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Abstract

California s water resources and the hydraulic systems that have been built to manage those resources are
acutely vulnerable to the impacts of climate change. Historical planning practices that assume that past
observations of climate and hydrology are reasonable predictors of future conditions have been called into
question because of climate change. As aresult, recent water resources planning in California, asin other
places around the world, involves the devel opment of new approaches to consider possible changesin
future climate and hydrology. Thistype of analysisisafield of study that is evolving rapidly. The
California Department of Water Resources (DWR) has been one of the early leadersin including climate
change analysisin its planning studies and reports; however, DWR does not currently have a standard
framework or a set of recommended approaches for considering climate change in its planning studies. A
variety of approaches to characterize and analyze future climate have been used in various DWR planning
studies. This paper surveys and summarizes the approaches and methodologies that have been used over
the last four years. It isthe first comprehensive comparative ook at the different approaches, their
strengths and weaknesses, and how they have been used in past studies. Thiswork is anticipated to lay the
groundwork for afuture DWR study aimed at developing a standard framework and a consistent set of
approaches to be used for characterizing and analyzing climate change in future DWR planning studies

and which may provide guidance for DWR partners and grantees.

This paper surveys planning studies in which DWR was the sole conducting agency and studies in which
DWR participated with other agencies to develop joint documents. In the studies under way or completed
since 2006, DWR generally considered future climate and hydrology change by following one of four
approaches: (1) a scenario approach based on selection of alimited number of Global Climate Models
simulations; (2) an ensemble-informed approach based on 112 available downscaled simulations from the
Intergovernmental Panel on Climate Change Fourth Assessment Report (2007); (3) relative change
approaches that apply perturbations to historical data to simulate the potential impacts of climate change;
or (4) qualitative approaches.

v
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To convert to

metric units,
Multiply multiply customary
Quantity To convert from metric unit To customary unit metric unit by unit by
millimeters (mm) inches (in)* 0.03937 254
centimeters (cm) for snow depth inches (in) 0.3937 2.54
Length
meters (m) feet (ft) 3.2808 0.3048
kilometers (km) miles (mi) 0.62139 1.6093
square millimeters (mm?) square inches (in?) 0.00155 645.16
square meters (m?) square feet (ft) 10.764 0.092903
Area hectares (ha) acres (ac) 2.4710 0.40469
square kilometers (km?) square miles (mi®) 0.3861 2.590
liters (L) gallons (gal) 0.26417 3.7854
megaliters million gallons (10%) 0.26417 3.7854
Volume  |cubic meters (m®) cubic feet (ft’) 35.315 0.028317
cubic meters (m®) cubic yards (yd®) 1.308 0.76455
cubic dekameters (dam®) acre-feet (ac-ft) 0.8107 1.2335
cubic meters per second (m%/s) cubic feet per second (ft*/s) 35.315 0.028317
liters per minute (L/mn) gallons per minute (gal/mn) 0.26417 3.7854
Flow liters per day (L/day) gallons per day (gal/day) 0.26417 3.7854
megaliters per day (ML/day) million gallons per day (mgd) 0.26417 3.7854
cubic dekameters per day (dam®day) |acre-feet per day (ac-ft/day) 0.8107 1.2335
kilograms (kg) pounds (Ibs) 2.2046 0.45359
Mass megagrams (Mg) tons (short, 2,000 Ib.) 1.1023 0.90718
Velocity meters per second (m/s) feet per second (ft/s) 3.2808 0.3048
Power kilowatts (kW) horsepower (hp) 1.3405 0.746
kilopascals (kPa) pounds per square inch (psi) 0.14505 6.8948
Pressure
kilopascals (kPa) feet head of water 0.33456 2.989
(‘:Sgs:gig/ liters per minute per meter drawdown gf;l\mzxﬁr minute per foot 0.08052 12.419
Concentration | milligrams per liter (mg/L) parts per million (ppm) 1.0 1.0
CELZCJZE\?;W microsiemens per centimeter (uS/cm) ?Ji;rr?g;?gnsq)per centimeter 1.0 1.0
Temperature |degrees Celsius (°C) degrees Fahrenheit (°F) (9/5 x °C)+32 (°F -32) x 5/9
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Executive Summary

Introduction

California s water resources and the hydraulic systems that have been built to manage those resources are
acutely vulnerable to the impacts of climate change. From diminishing Sierra snowpack and changing
hydrology to rising sea levels that will place additional stress on the Sacramento-San Joaquin Delta,
climate change poses significant challenges for current and future water resources management in
Cdlifornia. The California Department of Water Resources (DWR) has been one of the early leadersto
include climate change analysis in planning studies and reports. A variety of approaches to characterize
and analyze future climate have been used in various DWR planning studies. This report surveys and
summarizes the approaches and methodol ogies that have been used over the last four years. It provides
the first comprehensive comparative look at the different approaches, their strengths and weaknesses, and
how they have been used in past studies. Thiswork is anticipated to lay the groundwork for afuture DWR
study aimed at devel oping a standard framework and a consistent set of approaches to be used for

characterizing and analyzing climate change in future DWR planning studies.

The planning studies reviewed in this report include studies where DWR is the sole agency conducting
the study and studies where DWR participates with other agencies to develop joint documents. The
studies range from DWR'’ s flagship planning process, update of the California Water Plan, which
provides strategic information about California water resources, to environmental impact reports for
specific water management projects. All of these planning studies require an analysis of future conditions
including climate and hydrology. Historical planning practices that assumed past observations of climate
and hydrology were reasonabl e predictors of future conditions have been called into question because of
climate change. As aresult, recent water resources planning in California, asin other parts of the world,
involves the development of new approaches to include possible changes in future climate and hydrology.
The simulation of future climate and hydrology for the purpose of future planning is afield of study that
isevolving rapidly. DWR does not have a standard approach or a set of recommended approaches for

considering climate change in its planning studies.

The information in thisreport isintended for use by DWR to consider how to include climate change
analysesin planning studies. The information may also be useful for other water resource planners. This
report isthe first step toward identifying opportunities for developing common climate change analysis

approaches for studies with similar purposes and assumptions.

Xiii
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This report is acomprehensive survey of all DWR planning studies that have addressed the impact of
climate change in predicting future climate conditions and impact on water resources. Thirteen ongoing
and past planning studies are reviewed in detail. Seventeen different analysis characteristics are
highlighted for each study including planning horizon, spatial coverage, climate analysis approach,
number of Global Climate Models (GCMs) used, scenario selection, sealevel rise, hydrologic simulation
period, and streamflow sequence for operations modeling. Of the 13 projects, more than half were
completed solely by DWR; the rest were completed in partnership with DWR, often with multiple State
and federal agencies. Table ES 1 lists the 13 projects and provides a comparison of the projects based on
the 17 different analysis characterigtics.

Findings

The projects highlight amajor distinction among the types of planning studies that are done by DWR.
This distinction is between genera planning studies and project level analyses. General planning studies
include any study that describes future conditions but does not propose an individual project or a series of
related projects for implementation. Project level analyses are studies conducted for an individual project
or aseries of related projects that are being proposed for implementation. In many cases, project level
analyses will be done for federal feasibility reports or environmental documentation pursuant to the
National Environmental Policy Act or California Environmental Quality Act. General planning studies

cover amuch wider range of analyses than that for project level analyses.

Significant differences exist between studies that focus on specific projects versus studies that consider
future conditions or impacts more generally. Both types of studies often involve multiple linked models.
However, project level analyses focus on the impacts of a specific project and alternatives. General
planning studies tend to stay at a much higher—i.e., coarser—Ilevel of analyses that assess general trends
and often provide more generalized strategies or amenu of potential strategies for addressing anticipated
problems. The type of planning study, general or project level, has important ramifications on the

feasibility of using some climate change analysis approaches.

The surveyed projects highlight four general approaches to analyzing climate change in the planning
studies. These approaches include (1) a scenario approach based on selection of alimited number of

GCM simulations as used by the California Climate Action Team (CAT); (2) an ensemble-informed
approach based on 112 available downscaled simulations from the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (2007); (3) relative change approaches that apply perturbations

to historical datato simulate the potential impacts of climate change; or (4) qualitative approaches. In

Xiv
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addition, two supplementary analysis approaches—pal eoclimate data and sensitivity analysis—have been

used by DWR and others to help improve the climate change analyses.

The report identifies planning time horizon, spatial scale, and type of planning study as important issues
in determining the need for or the type of climate change analysis used. In relation to planning time
horizon, only studies with planning horizons exceeding 15 years completed a climate change analysis.
However, planning horizon appeared to have little impact on the type of climate change analysis
undertaken. Spatial scale, on the other hand, did not influence whether a climate change analysis was
done, but was very important in influencing the type of analysis completed. Studies with smaller spatial
coverage, typically project level analyses, tended to employ fewer technical approaches. General planning
studies tended to cover large spatial areas and generally longer planning horizons. For general planning
studies, a scenario approach (approach number 1 above) was used almost exclusively.

In general, the projects indicate an evolution in sophistication toward more quantitative and analytical
approaches. Specifically, the database of 112 downscaled GCM simulations cooperatively developed by
the US Department of Interior and Lawrence Livermore National Laboratory isincreasingly being used as
the basis for climate change characterization and analysisin planning studies. The simulationsin the
database were devel oped using a downscaling technique called bias correction and spatial downscaling.
Use of the database varies from developing climate scenarios from all 112 simulations to selection of just
afew simulations or just one simulation from the database. This report highlights how some projects have
used the downscaled simulations directly (i.e., using the climate variables of interest directly from the
simulation outputs) or indirectly (i.e., using an ensemble of simulations to generate new scenarios that
represent the aggregated characteristics of the ensemble). For example, the CAT has used the ssimulations
directly in its 2006 and 2009 assessment reports, while the Bay Delta Conservation Plan is using the

simulations indirectly to develop five new climate scenarios for their planning analyses.

Characterization of future climate conditions including temperature, precipitation, and humidity was only
the first step in the analysis of climate change impacts in the planning studies. Most of the studies proceed
to use future climate scenarios to analyze expected future hydrology. This step typically involved using
the downscaled GCM data to generate projection of future streamflow. The studies surveyed for this
report used two general methods for devel oping streamflow projections: adjusted observed hydrologic
sequences and unadjusted model generated sequences. Adjusted observed hydrologic sequences use the
observed record of streamflows as a baseline to which adjustments are made to reflect potential climate
changes. Unadjusted model generated sequences use climate models to generate input parameters for a

hydrologic model which generates streamflow sequences that are used without adjustment.

XV
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Data Gaps, Needs Assessment, and Next Steps

The survey and descriptions of projects for this report will serve as a primary resource for DWR as it
works to develop a standard framework and a set of consistent approaches for incorporating climate
changein its planning studies. Thelist of past projects illustrates the types of activitiesin which DWR
generally engages. However, it does not necessarily provide a comprehensive picture of all the different
types of projects that DWR may be involved with in the future. For instance, no flood protection projects
are highlighted, rather the studies focus on water supply and ecological restoration. Flood protection
projects differ significantly from water supply and ecological restoration projectsin their purpose, scope,
analysistime-step, and the resulting impact assessment. Water supply and restoration projects generally
focus on average long-term conditions, while flood protection projects focus on extreme climate events
that result in short-term high runoff events. A large amount of uncertainty still existsin how climate
change will influence the magnitude and frequency of extreme climate eventsin the future. As aresult,
developing climate characterization and analysis approaches for flood protection projects presents a

unique challenge.

In addition, there is alack of analysis of potentia drought conditions that are more extreme than have
been seen in our relatively short hydrologic record. There is significant evidence to suggest that California
has historically been subject to very severe droughts and that climate change could result in droughts
being more common, longer, or more severe. However, most current DWR approaches rely on an 82-year
historical hydrologic record (1922—-2003) on which GCM-generated future climate changed-hydrologic
conditions are superposed. Thisrecord is likely too short to incorporate the possibility of alow frequency,

but extreme, drought.

As DWR developsits standard framework and a set of approaches to addressing climate change, it will
have to balance consistency across time and purpose with flexibility to incorporate continual
improvements in scientific understanding of climate change as well as the state of the practice for

analyzing impacts.

Thirteen large-scale planning studies that will include climate change analysis, but that have not yet
developed a specific methodology for conducting that analysis, are already on the horizon. These projects
further highlight the need for a coordinated set of approaches for characterizing and analyzing climate

change across DWR activities.

XVi
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Summary

Scientific advancements will continue to improve our understanding of the Earth’s climate system and our
confidence and accuracy in predicting future changes to the system. Technical advances will continue to
improve the methods we have for incorporating climate model datainto our planning processes. Asthese
advances occur, DWR must endeavor to employ the best science and the most robust analytical methods
while maintaining consistency in the way that climate change is characterized and analyzed acrossits

many programs.

We recommend a multi-step process for developing a DWR climate change approach: (1) Formation of a
workgroup of DWR experts to develop the approach; (2) Development of a suite of probable approaches
for climate change characterization based on project purpose, planning horizon, and spatial coverage of
projects; (3) Transparent development of a draft methodology document including a standard framework
and a set of consistent approaches for review by DWR management as well as peer review by experts

from within and outside of DWR.

The workgroup will also work on issues associated with the implementation of the recommended
approaches in the methodology document, including ongoing communication and coordination. A plan
and process for periodic review and revisions to the framework and the approachesin light of scientific

and technical advances will also be included.

XVii
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Summary of Planning Studies Surveyed and Type of Climate Change Analysis Conducted

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind
speed not changed).

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind
speed not changed)

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind
speed not changed)

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind
speed not changed)

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind
speed not changed)

(Tmin and Tmax
adjusted based on
Tavg, wind speed
not changed), and
wind velocity.

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind
speed not changed).

Tmax (Tmin and
Tmax adjusted
based on Tavg
change, wind speed
not changed)

Study Aspect 1 11 12 13

Planning Study Name CWP Update 2009 - | 2006 SWP/CVP 2009 SWP/CVP SWP Delivery Management DRMS Phase 1 Monterey Plus Salton Sea Oroville Facilities | BDCP and DHCCP CVP/SWP Los Vaqueros CVP IRP

B160 Impacts Report Impacts Report Reliability Report | Response Status Report FEIR 2010 Ecosystem Relicensing Operations and OCAP BA Reservoir
2009 Report Restoration Planning Expansion EIR/EIS
Program

Publication/Analysis March 2010 July 2006 April 2009 December 2009 February 2010 December 2008 February 2010 2007 July 2008 In progress. August 2008 March 2010 In progress

[Compl Date

Project/General Study General Study General Study General Study General Study General Study General Study Project Project Project Project Project Project Project

DWR's Role DWR Study DWR Study DWR Study DWR Study DWR Study DWR Study DWR Study DWR Study DWR Study DWR Participant ~ |[DWR Participant ~ [DWR Participant  [Other Related

Section Reference Section IT1.B.1.i Section IT1.B.1.ii Section I11.B.1.ii Section I11.B.1.iii Section IIL.B.1.iv Section I1.B.1.v Section I11.B.2.i Section II1.B.2.ii Section I11.B.2.iii Section III.C.2.i Section II1.C.2.ii Section II1.C.2.iii Section IT1.D.1

Planning Horizon 2050 2050 (mid-century). |2045 (mid-century); (2029 2045 50-, 100-, and 200- 2020 2078 2058 2015; 2025; and 2025 and 2050. 2030 2030, 2060, and

2085 (end of years from the 2060. 2085.

Spatial Coverage Statewide Central Valley and  [Central Valley and |Central Valley and  [Statewide Central Valley and  [Central Valley and |Salton Sea area Central Valley and  [Central Valley, Central Valley, The Delta and the  [Central Valley and
SWP/CVP service [SWP/CVP service |SWP service areas. the Delta. SWP service areas. SWP service areas. [SWP/CVP service |SWP/CVP service |Bay area. CVP service areas.
areas. areas. areas, and the Delta. |areas, and the Delta.

Climate Analysis Approach |CAT 2009 Approach [CAT 2006 Approach |CAT 2009 Approach | CAT 2009 Approach |CAT 2009 Approach [A Monte Carlo Relative change A Monte Carlo Qualitative Ensemble informed |Bracketing scenario |Qualitative Ensemble informed

(Scenario Analysis) |(Scenario Analysis) |(Scenario Analysis) |(Scenario Analysis) |(Scenario Analysis) |sensitivity analysis |('Delta") approach [sensitivity analysis |approach. approach. analysis approach. |approach based on |approach.
approach based on  |based on results approach based on results from the 2006
results from the from the 2006 results from the SWP/CVP Impacts
CAT 2006 study and [SWP/CVP Impacts |CAT 2006 study. Report and OCAP
others. Report BA.

Number of GCMs 6 2 6 6 6 13 2 2 Not applicable. 16 16 2 16

Considered

[Emission Scenarios SRES A2 and B1 SRES A2 and B1 SRES A2 and B1 SRES A2 and B1 SRES A2 and B1 SRES Alb, A2,and [SRES A2 and B1 SRES A2 and B1 Not applicable. SRES A2, B1, and SRES A2, B1, and SRES A2 and B1 SRES A2, B1, and

[Considered Bl Alb. Alb. Alb.

Number of Projections 12 4 12 12 12 4 from CAT 2006 4 4 Not applicable. 112 112 4 112

Considered plus others.

Regional Downscaling Bias Correction, Bias Correction, Bias Correction, Bias Correction, Bias Correction, Bias Correction, Not applicable. Not applicable. Not applicable. Bias Correction Bias Correction Not applicable. Bias Correction

Spatial Downscaling [Spatial Downscaling |Spatial Downscaling [Spatial Downscaling |Spatial Downscaling |Spatial Downscaling Spatial Downscaling [Spatial Downscaling Spatial Downscaling
(BCSD). (BCSD). (BCSD). (BCSD). (BCSD). (BCSD). (BCSD). (BCSD) (BCSD)
Scenario Selection Individual scenarios |Individual scenarios |Individual scenarios [A single A single A total of 84 Results from a single| A total of 1000 Not applicable. Ensemble-informed [Climate change Not applicable. BDCP approach
based on output based on output based on output tative jo tative scenarios using a scenario (GFDL scenarios using a scenarios, based on  [scenarios based on (ensemble informed)
ilability, ilability, ilability, 'median scenario scenario (GFDL probabilistic, Monte [CM2.1 with higher |probabilistic, Monte joint AT-AP individual
reasonable reasonable reasonable (MPI ECHAMS with |CM2.1 with higher |Carlo approach, emissions SRES A2) [Carlo approach, distributions as projections based
representation of jo wtation of jo rtation of higher emissions emissions SRES A2) [based on data from |from the 2006 based on data from partitioned into on 10™ and 90"
historical climate,  |historical climate, historical climate, SRES A2) based on a [based on producing |4 CAT 2006 SWP/CVP Impacts 4 CAT 2006 statistical regions percentile of period
skewed to drier skewed to drier skewed to drier set of climatology, [average water scenarios. Report, based on scenarios. representing range |average AT and AP.
conditions. A total of|conditions. A total of|conditions. A total offhydrology, and delivery impacts. producing largest of all 112 A total of 4
12 scenarios. 4 scenarios. 12 scenarios. related effects Also for sensitivity average annual projections; done for |scenarios.
metrics. analysis, all 12 CAT impact on SWP each downscaled
2009 scenarios. deliveries. grid cell (1/8th
degree). A central
tendency scenario:
by aggregating all
projections falling
within the inner-
quartiles, 25th to
75th percentile. Four
additional scenarios:
by aggregating the
ten projections
based on
normalized distance
from joint AT-AP
distributions (closest
to the 90th /10th
Climate Variables Adjusted |P, Tavg, Tmin, and [P, Tavg, Tmin, and |P, Tavg, Tmin, and |P, Tavg, Tmin, and |P, Tavg, Tmin, and (P, Tavg, Tmin, Tmax|Not applicable. Not applicable. Not applicable. P, Tavg, Tmin, and [P, Tavg, Tmin, and |Not applicable. P, Tavg, Tmin, and

Tmax (Tmin and
Tmax adjusted
based on Tavg, wind|
speed not changed).
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Study Aspect 1 2 3 4 5 6 7 8 9 10 11 12 13
Planning Study Name CWP Update 2009 - | 2006 SWP/CVP 2009 SWP/CVP SWP Delivery Management DRMS Phase 1 Monterey Plus Salton Sea Oroville Facilities | BDCP and DHCCP CVP/SWP Los Vaqueros CVP IRP
B160 Impacts Report Impacts Report Reliability Report | Response Status Report FEIR 2010 Ecosystem Relicensing Operations and OCAP BA Reservoir
2009 Report Restoration Planning Expansion EIR/EIS
Program
[Climate Variability Direct from Direct from Direct from Direct from Direct from Direct from Not applicable. Not applicable. Not applicable. Statistically-mapped |Direct from Not applicable. CAT 2009 and
Adjustment downscaled climate |downscaled climate [downscaled climate |downscaled climate |downscaled climate |downscaled climate onto historic climate.|downscaled climate BDCP approaches.
projection. Reflects  [projection. Reflects |projection. Reflects [projection. Reflects |projection. Reflects |projection. Reflects Reflects observed  [projection. Reflects
monthly sequence [monthly sequence |monthly sequence [monthly sequence |monthly sequence [monthly sequence sequence with monthly sequence
and variability from [and variability from |and variability from [and variability from |and variability from |and variability from monthly variability |and variability from
individual individual individual individual individual individual adjustments based  |individual
downscaled climate [downscaled climate |downscaled climate [downscaled climate |downscaled climate [downscaled climate on statistical shifts [downscaled climate
projection. projection. projection. projection. projection. projection. from climate projection.
scenarios (quantile
mapping).
Sea Level Rise Projectionl None 1-foot at 2050. 1-foot at 2045; 2-feet |1-foot at 2029. 1-foot at 2050. Time series Not considered. Not applicable. Not applicable. 6” at 2025 and 18” at 1-foot sea level rise  |Not applicable. Results from BDCP
at 2085. reflecting short-term 2060. at 2030, coupled will be used.
variations, in with a 10% increase
addition to long- in tidal amplitude.
term variations (11 -
41 cm for year 2050;
Hydrologic Model WEAP VIC VIC VIC VIC VIC Not applicable. Not applicable. Not applicable. VIC VIC and Sac- Not applicable. WEAP
SMA /Snow 17.
Hydrologic Simulation Reliance on Reliance on Reliance on Reliance on Reliance on Reliance on Not applicable. Not applicable. Not applicable. Reliance on Reliance on Not applicable. Reliance on
Period projection period projection period projection period projection period projection period projection period observed sequences |projection period projection period
and sequence: 45-  [and sequence: 30-  |and sequence: 30-  [and sequence: 30-  |and sequence: 30-  [and sequence: 30- with adjustments and sequence: 30- and sequence: 30-
year simulations year simulations year simulations year simulations year simulations year simulations based on statistical ~|year simulations year simulations
aligned with future |aligned with future |aligned with future |aligned with future |aligned with future |aligned with future shifts aligned with  [aligned with future aligned with future
period 2006-2050.  [periods: 2035-2064 |periods: 2030-2059, |periods, based on  |periods, based on  [periods: 2035-2064 future period: 50-  |period 2011-2040 for periods: 2011-2050
for 2050. and 2070-2099. 2009 SWP/CVP 2009 SWP/CVP for 2050, and year simulations 2025; 2036-2065 for for 2030, 2051-2070
Impacts Report. Impacts Report. 2070-2100 for 2085. 1950-1999 2050 for 2060, and 2071-
2100 for 2085.
Streamflow Adjustment None. A single step A three-step A three-step A three-step A three-step Not applicable. Not applicable. Not applicable. Time series of Perturbations based |Not applicable. None.
perturbation based |perturbation based ~[perturbation based |perturbation based |perturbation based monthly AQ % from |on average monthly
on average monthly |on time series of on time series of on time series of on time series of hydrologic model  |AQ % from
AQ % from historical|monthly AQ % from [monthly AQ % from [monthly AQ % from |monthly AQ % from (each October may  [hydrologic model
data (i.e., all historical data (each |historical data (each |historical data (each [historical data (each have different (i.e. all Octobers
Octobers perturbed [October may have |October may have [October may have |October may have adjustment). perturbed by same
by same %). different different different different Correction based on |%). Correction based
Correction based on |adjustment). adjustment). adjustment). adjustment). annual AQ. Historic [on annual AQ.
annual AQ. Historic |Correction based on |Correction based on |Correction based on |Correction based on time reference used |Historic time
time reference used |annual AQ. Historic [annual AQ. Historic [annual AQ. Historic |annual AQ. Historic is 1976 for the 1961- |reference used is
is 1976 for the 1961- |time reference used |time reference used |time reference used |time reference used 1990. 1976 for the 1961-
1990. is 1976 for the 1961- |is 1976 for the 1961-  |is 1976 for the 1961- |is 1976 for the 1961- 1990.
1990. 1990. 1990. 1990.
Streamflow Sequence for  |Reliance on Reliance on Reliance on Reliance on Reliance on Reliance on Reliance on Reliance on Not applicable. Reliance on Reliance on Not applicable. Reliance on
Operations Modeling projection period  |observed sequences, [observed sequences, [observed sequences, |observed sequences, |observed sequences, |observed sequences, [projection period observed sequences, [observed sequences, projection period
and sequence: 45-  [with adjustments for|with adjustments for |with adjustments for|with adjustments for |with adjustments for|with adjustments for |and sequence: 72- with adjustments for |with adjustments for and sequence: 30-
year simulations climate induced climate induced climate induced climate induced climate induced climate induced year simulations climate induced climate induced year simulations
aligned with future [changes in the changes in the changes in the changes in the changes in the changes in the aligned with future changes in the changes in the aligned with future
period 2006-2050.  [future period: 73-  |future period: 82-  |future period: 82-  |future period: 82-  |future period: 82-  |future period: 73-  |period 2005-2078, future period: 82-  |future period: 82- periods: 2011-2050
year simulations year simulations year simulations year simulations year simulations year simulations based on data from year simulations year simulations for 2030, 2051-2070
1922-1994. 1922-2003. 1922-2003. 1922-2003. 1922-2003. 1922-1994. historical period 1922-2003. 1922-2003. for 2060, and 2071-
1950-2002. 2100 for 2085.

"Most of the recent studies reported herein use sea-level rise estimates based on a methodology that relates observed global mean sea level rise to global mean surface air temperature (Rahmstorf, 2007). This
methodology allows estimations of global sea level rise using the surface air temperature projected by the GCM simulations. An important assumption implicit in the use of this methodology for California is
that sea level rise along the California coast will mirror estimates of global sea level rise.
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Section | Introduction

[.LA Climate Change and the California Department of Water
Resources Planning Activities

Cdifornia’ s water resources and the hydraulic systems that have been built to manage those resources are
acutely vulnerable to the impacts of climate change. From diminishing Sierra snowpack and changing
hydrology to rising sealevels that will place additional stress on the Sacramento-San Joaquin Delta (the
Delta), climate change poses significant challenges for current and future water resources management in
Cdifornia. The California Department of Water Resources (DWR) has been one of the early leadersin
including climate change analysisin its planning documents. A variety of approachesto characterize and
analyze future climate have been used in various DWR planning studies. The planning studies reviewed
in this report include studies where DWR is the sole agency conducting the study and studies where DWR
participates with other agencies to develop joint documents. The studies range from DWR’ s flagship
planning process, update of the California Water Plan, which provides strategic information about
Californiawater resources, to environmental impact reports (EIRs) for specific water management
projects. All of these planning studies require an analysis of future conditions including climate and
hydrology. Historical planning practices that assume that past observations of climate and hydrology were
reasonable predictors of future conditions have been called into question because of climate change. Asa
result, recent water resources planning in California, asin other parts of the world, involves the

development of new approaches to include possible changes in future climate and hydrology.

I.B  The Need for this Report

The simulation of future climate and hydrology for the purpose of future planning is evolving rapidly.
DWR's planning studies do not have a standard framework or a set of recommended approaches for
considering climate change. Of the studies under way, DWR generally follows one of four approaches:
(1) ascenario approach based on selection of alimited number of Global Climate Models (GCM)
simulations; (2) an ensemble-informed approach based on 112 available downscaled simulations from the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (2007); (3) relative
change approaches that apply perturbations to historical datato simulate the potential impacts of climate
change; or (4) qualitative approaches. In addition, two supplementary analysis approaches—pal eoclimate

data and sensitivity analysis—have been used by DWR and othersto help improve the analyses.

This report surveys and summarizes the climate change characterization approaches and methodol ogies

that have been used in recent planning studies conducted by DWR and its partner agencies. It isthe first

1
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comprehensive comparative look at the different approaches, their strengths and weaknesses, and how

they have been used in past studies.

The information is intended for use by DWR to consider how to include climate change analysesin
planning studies. The information may also be useful for other water resource planners. Thisreport isthe
first step toward identifying opportunities for developing common climate change analysis approaches for
studies with similar purposes and assumptions. Thiswork is envisioned to lay the groundwork for afuture
DWR study aimed at developing a standard framework and a consistent set of approaches to be used for
characterizing and analyzing climate change in future DWR planning studies.

I.C Expected Climate Change-related Impacts

Cdliforniais uniquely vulnerable to climate change. Our water supply system is dependent on snowpack
storage in the Sierra Nevada, which is predicted to diminish by 25 percent by 2050 (DWR, 2008).
Cdliforniaalso relies on the Delta as a conveyance route for water delivered to 25 million Californians
and millions of acres of prime farmland. Sea level rise increases salinity intrusion into the Delta, making
it more difficult to maintain the freshness of the water pumped out of the Delta. The 1,100 miles of
earthen levees that protect the Delta are also at increased risk of failure because of sealevel rise as higher
seas place more pressure on leveesin the estuary. The risk of flooding in California, particularly in the
Central Valley, may also increase as aresult of climate change. Thousands of miles of river throughout
the state are controlled by dams and reservoirs, and thousands of acres of land adjacent to those rivers are
protected by levees and bypasses. Climate change is likely to increase storm frequency and severity with
some increase in winter runoff in mountain basins due to higher-elevation snow levels during storms.
Also, the snowpack will melt earlier in the season with less late-season runoff. All of these factors will

further stress the state’ s levees and reservoir operations.

In addition to the above mentioned impacts, climate change will make deliveries from the already stressed

Colorado River system, an important source of water for California, more uncertain in the future.

I.D Need for More Advanced Approaches

Assessing the impacts of climate change on California s water resourcesisacrucia aspect of water
planning, as the state faces serious risk from climate-induced changes. Effectively analyzing the impacts
of these changes on California s water resourcesis critical to successfully executing DWR'’s mission.
Improving DWR'’ s capacity to address the impacts of climate change will improve California’s ability to
appropriately prepare for the future and adapt to changes. Advancesin DWR'’ s ability to address climate

change in water resources planning are also likely to improve water resources planning at the regional and

2
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local level astools and information developed by DWR are made available through the California Water
Plan, State Water Project Delivery Reliability Report, and various DWR programs.

I.E Report Preparation Process and Contents Summary

This report describes various planning studies conducted by DWR and its partner agencies. In order to
ensure that all DWR planning activities were covered, a survey was devel oped and sent to all managers
and supervisors as well as all members of DWR’ s Climate Change Matrix Team®. The survey asked a
series of simple questions to identify water resources studies that had been completed or would be
completed by the survey-taker that included a climate change analysis. The survey’s responses generated
the list of projects covered in thisreport.

The studies described in this report span awide range of planning study types, from statewide analysis of
future water conditions to local water management project implementation analyses, from very
sophisticated modeling of expected conditions and system responses to generalized assessments of

climate change impacts.

This report discusses how future climate conditions have been developed in each of the planning studies
and how those conditions impact the water resources of interest for the study. This comprehensive survey
not only summarizes the climate change characterization approaches used in these DWR studies, but also
highlights the strengths and weaknesses of each approach, and articul ates the roadmap and initial
considerations for standardizing and improving the consistency of the approaches for incorporating

climate change in planning studies.

! DWR's Climate Change Matrix Team is an internal team comprising representatives from all divisions of DWR. The team
meets regularly to share information, and coordinates on all climate change issues pertinent to DWR.

3
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Section Il Contemporary Approaches to Addressing Climate
Change Used by the California Department of
Water Resources

LA IPCC GCMs and Downscaled Climate Projections

ILA.1 ThelPCC
The IPCC was jointly established in 1988 by the World Meteorological Organization and the United

Nations Environment Programme, with the mandate to:

e assessscientific information related to climate change,
e evaluate the environmental and socioeconomic consegquences of climate change, and

o formulate realistic response strategies.

Since 1988, the IPCC has published four assessment reports (1990, 1995, 2001, and 2007) that bring
together up-to-date policy-relevant scientific, technical, and socioeconomic information on climate
change. The IPCC has also published several special reports, technical papers, and methodology reports,
which have become standard works of reference, widely used by policymakers, scientists, other experts,
and students.

The IPCC Fourth Assessment Report (AR4), published in 2007, is the current standard reference for
worldwide climate change assessment information. As part of the IPCC AR4, an array of global coupled
ocean atmospheric general circulation models was assembled to provide simulations of 20™ and

21% century climate conditions. The array of simulationsis known as the Coupled Model Intercomparison
Project (CMIP3). The data set includes results from 25 different GCMs.

The IPCC AR4 builds on previous work by the IPCC to develop plausible future scenarios of
anthropogenic emissions of all relevant greenhouse gases (GHGs) as well as other important climate-
forcing compounds that are commonly emitted into the atmosphere. These scenarios consider awide
range of the major driving forces of future emissions, from demographic to technological and economic
developments (IPCC, 2000).

The AR4 describes observed changes in climate and their effects, causes of change, projected climate

change and its impacts, adaptation and mitigation options, and along-term perspective climate change.

5
CA Water Plan Update 2013 Vol 4 Reference Guide Page 25


http://www.ipcc.ch/publications_and_data/ar4/syr/en/spms5.html

Topic Climate Change Climate Change Characterization and Analysis in California Water Resources Planning

Final Report

Water resource impacts are discussed in the report but are generally handled at avery high level.
Although specific observed changes to precipitation and hydrology are noted in the report, detail

projections of future impacts at local scales are not included.

IILA.2 Climate Storyline and Scenario Family

The approach used in the IPCC AR4 involved the development of a set of four alternative scenario
"families." Each scenario family includes a coherent narrative called a "storyline” and a number of
aternative interpretations and quantifications of each storyline developed by six different modeling
approaches. Each storyline describes a demographic, social, economic, technological, environmental, and

policy future (Figure 2—1). Brief descriptions of the four scenario families are provided below.

SRES Scenarios

Higher Emissions

Medium-high
Emissions

0, Erniszions [GEC)

Lower Emissions
54 Bl

Atrnospheric CO |, Concertration [ppen )

o T T T T T
1990 2010 20230 2050 2070 2090

W0 M0 W30 ;S0 Y0 2090

Year

Year
(a) Conceptual representation (b) Time-evolution of CO, emissions (c) Time-evolution of CO, concentrations

(CH2M Hill, 2010 and Cayan et al., 2006a)

Figure 2—1 IPCC SRES Emission Scenarios and resulting trends in CO, emissions and
CO, concentrations

e TheAl storyline and scenario family represents a future world of very rapid economic growth,
low population growth, and the rapid introduction of new and more efficient technologies. Mgjor
underlying themes are convergence among regions, capacity building, and increased cultural and
socia interactions, with a substantial reduction in regional differencesin per capitaincome.

Several subsets of the A1 scenario family have also been commonly used and reported, including:

o ALFI - projects continued heavy reliance on fossil-fuels.
o AlB - projectsreliance on a balanced mix of fossil and non-fossil fuel energy sources.
o AIlT - projects a decreased reliance on fossil energy sources and an increased reliance on

non-fossil fuel energy sources.

e The A2 storyline and scenario family represents a very heterogeneous world. The underlying

theme is self-reliance and preservation of local identities. Fertility patterns across regions

6
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converge very slowly, which results in high population growth. Economic development is
primarily regionally oriented and per capita economic growth and technological changes are more
fragmented and slower than in other storylines.

e TheB1 storyline and scenario family represents a convergent world with the same low
population growth asin the A1 storyline, but with rapid changes in economic structures toward a
service and information economy, with reductions in material intensity, and the introduction of
clean and resource-efficient technologies.

e TheB2 storyline and scenario family represents aworld in which the emphasisis on local
solutions to attain economic, social, and environmental sustainability. It is aworld with moderate
population growth, intermediate levels of economic development, and less rapid and more diverse

technological change than in the B1 and A1 storylines.

The Specia Report on Emissions Scenarios (SRES) (IPCC, 2000) states explicitly that “the scenarios are
images of the future, or aternative futures. They are neither predictions nor forecasts. Rather, each
scenario is one aternative image of how the future might unfold.” The scenarios are meant to assist
researchers and policy-makers to explore potential long-term future conditions and the plausible

ramifications of near-term activities and policy decisions.

The climate simulations in the IPCC AR4 made use of the above four emissions scenario familiesto
generate climate projections for the next 100 years. These simulations were then used to analyze potential
future conditions and develop global impact assessments and adaptation strategies.

IILA.3 Regional Downscaling

The IPCC AR4 does not provide detailed assessments of regional climate change impacts. The spatia
scale of GCM outputsis too coarse for most regional impacts studies and decision-support purposes. The
discrete global grid istoo imprecise to adequately depict the complex structure of temperature and
precipitation that characterizes most regional settings. To fill this need, the US Department of Interior's
Bureau of Reclamation (Research and Development Office) and its Technical Service Center, Lawrence
Livermore National Laboratory, Santa Clara University Civil Engineering Department, Climate Central,
and The Institute for Research on Climate Change and its Societal Impacts have teamed up to develop a
data set of GCM simulations downscaled over the entire United States. The data set is available as a
public-access archive. This data set is hereafter referred to in this report as the DOI/LLNL data set.
Downscaling is defined here as the process of deriving data at a finer resolution—in space or time—from
a coarser resolution data set. For GCM outputs, this means, taking the large-scale signal from the GCM

and tranglating it to the regional scale.
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The DOI/LLNL data set includes 16 of the 25 models included in the CMIP3, run with three future GHG
emissions scenarios (A2, B1, and A1B). The modelsincluded in the DOI/LLNL data set and the years of
their development are furnished in Table 2—1. The data set contains atotal of 112 downscaled climate
projections (several of the models were run with multiple atmospheric and oceanic initial conditions for
the same GHG emissions scenario). The downscaled projections increased the resolution from greater
than 1 degree of |atitude-longitude for GCM outputs to 1/8" degree of |atitude-longitude (approximately
12 km by 12 km). Similar to GCM outputs, the downscaled outputs also cover the time period from
1950 to 2099 at monthly time steps and contain mean daily precipitation and mean monthly surface air
temperature values. The data set is available at:

http://gdo-dcp.uclinl.org/downscaled _cmip3_projections/dcpl nterface.html#About.

While multiple approaches exist for deriving regional climate data from coarse resolution model output,
downscaling of the above data set was performed using a statistical method called bias correction and
gpatial downscaling (BCSD), described by Wood et al. (2004). This method is computationally efficient
enough to be easily applied to ensembles of large number of projections (Maurer, 2007) and has been
used in the study of potential climate change impacts on various resources systems, including watershed

hydrology and reservoir systems.

A number of contemporary approaches have used the data set of 112 downscaled projections or individual
projections from the data set to analyze climate change related impacts. Illustrative projects that make use
of the data set, including more detailed description of the downscaling method utilized, are described
below.

8
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Primary
Model reference
No. Modeling group, country identification year
1 Bjerknes Centre for Climate Research (BCCR), Norway BCCR-BCM2.0 2003
2 Canadian Centre for Climate Modeling and Analysis, Canada CGCM3.1 (T47) 2001
3 Meteo-France / Centre National de Recherches Meteorologiques CNRM-CM3 2005
(CNRM), France
4 Commonwealth Scientific and Industrial Research Organisation CSIRO-MK3.0 2002
(CSIRO) Atmospheric Research, Australia
5 US Dept. of Commerce / National Oceanic and Atmospheric GFDL-CM2.0 2006
Administration (NOAA) / Geophysical Fluid Dynamics Laboratory
(GFDL), USA
6 US Dept. of Commerce / National Oceanic and Atmospheric GFDL-CM2.1 2006
Administration (NOAA) / Geophysical Fluid Dynamics Laboratory
(GFDL), USA
7 National Aeronautics and Space Administration (NASA) / Goddard GISS-ER 2000
Institute for Space Studies (GISS), USA
8 Institute for Numerical Mathematics (INM), Russia INM-CM3.0 2002
9 Institut Pierre Simon Laplace (IPSL), France IPSL-CM4 2005
10 Center for Climate System Research (University of Tokyo), National MIROC3.2 2004
Institute for Environmental Studies, and Frontier Research Center for (medres)
Global Change (JAMSTEC), Japan
11 Meteorological Institute of the University of Bonn, Meteorological ECHO-G 1999
Research Institute of Korea Meteorological Administration (KMA),
Germany/Korea
12 Max Planck Institute (MPI) for Meteorology, Germany ECHAMS/ 2006
MPI-OM
13 Meteorological Research Institute (MRI), Japan MRI-CGCM2.3.2 2001
14 National Center for Atmospheric Research (NCAR), USA CCSM3 2006
15 National Center for Atmospheric Research (NCAR), USA PCM 2000
16 Hadley Centre for Climate Prediction and Research / Met Office, UK UKMO-HadCM3 2000

Table note: The DOI/LLNL data set includes 16 of the 25 models in the CMIP3, run with three future GHG emissions scenarios
(A2, B1, and A1B).

WCRP CMIP = World Climate Research Programme Coupled Model Intercomparison Project

Source: (Bias Corrected and Downscaled WRCP CMIP3 Climate Projections [Internet]. Santa Clara University. [Last modified Mar
21, 2010; Accessed Dec 8, 2010]. Available from:
http://gdo-dcp.uclinl.org/downscaled_cmip3_projections/dcplnterface.html#Aboutaccessed%2012/8/2010)
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IILA.4 California Climate Action Team/California Climate Change Center
Approach

ILA.4.i Approach Description
On June 1, 2005, Governor Arnold Schwarzenegger issued Executive Order S-3-05 establishing a Climate

Action Team (CAT) and GHG emissions targets for California. The executive order chargesthe CAT
with guiding the reporting efforts on meeting the targets and developing biennial reports on potential
effects of climate change on California. In response to the executive order, the California Energy
Commission and the California Environmental Protection Agency commissioned a series of
studies/reports every two years to describe the potential impacts of climate change on key state resources.
The regional focus of the impacts report required that issues related to uncertainties in future climate
change projections from GCMs be addressed. Notable among these uncertainties was the differences
between GCM projectionsin expected climate changes at regional scales. The scale, scope, and time
frame of these studies barred an exhaustive analysis of all available GCM projections. Selection of a
limited set of scenarios of possible climate change, targeted regionally to explore California’ s future
climate, was determined to be the most effective way to prepare the biennial assessment reports. The
biennial nature of the assessment reports provides the opportunity to build on and improve methodol ogies

and analysesin each successive report.

ILA.4.0i Global Climate Models Used
Since 2005, CAT has issued two biennial assessment reports. one in 2006 and the other in 2009. For each

report, the study team, on the basis of several criteria, selected a subset of the available GCM projections

for inclusion in the assessment analysis.

In the 2006 study, the selection criteria stipulated that the GCM projections had to be freely coupled, non-
flux-correcting formulation, with a horizontal resolution of 250 km (155 miles) or higher. Projections
were also required to produce arealistic simulation of specific aspects of California’s recent historical
climate (particularly the distribution of temperature and the strong seasonal cycle of precipitation that
existsin thisregion); contain realistic large-scale features, such as the spatial structure of precipitation;
and include realistic variability at interdecadal and longer timescal es during the historical simulations.
Other criteriafor GCM selection were the availability of climate model output data, the published track
record of the modeling group, and model results exhibiting different levels of sensitivity to GHG forcing.
All of these criteriayielded two GCMs: (1) Parallel Climate Model (PCM)—National Center for
Atmospheric Research (NCAR)—and (2) Geophysical Dynamics Laboratory model version 2.1 (GFDL
CM2.1)—National Oceanic and Atmospheric Administration (NOAA). These two models provided a
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reasonably wide variation in model sensitivity to global and regional temperature to GHG-forcing, with
the NCAR PCM exhibiting relatively low sensitivity and GFDL CM2.1 exhibiting relatively high
sensitivity (CAT, 2006).

In the 2009 study, GCMs were selected on the basis of providing a set of relevant monthly and, in some

cases, daily data. Selected GCMs a'so had to produce historical simulations with reasonable

representations of seasonal precipitation and temperature, the variability of annual precipitation, and El
Nifio/Southern Oscillation. These criteriayielded six GCMs. (1) PCM-NCAR; (2) GFDL CM2.1-NOAA;
(3) Community Climate System Model (CCSM)-NCAR; (4) ECHAMS5/MPI-OM—the Max Plank
Ingtitute; (5) MIROC 3.2 medium-resolution model—Center for Climate System Research of the
University of Tokyo and collaborators; and (6) French Centre National de Recherché M étéorol ogiques
(CNRM) models (CAT, 2009). A list of these models and the years of their development isin Table 2-2.

Table 2—-2 GCMs used in California Climate Action Team /
California Climate Change Center Approach

Primary
Model reference
No. Model name; modeling group, country identification year

Parallel Climate Model; National Center for Atmospheric Research

1 (NCAR), USA PCM 2000
Geophysical Dynamics Laboratory model version 2.1; US Dept. of
Commerce / National Oceanic and Atmospheric Administration (NOAA) /

2 | Geophysical Fluid Dynamics Laboratory (GFDL), USA GFDL-CM2.1 2006
Community Climate System Model; National Center for Atmospheric

3 Research (NCAR), USA CCSM3 2006

ECHAMS/ MPI-

4 Max Planck Institute (MPI) for Meteorology, Germany OM 2006
Center for Climate System Research (University of Tokyo), National
Institute for Environmental Studies, and Frontier Research Center for MIROC3.2

5 Global Change (JAMSTEC), Japan (medres) 2004
Meteo-France / Centre National de Recherches Meteorologiques

6 (CNRM), France CNRM-CM3 2005

(CAT, 2009 and Randall et al., 2007)
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ILA4.ii.a Emissions Scenarios
GHG emissions scenarios SRES A2 (medium-high emissions) and B1 (low emissions) were chosen for

both studies based upon considerations discussed in the IPCC SRES and availability of outputs from
model climate simulations (IPCC, 2000).

ILA4.ii.b Starting/Initial Climate Conditions
Not discussed/Not Applicable.

ILA.4.ii.c Simulation/Forecast Time Period
The simulation/forecast time period for the 2006 study was from 2005 to 2099, and the historical period

used as a climatological baseline was from 1961 t01990. The 2009 study simulated the period from 2000
to 2100 and used a historical period from 1950 to 1999 as the baseline climatol ogical period.

IILA.4.iii Downscaling
The techniques used in each study for downscaling and bias correction differ slightly and are described

separately for the respective studies.

The CAT 2006 assessment report employed a statistical BCSD technique originally developed by
Wood et al. (2002) for using global model forecast output for long-range streamflow forecasting. This
technique was later adapted to downscale GCM output for use in studies examining the hydrologic
impacts of climate change (Hayhoe et al., 2004; Maurer and Duffy, 2005; Payne et al., 2004;
VanRheenen et al., 2004).

The BCSD approach first adjusts output from the GCMs to account for tendenciesin the model to be too
wet, dry, warm, or cool during the historical period (bias correction), and then the adjusted data are
converted to regional data (spatial downscaling). Using this technique, the precipitation and temperature
probabilities (at a monthly scale) during a simulated historical period (1950-1999) from the GCMs were
mapped to the concurrent historical record. The historical observational data set used for this study was
the gridded National Climatic Data Center Cooperative Observer station data (Maurer et a., 2002). This
data set, developed at a spatial scale of 1/8" degree (about 7 miles = 12 km), was aggregated to a 2-degree
latitude/longitude spatial resolution. For precipitation and temperature, cumulative distribution functions
(CDFs) were devel oped for each month, at each of the 2 degree grid cells for both the gridded
observations and each of the GCMs (raw GCM data were interpolated onto a common 2 degree grid for
this purpose) for the historical period (1961-1990). The quantiles for monthly GCM-simulated
precipitation and temperature were then mapped to the same quantiles for the observationally based
CDFs. For temperature, the linear trend was removed prior to the bias correction and replaced afterward

to avoid increasing sampling at the tails of the CDF as temperatures rose. In this way, the probability

12
CA Water Plan Update 2013 Vol 4 Reference Guide Page 32



Topic Climate Change Climate Change Characterization and Analysis in California Water Resources Planning

Final Report

distribution of observations were reproduced by the bias-corrected climate model data for the overlapping
climatological period, while both the mean and variability of future climate evolved according to GCM
projections. The combined BCSD used in this study has been shown to compare favorably to different
statistical and dynamic downscaling techniques (Wood et a., 2004) in the context of hydrologic impact
studies. To obtain daily values using BCSD, the monthly values obtained are temporally disaggregated by
re-sampling the historical data set based on pattern matching and identification of analogous historical

months.

The CAT 2009 assessment report employed the same statistical BCSD technique used in the CAT 2006
assessment report, in addition to adirect, large-scale daily statistical downscaling method called
constructed analogues (CA) (Hidalgo et al., 2008). The CA approach uses previousy observed coarse-
scale data and the corresponding fine-scale data to generate a rel ationship between the observed weather
patterns and the daily GCM patterns (analogue) at a coarse scale; thisrelationship is then trandlated to a
finer scale to produce regional information. The CA method is based on the notion that if one could find
an exact analogue (in the historical record) to the weather field today, future weather should evolve
similarly to weather conditions following the identified analogue. From a practical standpoint, finding an
exact analogue in the historical record is not feasible so the CA method artificially constructs the
analogues using linear combinations of past atmospheric patterns. The process involves developing linear
regressions with the current weather or climate pattern as the dependent variable and selected historical
patterns as independent variables. It is assumed that the same linear combination (using the same
regression coefficients) of the future evolutions of each of the historical patterns that contributed to the
constructed anal ogue would describe the evolution of weather or climate into the future (Van den Dooal,
1994).

In brief, the CA method downscales daily large-scale data directly, and the BCSD method downscales
monthly data, with are-sampling of historical datato generate daily values. Each method demonstrates
differing degrees of skill for producing downscaled results depending on particular variables: seasons,
region of interest, or severity of temperature or precipitation event. In the CAT 2009 assessment report,
the BCSD approach was applied to the output from of all six GCM simulations under both emission
scenarios, resulting in 12 regional—scal e climate change data sets. The CA approach was applied to the
output from three GCMs—CNRM-CM 3, GFDL-CM21, and NCAR-PCM 1—under both emission
scenarios, resulting in an additional six sets of regional-scale climate change data. Based on analysis
conducted in the report, the CA method generally underestimated daily streamflows and did not

adequately represent annual inflows to some of the major water supply reservoirs. Streamflow estimates
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based on CA method were, therefore, not used for further impacts analysisin the CAT 2009 assessment
report.

Schematics of the BCSD and CA approaches and athird, very recent approach are shown in Figure 2—2.
The new approach, known as the bias corrected constructed anal ogue technique, combines the strengths
of both earlier approaches and is expected to be used widely in the future for downscaling GCM climate
data (Maurer, 2009). Using this procedure, the daily GCM data are bias corrected prior to application of
the constructed anal ogue approach.

a) BCSD b) CA c) BCCA
(Maurer, 2009)

Figure 2-2 Schematics of GCM downscaling methods

IILA.4.iv  Output Parameters of Interest
Of the large set of considerationsin evaluating the GCM simulations, the CAT 2006 and 2009 studies

focused on afew relatively simple model output parameters, mostly related to temperature and
precipitation. After analyzing these output parameters for trends and expected levels of regiona warming
and precipitation change, the output parameters were used to drive a hydrologic model of the region.
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The Variable Infiltration Capacity (VIC) model (Liang et al., 1994; Liang et al., 1996) was used to derive
land surface hydrologic variables consistent with the downscaled forcing data. VIC is amacro-scale,
distributed, physically based hydrologic model that balances both surface energy and water over agrid
mesh. The VIC model has been successfully applied at resol utions consistent with the resolution of
downscaled climate data. A “mosaic” land surface scheme allows the VIC model to represent the subgrid
scale spatial variability in topography and vegetation/land cover. Thisis especially important when
simulating the hydrologic response in complex terrain and in snow-dominated regions. The VIC model
also features a nonlinear mechanism for simulating slow (base flow) runoff response and explicit
trestment of vegetation canopy on the surface energy balance. Following the simulation of the water and
energy budgets by the VIC model, a second program within VIC is used to route the derived runoff
through a defined river system to obtain streamflow at specified points. Outputs from the VIC model
provide the necessary input data needed to run operational models of the state’ s water system.

ILA.4v  Consideration of Sea Level Rise
The CAT 2006 report uses the relationship between projected global mean temperature change, sealevel

rise due to thermal expansion, and sealevel rise due to ice melt to estimate total sealevel rise projections
for the study period. The MAGICC model (Hulme et al., 1995) was used to devel op the relationship

among the three variables.

By mid-century (2035-2064), projected global sealevel rise ranges from 6 to 32 centimeters

(2.4 to 12.6 inches) relative to 1990, with no discernable differences between A1, Alfi, and B2 scenarios.
By end-of-century (2070-2100), however, sea leve rise projections relative to 1990 range from

10 to 54 cm (3.9 to 21.3 inches) under lower emissions scenario (B1), 14 to 61 cm (5.5 to 24 inches)
under medium-high emission scenario (A2), and 17 to 72 cm (6.7 to 28.3 inches) under higher emissions

scenario (A1fi).

For the 2009 assessment report, CAT researchers used a methodology that relates observed global mean
sealevel rise to global mean surface air temperature (Rahmstorf, 2007). This methodology allows
researchers to calculate estimates of global sealevel rise using the surface air temperature projected by
the GCM simulations. Rahmstorf ‘s method resultsin sealevel rise estimates that are significantly higher
than those produced by other recent estimates, including estimates from the IPCC AR4 (Cayan et al.,
2008). An important assumption implicit in the CAT’ s use of this methodology isthat sealevel rise along
the California coast will mirror estimates of global sealevel rise. In addition, CAT projectionsinclude a
second set of sealevel rise estimates that include modifications to account for the increase in the amount

of water trapped behind dams and reservoirs during the historical period, which has artificially reduced
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surface runoff into the oceans (Chao et a., 2008). The estimates using global surface air temperature
outputs from the 12 GCMs included in the CAT 2009 assessment indicate that potential sealevel rise over
the next century will be considerably higher than historical rates of increase (Figure 2-3). By 2050, sea
level rise estimates (relative to the 2000 levels) range from 30 to 45 cm (12 to 18 inches) and by 2100,
ranges from 82 to 140 cm (32 to 55 inches).

1800 - - 63.0
1400 F-----------mmmm e - 55.1
] adjusted for not adjusted for
effects of dams effects of dams
1200 1---- SRES Affi 47.2
SRES A2
1000 4 SRES B1 304
—— 20C3M _
mm observed inches
800 F 31.5
23.6
15.7
7.9
0
-7.9
2100

CNRM CM3 GFDL CM2.1 MIROC3.2 (med)
MPI ECHAMS NCAR CCSM3 NCAR PCM1

after Rahmstorf (2007) Science VOL 315 pp 368-370
Chao et al. (2008) Sciencexpress 13 March 2008 10.1126/science.1154580

(Cayan et al., 2009)

Figure 2—3 Sea level rise projections based on air temperatures including those from 12 future
climate scenarios used by the California Climate Action Team
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As observed in the CAT 2006 assessment, different emissions scenarios produce little differencein

temperature until about the middle of the 21% century; thereafter, the warming of the A2 scenario

becomes increasingly distinct and larger than that of the B1 scenario. As temperatures rise, so do sealevel

and wave run-up along California beaches. Also, astemperatures rise, there is a substantial increasein the

occurrence, magnitude, and duration of extremes including high sealevel events.

I.LA.4.vi

Summary of Approach Strengths and Weaknesses
The CAT 2009 approach is depicted through a set of related figures—a flow chart, a spatial schematic,

and an approach detail—in Figure 2—4. The CAT 2006 approach could be illustrated in a similar way.

4. Run land surface 2. Select GCMs 1. Select
1. Select emission (hydrology) model emissions
scenarios (2) 2 et Gl ) scenarios

!

Multiple future
climate scenarios
(2x6 = 12)

Climate variables
time series (P, T)

v

3. Downscaling

v

4. Run land surface
(hydrology ) model

Generate streamflow
series

v

Adjust streamflow
series

5. Run
operations/impacts
models

Evaluate impacts

(a) Approach flow chart

5. Run
operations/impacts
model

3. Downscaling

(b) Approach spatial schematic (Maurer, 2009 as adapted from Cayan and Knowles, 2003)

Selected Global Climate Greenhouse Gas (GHG) Results Downscaled
Models (GCMs): Emissions Scenarios to Regional Level:
Coarse-Scale Data Applied to GCMs Fine-Scale Data
GFDL-CM2.1 (USA) A2-high population growth, Scenario Method
NCAR-PCM1 (USA) 9 low economic growth, GFDL-CM2.1-A2 ]8cso, ca
CNRM-CMS3 (France) self-reliance GFDL-CM2.1-B1 '
MPI-ECHAM5 (Germany) -higher GHG emissions NCAR-PCM1-A2 ]EcsD, ca
MIROC3.2 medium CARHPCERER
resolution (Japan) B1-low population growth, CNRM-CM3-A2 ]ecso, ca
NCAR-CCSM3 (USA) high economic growth, CNRM-CM3-B1
global solutions MPI-ECHAMS5-A2 ]ecso
Downscaling Methods -lower GHG emissions mr;gg:g’\ﬁz 81
BCSD=Bias Corrected Spatial Downscaling MIROG3 2-81 ]Bcsp
CA=Constructed Analog
NCAR-CCSM3-A2]BCSD
IPCC=Intergovernmental Panel on Climate Change NCAR-CCSM3-B1

(c) Approach details for developing climate projections (Chung et al., 2009)

(Chung et al., 2009)

Figure 2—4 Approach used by the California Climate Action Team/

CA Water Plan Update 2013

California Climate Change Center
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The CAT 2006 and 2009 approaches selected a subset of available GCM simulations based on a series of
criteriarelated to the skill of GCMs in producing realistic simulations of specific aspects of California’s
recent historical climate (1950-1999) and model design parameters. The subset of GCMs was then
analyzed in more detail. The CAT 2006 assessment used a subset of two GCMs, and the 2009 assessment
used a subset of six GCMs. Each assessment focused on two (SRES A2 and B1) of the emissions
scenarios described in the IPCC SRES (2000). This choice resulted in 4 and 12 scenarios of future climate
change in the CAT 2006 assessment and the CAT 2009 assessment, respectively. The relatively small
subsets of scenarios used in these reports allowed greater scrutiny of the GCMs and scenarios, their
regional performance, and their outputs. The smaller subsets also allowed results to be reported for each
scenario without aggregating or averaging the results of all of the scenario runs. This preserved the
variability exhibited in each simulation, including extreme heat or precipitation conditions shown in the
model outputs.

A limitation of the above approach isthat the range of uncertainty as represented by the selected subset
does not necessarily represent the range of uncertainty from the full set of GCM projections. Thisis
apparent in the CAT 2009 assessments in which the 12 selected scenarios happen to be considerably drier
than the full projection range of all 112 DOI/LLNL data set projections. The criteria used for selecting the
subset of models and scenarios may also be considered a weakness because historical skill may not be
reflective of future predictive performance (Pierce et a., 2009; Brekke et al., 2008).

IILA.5 Ensemble-Informed Approaches

ILA.5.i Approach Description
An ensemble-informed approach uses information from alarger array of future climate simulations rather

than from a selected small subset of simulations. Simulation results from the full array of GCM
simulations are aggregated using various statistical methods to develop a set of ensemble-informed
simulations. Subensemble simulations may also be devel oped to highlight potential conditions
represented by simulations that agree on one or more climate parameters, such as precipitation and

temperature.

The Bay Delta Conservation Plan (BDCP) has devel oped an ensemble-informed approach that employs a
procedure called quantile mapping, which maps the statistical properties of climate variables from an
ensemble of GCM-generated data onto the time series of observed climatological data set. The approach
thus allows the use of a shorter period to define the climate state, yet maintains the variability of the

longer historical record. The ensemble-informed approach including the quantile mapping procedure, as
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used in the BDCP, is discussed in detail in Section I11.C.2.i. The result of the ensemble-informed
approach with quantile mapping procedure is adaily time series of temperature and precipitation that has
the range of variability observed in the historical record, but that also contains the shift in climate
properties (both mean and expanded variability) found in the downscaled climate projection. The extent
of climate shifts may be different for each climate scenario, future period, spatial location, and month;
therefore, it isimportant to consider a broad range of climate futures in order to characterize the projected

effects of climate.

ILA5.ii  Summary of Approach Strengths and Weaknesses
The ensemble-informed approach allows analysis of awider array of climate models and simulations than

in other approaches thus incorporating a wider band of uncertainty, without necessarily expanding the
complexity and scope of subsequent operational and impacts modeling. Multidecadal variability bias and
gpatial inconsistencies of individua projections are buffered by aggregating severa projections. And the
guantile mapping procedure preserves changesin climate variability across the entire probability curve,

effectively showing shiftsin magnitude or probability of extreme events.

A limitation of this approach isthat it collapses the uncertainty of the multiple realizations into one or
several representative ensemble-informed scenarios. Very rare extreme events projected by only afew
simulations in the ensemble will be masked, reducing the extent of the uncertainty band present in the full

range of projections.

II.B Relative Change Approaches

A limited number of studies have used arelative change approach. These approaches, as defined for this
report, add or subtract a defined quantity or percentage quantity from the expected level of a parameter of
interest to estimate the potential change due to climate change. Rel ative change approaches can be used
for awide array of resource evaluations. They rely on impact assessment results from other studies that
indicate the general direction and order of magnitude of the expected changes due to climate change. For
example, impact assessments of flooding in the Central Valley indicate that climate change will increase
peak floodflows from levels that have historically occurred. The exact level of increase is unknown, and
existing analytical methods are inadequate at simulating the extreme weather events that trigger flooding.
Thus, afactor of safety or perturbation can be used to increase historical peak flows to model larger
extreme flooding events that could occur in the future. The modified peak floodflow values can then be

used in successive analyses to study impacts, flood risk, or design parameters.
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[I.C Qualitative Approaches

Severa past studies have used qualitative approaches to analyze the potential impacts of climate change.
Qualitative approaches, like relative change approaches, rely on impact assessment results from other
studies that indicate the general direction and order of magnitude of the expected changes due to climate
change. The study being conducted qualitatively analyzes and then describes how expected changesin
climate, such as temperature, hydrology, precipitation, and humidity, could affect the resources of interest
in the study. This approach does not use quantitative numbers to describe impacts, thus bypassing the
need to address many of the challenges associated with the uncertainty of quantitative estimates of
climate change. However, this approach provides only a generalized assessment of the potential impacts
of climate change and may not provide a sufficient level of detail for some types of studies. This approach
has been used in project level analyses and analyses that focus on local level impacts. The Los Vagueros
Reservoir Expansion EIR/Environmental Impact Statement (EIS) is one example that is described

subsequently in Section 111.

[I.D Supplemental Approaches
Two supplemental approaches—pal eoclimate data and sensitivity analysis—are important to mention
here. Although not used as primary analysis approaches in past DWR planning studies, they have been

used as important secondary approaches by DWR and its partner agencies.

II.D.1 Paleoclimate Data

Paleoclimate records are created using information from natural climate "proxies,” such astreerings, ice
cores, corals, and ocean and lake sediments, that record variations in past climate. These proxies hold
climate information that extend back far beyond the available observed climate record. Using
sophisticated tools and procedures, pal eoclimatol ogists are able to reconstruct records of temperature,
streamflow, drought conditions, terrestrial environment characteristics, and other important historical

conditions that incorporate additional climate variability and extremesinto the extended data set.

Pal eoclimate approaches do not predict or simulate future climate conditions but rather expand the
amount of data we have about past climate conditions. For most areas, climatic and hydrologic records
gathered from observed measurements extend back 100 or fewer years. Paleoclimate data can add
hundreds of years of data, expanding the record significantly to include periods of higher or lower climate
variability or continuous incremental change. Thisincreased data set may provide additional insight into

the potential variationsin climate that can be expected in the future (with or without climate change.)
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Pal eoclimate approaches can be seen as a secondary (or supporting) climate change analysis for planning.
Because they do not provide any prediction of future climate conditions, they cannot be considered a
standalone analysis approach. However, paleoclimate data may provide important historical information

not contained in the observed record or simulated future conditions.

Although no studies reviewed for this report have used a paleoclimate approach, it is being described here
because interest appears to be growing for including these types of analysis in some planning studies. In
2007, the US Bureau of Reclamation (USBR) included extensive paleoclimate data and analysisin its EIS
on the Colorado River Interim Guidelines for Lower Basin Shortages and Coordinated Operations for
Lakes Powell and Mead (Jerlaand Prairie, 2009). As additional paleoclimatic flow records are developed
for other river basins, it is expected that pal eoclimate approaches for analyzing climate change in
planning studies will become more widespread.

[I.D.2 Sensitivity Analyses

Sensitivity analysis has not been used as a standalone analysis method in any DWR planning study.
Instead, it has been used as a supplemental approach, in addition to a more robust analysis, to assess the
sensitivity of awatershed to the expected impacts of climate change. Sensitivity analysis in mathematical
modeling usually refers to apportioning the uncertainty of model outputs to variations in the input
parameters. DWR has used a similar yet different type of sensitivity analysisto evaluate the risk
associated with the uncertainty of climate simulations.

As part of the 2009 State Water Project/Central Valley Project (SWP/CVP) Impacts Report (Chung et al .,
2009), DWR conducted a sensitivity analysis of temperature on runoff in the Feather River Basin. Future
climate simulations differ greatly in direction and magnitude of changesin future precipitation patterns
but show relatively high consistency in the direction of future changesin temperature. Therefore, in the
2009 SWP/CV P Impacts Report, DWR explored how temperature changes alone could affect runoff in
the Feather River watershed. The analysis involved modeling the effect of temperature increases of 1 °C
to 4 °Cin 1 °C increments in the watershed without changing any other input parameter. The study
yielded important resul