National Weather Serviddg/S), Alameda County
Water District (ALWD)East Bay Regional Park Dist(EBRD), andTuolumne Utilities District
(TUD), and Racific Gas and Electric (PG&E)

Error! Reference source not foundandthreedisplaythe geographic locations ofgbgrecipitation

and temperature gage across the Penigsstdbay and Upcountry regions.
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Figure 2. Precipitation gage locationsin the SFPUC RWSacross the Peninsula, Upcountry and
Eastbay regions
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Figure 3. Temperature gage locations in the SFPUC RWS across the Peninsula, Upcountry and

Eastbay regions

Geneal information regardinbesegagestationsincludinghe geographic region and coordinates,
altitude and the starting and ending year of the data collection peripdssantedn Tablel
(Precipitationland Table 2 (Tempeature)respectivelyDescriptive statistics associated whith

meterologicaldata from the samgages including annual means, minimums, maximum and
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Table L Summaryinformation for the precipitation gagesin the SFPUC system

Station Label Agency Region Latitude (°) Longitude (°) Altitude (ft.) Startyear Endyear Period (yrs)

1 Hetch Hetchy HTH SFPUC  Upcountry 37.948 -119.787 3858 1930 2017 87
2  Early Intake IN SFPUC  Upcountry 37.876 -119.957 2355 1930 2017 87
3 Moccasin MCN SFPUC  Upcountry 37.811 -120.299 938 1930 2017 87
4  Cherry Valley CVM SFPUC  Upcountry 37.976 -119.917 4765 1952 2017 65
5 Yosemite YOS NWS Upcountry 37.740 -119.583 3985 1956 2017 61
6 Sonora SON TUD Upcountry 37.962 -120.325 1750 1956 2017 61
7  Buck Meadows BKM SFPUC  Upcountry 37.823 -120.098 3200 1999 2017 18
8  Tuolumne Meadows TUM CADWR Upcountry 37.873 -119.350 8600 1985 2017 32
9 Pilarcitos PLD SFPUC Peninsula 37.548 -122.422 700 1909 2017 108
10 San Andreas Res SA SFPUC  Peninsula 37.579 -122.409 452 1908 2017 109
11 Lower Crystal Springs LCS SFPUC  Peninsula 37.533 -122.363 424 1915 2017 102
12 Upper Crystal Springs ucs SFPUC  Peninsula 37.512 -122.354 373 1908 2017 109
13 Sawyer Camp SC SFPUC  Peninsula 37.568 -122.388 344 1979 2017 38
14 North San Andreas NSN SFPUC Peninsula 37.612 -122.443 617 1979 2017 38
15 Davis Tunnel DT SFPUC Peninsula 37.578 -122.430 758 1979 2017 38
16 Half Moon Bay HMB NWS Peninsula 37.473 -122.443 27 1939 2017 78
17 San Antonio R SANT SFPUC EastBay 37.577 -121.846 498 1968 2017 49
18 Calaveras CAL SFPUC EastBay 37.488 -121.821 822 1915 2017 102
19 Alameda East Portal AE SFPUC EastBay 37.559 -121.859 334 1987 2017 30
20 Sunol SUNO SFPUC EastBay 37.591 -121.884 242 1907 2017 110
21 Poverty POV SFPUC EastBay 37.443 -121.771 2066 1998 2017 19
22 Rose Peak RSP EBRP EastBay 37.502 -121.736 3060 1995 2017 22
23 Livermore Airport LVK NWS East Bay 37.683 -121.790 437 - 2017 -
24 San Jose SJ NWS EastBay 37.359 -121.924 51 1998 2017 19
25 Mt Hamilton HML NWS EastBay 37.344 -121.643 4206 1948 2017 69
26 San Francisco Int. Airport SFO NWS Peninsula 37.620 -122.365 8 1945 2017 72
27 Fremont FRE ACWD East Bay - - - 1871 2017 146
28 Moffett Federal Airfield MOF NWS South Bay 37.415 -122.050 32 1945 2017 72
29 Newark NEW NWS East Bay 37.515 -122.033 10 1942 2017 75
30 Pleasanton PLE SFPUC EastBay 37.677 -121.901 - 1914 2001 87



Table 2. Summary information for the temperature gageis the SFPUC system

Station Label Agency @ Region Latitude (°) = Longitude (°) Altitude (ft.) Startyear End year Period (yrs)
1  Hetch Hetchy HTH SFPUC  Upcountry 37948 -119.787 3858 1930 2017 87
2 | Early Intake IN SFPUC  Upcountry 37g7g -119.957 2355 1930 2017 87
3 Moccasin MCN SFPUC  Upcountry 37811 -120.299 938 1930 2017 87
4 | Cherry Valley CVM SFPUC  Upcountry 37976 -119.917 4765 1952 2017 65
5 | Buck Meadows BKM SFPUC  Upcountry 37.go3 -120.098 3200 2005 2017 12
6 | Tuolumne Meadows TUM CADWR  Upcountry 37 g73 -119.350 8600 1985 2017 32
7 | Paradise Meadow PDS CADWR  Upcountry 3g 047 -119.670 7650.00 1987 2017 30
8  Slide Canyon SLI CADWR  Upcountry 3g g2 -119.430 9200.00 2005 2017 12
9 Horse Meadows HRS CADWR  Upcountry 3g 158 -119.662 8400.00 2005 2017 12
10 Pinecrest PCR PG&E Upcountry 33 200 -119.983 5600.00 1996 2017 21
11 Poverty POV SFPUC  EastBay 37443 121.771 2066 1998 2017 19
12  Rose Peak RSP EBRP EastBay 37502 -121.736 3060 1997 2017 20
13 Livermore Airport LVK NWS EastBay 37683 -121.790 437 1903 2017 114
14 San Jose SJ NWS EastBay 37359 -121.924 51 1998 2017 19
15 Spring Valley SVA SFPUC  Peninsula 37563 -122.437 1075 1998 2017 19
16  Pulgas PUL SFPUC  Peninsula 37 475 -122.298 644 1997 2017 20
17 Half Moon Bay HMB NWS Peninsula 37 473 -122.443 27 1939 2017 78
18 San Francisco Int. Airpor SFO NWS Peninsula 37 520 -122.365 8 1945 2017 72
19 Mt Hamilton HML NWS EastBay 37344 -121.643 4206 1948 2017 69
20 Moffett Federal Airfield MOF NWS South Bay 37415 -122.050 32 1945 2017 72
21  Burlingame BRL NWS Peninsula 37 5g3 -122.350 10.00 1946 1978 32
22  Newark NEW NWS EastBay 37515 -122.033 10 1942 2017 75



As Tablel andTable2 show,availableneterologicaldata from théemperature and precipitatio
gagesary substantially based on their length of retamigtime-series of dailypeteorologicalata
(e.g., 50 years or longewrhich is useful to assess the regional climatology is availahlg for
seventeeprecipitation gages anithe temperate gage@-igured).
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Figure 4. Length of records for theconsideredprecipitation and temperaturegagesin study region.
The dations in the Upcountry, Peninsula and East Bay regionare shownin blue, orange, and pink
colorsrespectively Vertical linesmark the analysis period fronil9%-2011

5



There are also substantial altitudinal differences between thiatgageacrostd three regions
The gage elevations range from about 10920@feetin the Upcountryregion 0 to4200feetin
East Bayegion and 0 tdl075feetin the Peninsulegegionrespectively=jgureb).

Precipitation gages
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S o | San Andreas\@e?‘sawe" Camp  San Antonio R « R . .
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Figure 5. Station elevationsfor the precipitation and temperaturemetereologicalgage in the study
region. The stations in the Upcountry, Peninsula and East Beare shownin blue, orange, and pink
colorsrespectively.
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2.2.Spatial Correlations of Climate V ariables

The correlational structuvédaily precipitation and temperaisexplored taunderstand the spatial
heterogeneity across the three regibims. corredtion analysis carried out using the Pearson
correlation gefficienfwhich measures the linédependenceetween two timseries of climate
variables from di f rwluesfi mmeahfimithatimeserresove iApefeetar s o n
unison(total positive linear correlatipnhereasa correlation ofl means thiéme-seriesnove in the

complete opposite directigotal negative linear correlatioA).correlation of 0 means no
relationshipDue to therelativelyshort length of the common @rsation periods oflimate
variablesthe spatial correlatiorenalysiss carriedover twentysix out of thirty precipitatiorgages

and fifteen out of twentyvo temperaturgages

Figure6 shows the correlatianatrixof daily precipitatiofrom the twentysix gage stationsith
sufficiently long records.lAue color indicates high degree of correlatifhe a r s~o0btb 4), r
whereasind a red color indicates a lower degree of correRt@ (r s~00rtad0sb)odween the
weather variables from different station® glages from theamegeographicakgionare highly
correlatedP e a r s ®» G )s Daily precipitation in tfeninsula anBast Bayregionsis also
observed toorrelate welA(e a r s~®.6d08).Stations in thElpcountryregion are not correlated
wellwith the stations in thBeninsula oEast Bayegionsalthough the correlations are still positive
Pear s~0rR03) r

SimilarlyFigue 7 displayshe spatiakorrelatios betweemlailytemperatures from the fifteen gage
stationsln contrast to thepatiatorrelatios shown fomprecipitationKigure6), dailytemperatures
highly correlatedithin the study arerosall threeegiongP e a r 5>0018)0 The only exception
is the Half Mon Bay (HMB), which is found to be less correlated witha@thérstations (r > 0.65).



Figure 6. Spatial @rrelations in the observed daily precipitation across thgages. \aluesindicate the
3HDUVRQ -V tde¥ieOpaiHofigade stations in the x andyaxes. $ 3 H D U MRI@0¥1 means
strong positive correlation between the stations, whereas a&alue of -1 meansstrong negative
FRUUHODW L R @valkiedtH0imebvdnqQlingar correlation.




















































































































































































































































































