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Foreword

Climate change management is a core value of the California Department of Water Resources (DWR),
which leads water management adaptation for the state. Moreover, to carry out DWR’s mission,
incorporation of climate change into DWR’s planning, projects, and other activities must be consistent,
science-based, and continually improved through an iterative process.

To improve the scientific basis for decisions and enhance the consistency of climate change approaches
across all of its programs, DWR empaneled this Climate Change Technical Advisory Group (CCTAG) in
2012. The CCTAG’s mission was to advise DWR on the scientific aspects of climate change, its impacts
on water resources, the use and creation of planning approaches and analytical tools, and the development
of adaptation responses. This 14-member, standing scientific advisory group represents the diverse areas
of expertise needed to describe and assess a changing climate. Over the last three years, CCTAG
members have worked collaboratively to weigh different alternatives for scenarios and approaches in a
changing climate.

This technical information record consolidates the CCTAG’s guidance and perspectives from 2012-2015,
including interpretation of scientific information produced by the National Climate Assessment and the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Specific programs that will
benefit from this guidance are updates to the California Water Plan, integrated regional water
management, flood and drought planning, California’s Fourth Assesment of Climate Change, and the
Governor’s Water Action Plan.

DWR thanks the members of the CCTAG for their time and expertise in completing this report. Actions
taken in response to the CCTAG’s guidance will efficiently move DWR toward consistency and
timeliness in its activities, and will more broadly move California’s water sector toward more sustainable
management of water and related resources.

John Andrew

Assistant Deputy Director
Sacramento, California
August 21, 2015
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AIRS Atmospheric Infrared Sounder

AOGCM/ESM Atmosphere-Ocean General Circulation Model/Earth System Model
APG California Climate Adaptation Planning Guide
AR atmospheric river

AR4 Assessment Report 4
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ARE atmospheric river event

AWMP agricultural water management plan
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CA constructed analogues
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CCTAG Climate Change Technical Advisory Committee
CEQA California Environmental Quality Act

cm centimeters

CMIP Couple Model Intercomparison Project

CMIP3 Couple Model Intercomparison Project, Phase 3
CMIP5 Coupled Model Intercomparison Project, Phase 5
CNAP California Nevada Applications Program
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California Water Plan

mean diurnal temperature range, 1950-1999
California Department of Water Resources
European Centre for Medium-Range Weather Forecasts
El Nifio Southern Oscillation

empirical orthogonal function

ECMWEF Re-Analysis 40-km resolution
Earth System Model

evapotranspiration

global climate model

greenhouse gas

Hydrologic Engineering Center Hydrologic Modeling Center model
hectopascal
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Fifth Assessment Report of the IPCC
Intergovernmental Panel on Climate Change
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mean annual temperature
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National Aeronautics and Space Administration
National Environmental Policy Act

Operations Criteria and Plan

precipitation

principal component

total precipitation

Quarter (e.g., Q1 = First Quarter)

regional climate model
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root-mean-square error

rainfall runoff model
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Top of the Atmosphere Reflected Shortwave (S) and Longwave (L) Radiation

regional water management group
Sacramento Soil Moisture Accounting model
Special Report on Emissions Scenarios
Shortwave Cloud Radiative Effects

State Water Project

temperature

surface air temperature
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Watts/m?
WEAP
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WRF
Ws
WY
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zonal (west-east) winds

U.S. Geological Survey
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Water Evaluation and Planning model
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ARA4. IPPC 4th Climate Change Assessment Report published in 2007.
ARS5. IPPC 5th Climate Change Assessment Report published in 2014.

Atmospheric Infrared Sounder (AIRS). Re-analysis data set developed from the AIRS experiment from
the National Aeronautics and Space Administration (NASA).

Climate Change Technical Advisory Committee (CCTAG). The CCTAG was formed by the
California Department of Water Resources to provide guidance on climate change issues related to water
resources planning and management.

Climate change. A change in the state of the climate that can be identified by changes in the mean and/or
the variability of its properties (often by using statistical tests), and that persists for an extended period,
typically decades or longer.

Climate model. A numerical representation of the climate system based on the physical, chemical, and
biological properties of its components, their interactions and feedback processes, and accounting for all
or some of its known properties.

Climate projection. A projection of the response of the climate system to emission or concentration
scenarios of greenhouse gases and aerosols, or radiative forcing scenarios, often based on simulations by
climate models.

Climate variability. Variations in the mean state and other statistics (such as standard deviations, the
occurrence of extremes, etc.) of the climate on all spatial and temporal scales beyond that of individual
weather events.

Climate. The average weather or the statistical description in terms of the mean and variability of
relevant quantities over a period of time, ranging from months to thousands or millions of years.

Delta method. Method using observed historical climate variations as its only example of short-term
(days to decades), high-resolution climate variability, which superposes long-term averaged climate
changes computed from the global-model outputs onto the high-resolution historical record.

Downscaling. A method that derives local- to regional-scale (10 to 100 km) information from larger-scale
models or data analyses.

Drought. A “prolonged absence or marked deficiency of precipitation,” a “deficiency that results in water
shortage for some activity or for some group,” or a “period of abnormally dry weather sufficiently
prolonged for the lack of precipitation to cause a serious hydrological imbalance.” Agricultural drought
relates to moisture deficits in the topmost soil (the root zone) that affect crops. Meteorological drought is
mainly a prolonged deficit of precipitation, while hydrologic drought is related to below-normal
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streamflow and lake and groundwater levels. A megadrought is a long, drawn-out, pervasive drought,
lasting much longer than normal, usually a decade or more.

Dynamical downscaling. One of the two main downscaling approaches based on high-resolution 3-
dimensional numerical modeling, using a regional or limited-area model solving hydrodynamic equations
and thermodynamic equations of the atmosphere, which are focused on the studied/modeled region with
initial and 3-dimensional evolving boundary conditions provided by the Atmosphere-Ocean General
Circulation Model/Earth System Model (AOGCM/ESM) simulations.

El Nifio Southern Oscillation (ENSO). ENSO is a general term used to describe both warm (EI Nifio)
and cool (La Nifia) ocean-atmosphere events in the tropical Pacific, as well as the Southern Oscillation
the atmospheric component of these phenomena. El Nifio and La Nifia occur when sea surface
temperatures in the Pacific Ocean near the equator and the west coast of South America, called the Nifio
3.4 region, are unusually warm (EI Nifio) or cold (La Nifia) for an extended period of time.

El Nifio Southern Oscillation
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Source: NOAA: https://www.ncdc.noaa.gov/teleconnections/enso/indicators/sst.php

ENSO-P. Correlation of winter precipitation with Nino 3.4 index, 1901-1999.

ERA-40. ECMWF Re-Analysis 40-km resolution data set of the global atmosphere and surface
conditions for 45-years, over the period from September 1957 through August 2002, conducted by
European Centre for Medium-Range Weather Forecasts.

Global climate model (GCM). Computer model that simulates global climate and ocean patterns.
Greenhouse gases (GHG). Those gaseous constituents of the atmosphere, both natural and
anthropogenic, which absorb and emit radiation at specific wavelengths within the spectrum of thermal

infrared radiation emitted by the earth’s surface, the atmosphere itself, and by clouds.

Intergovernmental Panel on Climate Change (IPCC). Scientific panel overseen by the United Nations,
which investigates the global impacts of climate change.
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Glossary

Parameterizations. Simple mathematical rules that represent features (e.g., convective cloud formation)
too small to be resolved by the model.

Precip (or precipitation) duration. An approximation of the length of time for accumulation of
precipitation.

Precip (or precipitation) intensity. An approximation of the rate of fall or the rate of accumulation of
precipitation.

Projection. Any description of the future and the pathway leading to it; a more specific interpretation has
been attached to the term “climate projection” by the IPCC when referring to model-derived estimates of
future climate. See also Climate Projection.

Reanalysis. Atmospheric and oceanic analyses of temperature, wind, current, and other meteorological
and oceanographic quantities created by processing past meteorological and oceanographic data by using
fixed, state-of-the-art weather forecasting models and data assimilation techniques.

Reconstruction. The use of climate indicators to help determine climates (generally of the past).
Reoperation. See System Reoperation.

Representative Concentration Pathway (RCP). Future greenhouse gas scenarios used in the IPPC 5th
Climate Change Assessment. The number after RCP (e.g., RCP4.5 and RCP8.5) is the increase in
radiative forcing at the end of the century in W/m? (+4.5 W/m? and +8.5 W/m?). The RCP scenarios
replaced the SRES scenarios.

Scenario. A plausible and often simplified representation of the future climate, based on an internally
consistent set of climatological relationships that has been constructed for explicit use in investigating the
potential consequences of anthropogenic climate change, often serving as input to impact models.

Simulation. Computerized model runs that represent interactions of the atmosphere, oceans, land surface,
and ice; designed to project future temperature changes resulting from increases in atmospheric
concentrations of greenhouse gases.

Special Report on Emissions Scenarios (SRES). Future greenhouse gas scenarios used in the IPCC 3rd
and 4th Climate Change Assessment Reports. SRESBL is a lower future greenhouse gas emissions
scenario than SRESA2. The SRES scenarios were replaced by the RCP scenarios.

Statistical downscaling. Methods for developing statistical relationships that link the large-scale
atmospheric variables with local/regional climate variables.

Streamflow. The amount of water flowing in a river.
Stress tests. Methods to characterize the range of extremes, such as drought or flood; assess vulnerability

to these extremes; develop scenario-based analyses that assess system response; and determine ways to
increase resilience to these events.
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System Reoperation. California’s water supply and flood management infrastructure is physically
interconnected, but is not as well integrated as it could be. DWR, in cooperation with other State and
federal agencies, local water districts, groundwater managers, and other stakeholders, is investigating
potential strategies to take advantage of the physical interconnections between flood protection and water
supply infrastructure, while operating the system in a coordinated manner to provide additional benefits.

Teleconnection. A connection between climate variations over widely separated parts of the world. In
physical terms, teleconnections are often a consequence of large-scale wave motions, whereby energy is

transferred from source regions along preferred paths in the atmosphere.

Water year (WY). The water year runs from October 1st of the previous year to September 30th of that
year. For example, water year 2014 is October 1, 2013, to September 30, 2014.
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Metric Conversion Factors

Metric Conversion Factors

To Convert to

Metric Unit
Multiply Multiply
Metric Unit | Customary Unit
Quantity To Convert from Metric Unit To Customary Unit 23 23
Length millimeters (mm) inches (in) 0.03937 25.4
centimeters (cm) for snow depth inches (in) 0.3937 2.54
meters (m) feet (ft) 3.2808 0.3048
kilometers (km) miles (mi) 0.62139 1.6093
Area square millimeters (mm2) square inches (in2) 0.00155 645.16
square meters (m2) square feet (ft2) 10.764 0.092903
hectares (ha) acres (ac) 2.4710 0.40469
square kilometers (km2) square miles (mi2) 0.3861 2.590
Volume liters (L) gallons (gal) 0.26417 3.7854
megaliters (ML) million gallons (10) 0.26417 3.7854
cubic meters (m3) cubic feet (ft3) 35.315 0.028317
cubic meters (m3) cubic yards (yd3) 1.308 0.76455
cubic dekameters (dam3) acre-feet (af) 0.8107 1.2335
Flow cubic meters per second (m3/s) cubic feet per second (ft3/s) 35.315 0.028317
liters per minute (L/mn) gallons per minute (gal/mn) 0.26417 3.7854
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 acre-feet per day (af/day) 0.8107 1.2335
(dam3/day)
Mass kilograms (kg) pounds (Ibs) 2.2046 0.45359
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
Pressure kilopascals (kPa) pounds per square inch (psi) 0.14505 6.8948
kilopascals (kPa) feet head of water 0.32456 2.989
Specific liters per minute per meter gallons per minute per foot 0.08052 12.419
capacity drawdown drawdown
Concentration milligrams per liter (mg/L) parts per million (ppm) 1.0 1.0
Electric microsiemens per centimeter micromhos per centimeter 1.0 1.0
conductivity (uS/cm) (umhos/cm)
Temperature degrees Celsius (°C) degrees Fahrenheit (°F) (1.8X°C)+32 0.56(°F-32)
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Supplemental Metric Conversion Factors

To Convert to

Metric Unit
Multiply Multiply
Metric Unit Customary Unit
Quantity To Convert from Metric Unit To Customary Unit 23% 23
Flux m?/sec in-ft/sec (ifps) 129.87 7.7X10%
Heat Flux Density Watt/m? (W/m?) Wi/sq ft 9.290 X 107 10.76
Pressure kgf/m? hPa 9.8 X 102 10.19

Notes: The Pressure entry in the “To Convert from Metric Unit” column is “kilogram force per square meter,” which explains the use of the
letter “f”.
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Executive Summary

California’s uniquely variable climate is both attraction and challenge to its 38.5 million residents. The
state’s varied geography and location on the west coast of North America bring a rare range of climates in
close proximity. Planning for California’s water future must recognize and address a robustly dynamic
climate now affected by human activities of the post-industrial age, and we are just beginning to
understand those impacts.

Wild swings in California’s precipitation patterns are legendary, challenging water managers to the
extreme. Those swings provided the historical motivation for developing the state’s complex water
storage and conveyance infrastructure. Today, California’s world-renowned system of dams, diversions,
pumps, and canals collect, store, then distribute water to match the timing of supply and demand across
the state.

California's water managers face a climate that changes and is changing as a result of both natural and
anthropogenic influences. In some settings and for some variables, California’s natural climate variability
still dominates anthropogenic influences and will continue to do so for the foreseeable future. In other
cases, anthropogenic influences are already evident in important aspects of California's climate. Much
research is still required to unravel this tangled web of atmospheric interactions. In any case, California
water planning under a changing climate needs to recognize that the causes of variations and changes
include both anthropogenic and natural drivers.

This technical information record summarizes the scientific and technical_guidance and perspectives of
the California Department of Water Resources’ (DWR’s) Climate Change Technical Advisory Group
(CCTAG) on the use of climate models and associated technical tools for water resource planning. DWR
values the work of the members of the CCTAG and will consider this advice as it moves forward in
developing specific actions.

DWR empaneled this CCTAG in February 2012 to advise DWR on the scientific aspects of climate
change, its impacts on water resources, the use of planning approaches and analytical tools, and the
development of adaptation responses. DWR requested specific assistance with developing:
o A set of future climate scenarios and analysis procedures appropriate for DWR planning.
o An approach to extreme climate change scenarios to provide “stress tests.”
e Interim guidance on modeling extreme weather events that cause flooding (time permitting
within the tenure of the CCTAG).

Introduction

As DWR and the state’s other water agencies plan for future water resource needs, climate change
necessitates a move away from traditional water resources planning approaches that assume our future
climate will be the same as our recently observed climate. New approaches are needed that explore shifts
in climatic conditions, both natural and human-made, and other uncertainties about the future.
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To improve the scientific basis for decisions and enhance the consistency of approach across all DWR
programs, DWR identified several areas where additional guidance was requested.

¢ Global Climate Model (GCM) Selection or Sampling. There are more than 60 global climate
models (GCMs) currently used by the Intergovernmental Panel on Climate Change (IPCC) in
its Fifth Assessment Report. The full suite of available climate simulations is too large to use
for detailed water resource evaluations. Guidance is needed on how to reduce the number of
simulations to a manageable total for State and local application.

¢ Planning for Extreme Conditions. Identifying how climate change might alter extreme
conditions in the future goes beyond the expertise of most water managers. DWR requested
advice from the CCTAG on how to assess extreme climate conditions that California may face
in the future.

e Downscaling. Modeling global climate is an enormous computational challenge. Even with
today’s powerful computers, computational compromises are required that result in coarse
resolutions that do not meet the needs at State and local scales. DWR requested advice on the
translation of GCM data to scales more appropriate for water resource system analysis in
California.

e Recommendations for Future Work. DWR requested that the CCTAG recommend future
improvements to climate change analyses for California, along with recommendations for
improving climate change analysis of regional and local water resources programs not directly
implemented by DWR, but which are strongly influenced by DWR.

Global Climate Model Selection or Sampling

Using an ensemble or group of several simulations from different GCMs for planning studies is the
current best practice by which to consider the range and uncertainty of future climate projections. GCMs
provide simulations used to investigate possible future climate variability and changes. Although
observations of past climate from instrumental records and proxy indicators, such as tree rings, are also
valuable guides, simulations from GCMs are the primary means of looking forward in a quantitative
fashion. Nonetheless, GCM simulations are not perfect forecasts. The models are affected by different
forms of uncertainty, including uncertainties in atmospheric components, such as aerosols and greenhouse
gases; in the model representation of the real climate system; and in results ensuing from natural
variability.

Simulations from more than 60 GCMs have been contributed to the IPCC Coupled Model Inter-
comparison Project Phase 5 (CMIP5) archive. The large number of simulations is a multiple of the
number of GCMs modeling different forcing scenarios, known as Representative Concentration Pathways
or “RCPs.” Each RCP represents a different combination of possible future concentrations of atmospheric
aerosols and greenhouse gases.

The large variety of CMIP5 model simulations provides a valuable resource by which to probe possible
future climate change. On the other hand, the sheer size of the simulation ensemble is intractable to many
users and decision-makers. On account of differences in model performance resulting from assumptions,
approximations, and formulations, each model has strengths and weakness. Some models simulate certain
climate features better than others.

To identify a subset of the “better” GCMs for developing assessments and plans for California water
resource issues, as well as to develop a more manageable climate change ensemble, a 3-step model
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selection procedure was used. This procedure was based on evaluations of GCM historical performance at
the global scale and across the southwestern United States, and to address specific needs for California
water resources planning.

Key performance features deemed by CCTAG as important to California include correlation and variance
of mean seasonal spatial patterns, amplitude of seasonal cycle, diurnal temperature range, annual- to
decadal-scale variance, long-term persistence, and regional teleconnections to El Nifio Southern
Oscillation.

The recommended subset includes 10 GCMs that produce reasonably realistic simulations of global,
regional, and California-specific climate features. The CCTAG judged these GCMs as currently the most
suitable for California climate and water resource assessment and planning purposes.

Planning for Extreme Conditions

The hydroclimate of California is anything but stable and predictable. Data suggest that California’s
climate persistently drifts from wet to dry and wet again, yet remains in a given state for decades or more
at a time. Most of California’s observed hydrometeorological data only cover the period where the state’s
hydroclimate transitioned from a very dry to very wet conditions during the last 60-70 years of the 20th
century. Because most observation records miss a major component of the California’s wet/dry cycle,
analyses and water management strategies that use these records may be seriously compromised.

Research also suggests that California’s annual precipitation swings are strongly linked to the number of
atmospheric river events reaching California. Drought conditions prevail when the numbers are
persistently low or the events too weak. Conversely, a robust pattern of atmospheric river events promotes
flooding.

Extreme events challenge water resource systems and managers and provide a measuring stick of how
well systems are designed for their intended purposes. The CCTAG acknowledges that climate change
impacts on extreme events remains uncertain. Given the imperfect knowledge of hydroclimate processes
and their response to climate change, stress tests built through constructed extreme, yet plausible, events
offer a vehicle to assess extremes in a planning process while enabling changes to those tests as
knowledge gaps are filled. DWR planning processes can use this framework as part of the climate change
analyses.

Understanding underlying atmospheric and hydrologic processes is an important element in
understanding climate change impacts on the hydrologic cycle, including the cycle’s extremes. The
integration of these processes that yields a flood or drought is complex. CCTAG supports continued
efforts to identify knowledge gaps and pursue studies to address such gaps.

Finally, the CCTAG recognizes that variability across different space and time scales, including decadal-
scale variability, is an important part of the climate system that may not be adequately understood or
captured in the observed historical record. Its incorporation into stress tests and extremes has a clear tie to
evaluating water system shortages resulting from droughts of various magnitudes and durations. Further
investigation and discussion should be included in future efforts.
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Downscaling

GCM climate-change projections provide the raw materials for most assessments of vulnerabilities and
responses to climate change by DWR and others. Today, GCM projections are typically made by
simulating climatic response to different RCPs.

GCMs represent the climate as discrete grids and layers that span the globe, with the geographic
distribution of grid-cell centers typically separated by about 1 degree to more than 2.5 degrees of latitude
and longitude. One degree of latitude and longitude in California equals approximately 100 kilometers
(62 miles), or about the distance from Sacramento to Berkeley. A single 2.5-degree grid cell spans the
distance from San Francisco to Lake Tahoe across two mountain ranges and the Central Valley.

At 2.5-degree resolution, the Sierra Nevada mountains do not appear as a separate mountain range from
the great western North American mountain belt, the Coast Ranges are nonexistent, and the highest peak
along the latitude of Red Bluff only rises to about 2500 meters (8202 feet) above sea level. Average
elevations at each 2.5-degree by 2.5-degree grid cell along 40-degree-north latitude are shown by the
heavy black line in Figure ES-1, as an example of topographic smoothing that occurs in global-model-
scale outputs. Land-surface slopes and land-water contrasts are almost entirely muted. No river catchment
in California spans more than a few of the GCM grid cells, and most are much smaller than any one grid
cell.

In contrast, the gray background in Figure ES-1 represents a more realistic elevation profile along 40
degrees north. The complex natural topographic climate influences of the Coast Ranges, the Central

Valley, and the Sierra Nevada mountains are almost entirely lost in the 2.5-degree resolution GCMs.

Figure ES-1 Cross-Section Showing Elevations along 40° North
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Average elevations at each 2.5°x2.5° grid cell along 40°N latitude (shown as heavy black line) as an example of topographic smoothing that
occurs in global-model-scale fields and outputs. Grey background represents the actual elevation profile along 40°N. This figure also appears
in Chapter 4, under the title “Average Elevations at Each 2.5° x 2.5° Grid Cell in the NCEP-NCAR Reanalysis Fields for Transect at 40
Degrees North Latitude.”
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Climate projections at this coarse resolution offer little immediate information about the spatial details of
climate differences and variabilities that drive most of California’s watersheds. As a consequence, various
procedures collectively referred to as “downscaling” are applied to translate GCM-scale output for use in
local-to-small-scale regional applications.

Downscaling has been pursued in California by using both statistical and dynamical methods. Dynamical
downscaling employs GCM outputs as initial and boundary conditions for simulations using high-
resolution models of local-to-regional climate. Dynamical downscaling uses the same or similar
numerical solutions of the 3-dimensional hydrodynamic and thermodynamic equations of the atmosphere
as the GCMs, but with much greater detail. These solutions combine the initial and boundary conditions
supplied by the GCMs with the RCPs to project global climate to watershed-scale processes.

Statistical downscaling assumes or derives statistical relationships between historical high-resolution
observations of climate variables and GCM outputs. Then, these historically derived relationships are
applied to other past or future outputs of the same GCM to estimate the high-resolution details of future
climate. Statistical downscaling has the advantage of downscaled products being readily available for a
large number of climate-change scenarios from different global models and under a variety of different
assumptions.

The downscaling process adds further uncertainty to climate analyses. Dynamical downscaling is
imperfect in ways similar to ways GCMs are imperfect representations of climate. Historical relationships
between GCM output and observations that underpin statistical downscaling are not exact and may not be
preserved in future decades. Both dynamical and statistical downscaling methods introduce biases that
must be removed to produce realistic output.

DWR’s needs for high spatial resolution climate-change analyses far outstrip the resolutions of current
GCMs and will probably continue to outstrip available resolutions in the time ahead. By necessity, DWR
will rely on downscaling as an integral part of its climate-change analyses for the foreseeable future. The
CCTAG has provided these key points:

o Statistical-downscaled products are acceptable to meet immediate needs, as well as for
continuity, consistency with efforts by agencies other than DWR, and convenience.
Nonetheless, either new statistical methods or, preferably, dynamical downscaling will be
needed to address many issues that DWR is likely to face in the future.

e DWR should design and/or support an inter-comparison of downscaling methods and sources
that reflects its particular applications and needs.

e DWR should prepare for a future that will likely use dynamical downscaling methods by:

o Joining with research efforts that are improving the accuracy of high-resolution dynamical
models.

0 Preparing its own watershed-scale models and analyses to use the more highly resolved and
multivariate results that dynamical models will yield.

o DWR should develop an appraisal and plan for the readiness of the observation networks that
will underpin its climate-change activities, including downscaling of climate-change scenarios.

Recommendations for Future Work

As noted earlier, planning for California’s water future must recognize and address a robustly dynamic
climate now affected by human activities of the post-industrial age. Much work remains. CCTAG’s
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recommendations for future work concerning climate change in larger-scale water resources planning
include the following activities:

Screen viable water-resources planning options.

Provide centralized information and support for managers.

0 Establish a database and information system.

o0 Establish climate competency and training modules to apply the latest climate science.

o Develop guidance and tools for communicating and managing uncertainty in water
resources planning and management.

o0 Establish a process for assessing the strengths, gaps, and suitability of planning and
management models relative to planning and management needs.

o0 Continuously monitor developments in climate science and methodologies, and share
results.

o Coordinate DWR climate-change planning with other State agency, Southwest Region, and
national activities.

Establish programs to support research in water resources planning and management under

climate uncertainty and trends.

Develop guidance and incentives for better monitoring of climate-change impacts.

There are a number of water-resource-related planning activities currently performed by local or regional
resource managers that DWR supports, provides context for, or influences. These management plans
include, but are not limited to, urban water, agricultural water, groundwater, habitat conservation, water
supply, hazard mitigation, stormwater, and flood.

Local agencies have different levels of resources and expertise. Some agencies commission GCM-
downscaling studies for long-range planning, and some integrated regional water management plans have
incorporated climate change vulnerabilities assessments. Even so, many regional and local planning
efforts lack the resources and expertise to commission studies to get location-specific answers.

The CCTAG recommends that DWR develop plans and outreach efforts to support local and regional
planning agencies in addressing the following questions:

How can model outputs be used to assess climate risks on water resources? For example:

0 What duration and intensity of drought conditions should communities prepare for?

0 What frequency and intensity of storms, and extent of flooding, should communities
prepare for?

o How will climate change affect groundwater recharge, stream flows, water temperatures,
and fisheries?

0 Does the uncertainty in projections warrant re-estimation of safety factors for the
development of water infrastructure with a long lifetime?

What foundational knowledge is critical before applying climate model products? When using

climate model products is not appropriate or feasible, what simpler methods can be used to

forecast future climate conditions?

Do projected climatic extremes and associated impacts warrant the examination of institutional

issues associated with established guidelines for water managers and with interagency

cooperation?

What are appropriate impact assessment uses for GCMs and RCMs, and how could they best be

incorporated into local and regional planning?
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e How can an intercomparison of downscaling methods and sources be designed or supported to
reflect particular applications and needs?

e How can an appraisal and plan be developed for the readiness of the networks of observations
that underpin climate-change downscaling activities?

o What are the most appropriate methods and hydrologic models for converting GCM and
downscaled data into hydrologic and water resources management information relevant to
regional and local water resources planning?

e How can regional and local water managers access these models?

o Where can regional and local planners seek help when questions arise in application of these
models?

o What forum or processes exist for regional and local water managers to support continuous
learning and improvements for keeping up with the latest science and with model applications?

e How can adaptation options that are proactive and increase resilience to climate change impacts
be identified and assessed?

This report represents the findings and recommendations of the members of the CCTAG. DWR has not
decided or committed to follow the findings or recommendations in any particular plan, project, or
activity undertaken by DWR.
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Chapter 1. Introduction

Understanding climate change is a two-fold challenge. First, the underlying rhythms of pre-industrial
climate must be decoded, and then it must be determined how human activities are changing those
rhythms. Variability and change — particularly in the form of inter-annual fluctuations in precipitation —
have been a fundamental characteristic of California’s climate for thousands of years (see Box 1-1). But
more recently, human activities have changed the underlying atmospheric composition of the earth,
resulting in climate variability and change that go beyond California’s natural rhythms. As anthropogenic
climate change is added to California’s natural climate variability, weather events and climatic conditions
that historically would have been extremely rare may become more common, previously unprecedented
weather and climate events may begin to occur more routinely, and historical experience becomes less
relevant when planning for the future.

Climate changes are manifesting themselves in ways that put stress on water resources throughout the
state: higher sea levels; loss of snowpack; earlier runoff; increased water demands; larger storm flows;
and longer, more severe droughts. DWR performs a number of planning and analysis activities each year
to explore expected changes in the future climate, and to understand potential impacts on water-resources
system performance and management options. Further, DWR supports several local and regional water-
management activities that require analysis of future climatological conditions. As DWR and the state’s
other water agencies plan for future water resource needs, climate change necessitates a move away from
traditional water-resources planning approaches based on the principle of stationarity, and a move to new
approaches that explore shifts in climatic conditions and other uncertainties about the future. Along with
new approaches to planning, additional information and assumptions about future conditions must be
incorporated into analyses.

This report summarizes the perspectives and guidance of the California Department of Water Resources’
(DWR’s) Climate Change Technical Advisory Group (CCTAG) regarding the use of climate models and
associated technical tools for use in water resource planning. DWR empaneled this CCTAG to provide
expert advice on the scientific aspects of climate change, its impacts on water resources, the use and
creation of planning approaches and analytical tools, and the development of adaptation responses. DWR
requested specific assistance with developing:
o A set of future climate scenarios and analysis procedures appropriate for DWR’s planning
activities.
e An approach to extreme climate-change scenarios to provide “stress tests.”
o Interim guidance on modeling extreme weather events that cause flooding (time permitting,
within the tenure of the CCTAG).

This report summarizes the discussions and analysis conducted by DWR staff and CCTAG members
from February 2012 through March 2015. CCTAG membership and activities are posted here:
http://www.water.ca.gov/climatechange/cctag.cfm.
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Box 1-1 California Climate

Home to more than 38 million people, California’s uniquely variable climate is both an attraction and a challenge to life in
the state. Spanning nearly 10 degrees latitude and 10 degrees longitude, California stretches from the hot, dry desert in
the southeast corner to a mild, wet clime in the northwest corner, with mountain ranges, alpine meadows, coastal plains,
and a broad central valley in between. Within its 158,693-square-mile (411,013-square-kilometer) domain can be found
the lowest elevation in the continental United States, at 276 feet (84 meters [m]) below sea level in Death Valley, and the
highest elevation at Mt. Whitney’s 14,505-foot (4421-m) peak.

Two major mountain features, the Coast Ranges and the Sierra Nevada, dramatically shape California’s rainfall patterns.
The Coast Ranges parallels the coast, from the Oregon border to Los Angeles, with crests generally no more than

50 miles (80 kilometers [km]) inland. Approximately 150 miles (241 km) east, beyond the Great Central Valley, the Sierra
Nevada mountain range parallels the Coast Ranges and the coastline, and includes a dozen peaks above 14,000 feet
(4,267 m). Steep west-facing slopes help squeeze precipitation from moisture-laden storms arriving from their long
journey across the Pacific Ocean.

At higher elevations, moisture falls mostly as snow. The annual accumulation of snow forms California’s most important
reservoir of water, which is needed to help quench a thirsty state during hot, dry summers.

California’s varied geography and location on the west coast of North America bring a rare range of climate types in
close proximity. Most of California’s precipitation falls in northern portions of the state. Desert areas in Southern
California see less than 4 inches (10 centimeters [cm]) of precipitation annually, while some locations in the north
average more than 100 inches (254 cm) per year.

In addition to extreme variations in average annual precipitation across the state, seasonal variability is extreme. About
half of Northern California’s precipitation falls within three months — December, January, and February. (See

Figure 1-1.) November and March bring the total to about two-thirds. The remaining precipitation occurs during the
seven much-drier months of the year.

Figure 1-1 Annual Distribution of Northern California Precipitation
Data courtesy of Maury Roos, DWR
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Wild swings in California’s precipitation patterns from year to year are legendary. In Sacramento’s 164-year rainfall
record, annual totals range from less than 8 inches (20 cm) to more than 45 inches (114 cm). Such variations challenge
water managers in the extreme and were the driving force behind the development of the state’s complex water storage
and conveyance infrastructure. Today, a world-renowned system of dams, diversions, pumps, and canals collect and
distribute water to match the timing of supply and demand across the state.

Recently, a new source of variability in California’s precipitation has become apparent. Information from the state’s
longest observed precipitation records and insights derived from thousand-year records of tree-ring data strongly
suggest a dynamic climate that continuously drifts between wet and dry regimes lasting decades at a time. Long-term
precipitation shifts of 30-40 percent have been observed. Furthermore, these data suggest that California’s climate can
transition from wet to dry or dry to wet within a few decades, well within common water-resource planning horizons.
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California water managers face extraordinary challenges. Most of California’s water is derived from the
northern half of the state, while most of the demand for water occurs in the south. Seasonal, annual, and
decadal precipitation variability compounds the challenge. If that were not enough, anthropogenically
driven changes in the projected amount, distribution, timing, and form of precipitation add new layers of
immense complexity to California’s water management challenge.

Since at least 2006, DWR has been using a variety of approaches to explore how climate changes may
affect future water resource conditions in California (described below). Working to improve the scientific
basis for decisions made in these types of analyses, as well as in the consistency of data and approach
across all DWR programs, DWR identified for the CCTAG several areas in which additional science-
based guidance would be helpful.

Model Selection or Sampling (Chapter 2). Currently, more than 60 global climate models
(GCMs) are being used by the Intergovernmental Panel on Climate Change in its Fifth
Assessment Report. These models have been run with as many as four greenhouse-gas
emissions scenarios (otherwise known as Representative Concentration Pathways or RCPs).
Additionally, each model may have been run with several initial conditions. Each combination
of model, RCP, and initial conditions represents a unique simulation of the climate system. The
full suite of climate simulations (all models, RCPs, and initial conditions) would be too large to
use for detailed water resource evaluations. Thus, selection, sampling, or averaging of the suite
of climate simulations must be done to reduce the number of simulations to a manageable
number. This process requires a level of understanding and technical knowledge of the climate
models and simulation methodologies that goes beyond the expertise of most water managers.
Planning for Extreme Conditions (Chapter 3). Evaluating a water system’s performance and
vulnerability during extreme or prolonged droughts or very large flooding events is an
important part of water planning throughout California. Identifying how climate change might
alter what those extreme conditions look like in the future goes beyond the expertise of most
water managers; accordingly, DWR has requested perspectives and guidance from the CCTAG
on the development and analysis of extreme climate conditions.

Downscaling (Chapter 4). DWR has requested perspectives and guidance on the use of various
approaches to downscaling GCM data at 100- to 200-kilometer (km) (62.14- to 124.27-mile)
grid spacing to scales that are more appropriate for water resource system analysis (<12 km)
(<7.5 miles). Additionally, DWR has requested perspectives and guidance on the ways in
which historical observational data for both climate and stream flow can best be used in climate
change analysis (i.e., under what circumstances or for what purposes would it be most
appropriate to use historical data as a baseline upon which climate change trends could be
mapped, as opposed to using GCM/hydrologic model projections directly).
Recommendations for Future Work (Chapter 5). DWR has requested that CCTAG provide
future recommendations for climate change analyses, which go beyond the perspectives and
guidance provided throughout the report. In addition, DWR has requested perspectives and
guidance from the CCTAG on improving climate change analysis of regional and local water
resources programs that are not directly implemented by DWR, but which are strongly
influenced by DWR.

Perspectives and guidance provided by the CCTAG to DWR regarding the preceding four subject areas
are discussed in Chapters 2 through 5 of this report. Each of the four chapters provides information about
a different aspect of climate change analysis.
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Chapters 2 and 3 cover the range of potential future conditions that DWR may need to consider when
planning for the future. Chapter 2 focuses on the use of GCMs that provide projections of future climate
conditions going out to 2100. These models were designed to provide information about future trends in
temperature, precipitation, and other climate metrics. The perspectives and guidance in Chapter 2 should
be useful for deciding which GCMs would be most effective in evaluating these aspects of future climate.
GCMs may be less well suited to simulating smaller-scale or shorter-duration climate events, such as
storms that cause flooding. On their own, GCMs may also be insufficient for exploring the inter-annual
and seasonal variability in precipitation that can result during droughts. Chapter 3 provides additional
information for DWR to consider when evaluating these types of potential climate changes.

Chapter 4 provides perspectives and guidance on downscaling. Downscaling will almost always be
required for water resource analysis when using GCMs because of the GCMSs’ coarse spatial scale.
Downscaling may also be required for using other types of data for extreme events analysis described in
Chapter 3.

Chapter 5 provides CCTAG’s recommendations for future activities DWR might undertake to improve
their treatment of climate change analysis and the support that they provide to water management entities
throughout the state.

This report represents the findings and recommendations of the members of the CCTAG. DWR has not
decided or committed to follow the findings or recommendations in any particular plan, project, or
activity undertaken by DWR.

Past Activities and Modeling Approaches

In 2010, DWR performed a comprehensive survey and evaluation of its past climate change analyses and
published the report Climate Change Characterization and Analysis in California Water Resource
Planning Studies (Khan and Schwarz 2010). Thirteen different studies were identified that had been
undertaken or were being undertaken between 2006 and 2010, highlighting DWR’s involvement in a
number of planning and analytical activities that required analysis of future conditions. Table 1-1 shows
the range of climate-change scenarios used by DWR during this period; see the Glossary for definitions of
terms). These activities were categorized into two distinct groups: (1) general planning studies that
evaluated future conditions for the purposes of identifying coming changes or exploring potential risks
(e.g., California Water Plan updates, general climate change impacts reports); and (2) project-level
analyses conducted to evaluate a specific project or series of projects (e.g., environmental impact reports,
hydroelectric relicensing studies). These two different types of activities had very different purposes,
objectives, and constraints, and information from the two types of activities was used in different ways.
Given the differences in the types of activities, it was not surprising to find among projects some
differences in the way climate change characterization and analysis were undertaken. Then again, it was
found that across the 13 activities, there was almost no consistency in the way climate information was
incorporated into the analysis. Different models were used, different emissions scenarios were used, and
different approaches were taken with respect to projected climatic changes. In some cases, changes were
mapped onto historical data while in other studies, the projected climate changes were used to directly
drive models of streamflow. The 13 different studies took 13 different approaches to characterizing and
analyzing future climate conditions in California. These findings spurred DWR to work toward greater
standardization of analytical approaches, with the goal of improving consistency of message across DWR
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documents, streamlining decision-making and document review, and increasing the potential for inter-
comparisons with other DWR reports and compatibility with local and regional water planning efforts.

DWR Planning Applications

The perspectives and guidance in this report will be used to inform DWR’s decisions on an array of
specific types of applications, including future updates of the California Water Plan beyond 2013, State
Water Project (SWP) delivery reliability reports, environmental impact reports as required by the
California Environmental Quality Act, federal feasibility reports in which DWR participates, system
reoperation studies, and other analyses of potential future conditions and management options. While all
of these types of studies are performed by DWR, they also provide critical information used in decision-
making at the State, federal, and local levels. For example, State Water Project delivery reliability reports
are used by many integrated regional water management planning groups and urban water management
planning agencies to inform projections of future SWP reliability for their planning (Conrad 2012, 2013).
Table 1-2 provides a list of DWR’s primary planning activities and a summary of how they are used by
DWR.

Each of the study types listed in Table 1-2 provides different levels of climate change information;
performs different types of analyses; and typically relies on hydrologic models, water system models, and
specific resource impact models to analyze the effects of climate changes. Table 1-3 summarizes the
primary water management modeling tools used for these types of planning studies and the climate data
used to drive the models. This table highlights a wide range of analyses that may be performed with only
a limited set of necessary model types. The number of climate variables currently used to drive these
models is even more limited. Additional climate variables may have important effects on outputs of
interest, but current modeling capacity does not allow consideration of other variables. Appendix A
provides additional information on California’s water system.
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Table 1-1 Climate Scenarios DWR Used Between 2006 and 2010

CAT Scenarios Ref. Year | Emissions Adjusted Unadjusted
Scenarios? Climatology | Climatology

Parallel Climate Model; National Center for 2000 A2, B1 NO YES

Atmospheric Research

Geophysical Dynamics Laboratory model version 2.1; 2006 A2, Bl NO YES

US Dept. of Commerce/National Oceanic and

Atmospheric Administration (NOAA)/Geophysical

Fluid Dynamics Laboratory (GFDL)

Community Climate System Model; National Center for 2006 A2, B1 NO YES

Atmospheric Research (NCAR)

Max Planck Institute (MPI) for Meteorology, Germany 2006 A2, Bl NO YES

Center for Climate System Research (University of 2004 A2, B1 NO YES

Tokyo); National Institute for Environmental Studies;

and Frontier Research Center for Global Change

(JAMSTEC), Japan

Meteo-France/Centre National de Recherches 2005 A2, B1 NO YES

Meteorologigues (CNRM), France

Bay Delta Conservation Plan Ensemble Scenarios

Q1-10nn (drier, more warming) 2010 ensemble YES YES
A2, B1, Alb

Q2-10nn (drier, less warming) 2010 ensemble YES YES
A2, B1, Alb

Q3-10nn (wetter, more warming) 2010 ensemble YES YES
A2, B1, Alb

Q4-10nn (wetter, less warming) 2010 ensemble YES YES
A2, B1, Alb

Q5-25th-75th percentile ensemble (approx. 25-38 2010 ensemble YES YES

members) A2, B1, Alb

OCAP Scenarios

Projection 1 (wetter, less warming)-MRI CGCM2.3.2a A2 simi#5 No Yes

Projection 2 (wetter, more warming)-NCAR CCSM3.0 Alb sim#3 No Yes

Projection 3 (drier, less warming)-MRI CGCM2.3.2a A2 sim#2 No Yes

Projection 4 (drier, more warming)-UKMO HADCM3 A2 sim#l No Yes

Notes:

10nn = ensemble based on 10 nearest neighbor method; CAT = Climate Action Team; OCAP = Operations Criteria and Plan; Q = Quarter

(e.g., Q1 = First Quarter)

All model acronyms are defined by the Intergovernmental Panel on Climate Change here: http://www.ipcc.ch/.

aScenarios,” in this context, is defined as a simulation of future conditions based on a single Global Climate Model (GCM) projection or the

ensemble average of multiple GCM projections.
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Table 1-2 Climate Change Analysis in DWR Planning Activities

Study Type | Level of Time Spatial Notes Example
Detail Horizon | Coverage
General Policy 30-100 Typically large Not specific to climate change; ability | California
Planning Level/General | years (statewide/Central | to explore multiple future projections | Water Plan
Studies Valley water may vary. High level and broad
systems) analysis, usually not directly

connected to specific decision-

making. Designed to inform the

legislature, public, or local/regional

water planning and management

agencies.
Climate Policy 30-100 Typically large Specifically designed to explore, 2006 and 2009
Change Level/General | years (statewide/Central | estimate, and disclose climate State Water
Specific Valley water change impacts; broad ability to Project and
General systems) explore multiple future projections. Central Valley
Planning High level and broad analysis, Project
Studies usually not directly connected to Climate

specific decision-making. Designed Change

to inform the legislature, public, or Impact

local/regional water planning and Reports

management agencies.
Specific Very specific 20-40 Systemwide Specifically designed to estimate and | State Water
Operations to operations years (typically SWP) disclose performance of SWP and Project
Reports project future reliability. Ability to Delivery

explore multiple climate future Reliability

projections has historically been Reports

limited. Often used by local and

regional water users for their

decision-making.
Operations Investigative 20-80 Systemwide Specifically designed to test future System
Investigation years (typically SWP) vulnerabilities and potential Reoperation
Reports strategies to improve future Reports

reliability. Ability to explore multiple

future climate projections may vary.

Used by DWR, legislature, and

Governor’s Office, to evaluate

efficacy of various potential

approaches to water management

challenges.
Specific Highly detailed | 20-60 Highly localized to | Directly related to project level Bay Delta
Project years very large decision-making. Ability to explore Conservation
Analysis multiple future climate projections is Plan

very limited. Climate change is one CEQA/NEPA

of many areas of very specific Environmental

analysis. Implementation level, used | Impact

by DWR to explore and disclose Analysis

potential impacts and benefits of

specific proposed projects.
Notes:

CEQA = California Environmental Quality Act, DWR = California Department of Water Resources, NEPA = National Environmental Policy
Act, SWP = State Water Project
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Table 1-3 Water Management Modeling Tools and Climate Drivers

Water
Management
Issue

Model Type (examples)

Key GCM Output Data
Needed to Drive Existing
Models

Anal

lyses of Primary Importance

Surface Water Supply Reliability

Streamflow

Rainfall-runoff (VIC, SAC_SMA, HEC-HMS)

Downscaled T, P, RH

Surface Water
Deliveries

Operations and Planning (CALSIM-II, WEAP)

Downscaled T, P, RH via R-R

Reservoir storage

Operations and Planning (CALSIM-II, WEAP)

Downscaled T, P, RH via R-R

Runoff Timing

Rainfall-runoff (VIC, SAC-SMA, HEC-HMS)

Downscaled T, P, RH

Delta Salinity

ANN+Operations (CALSIM-II, DSM2)

Downscaled T, P, RH via
R-R, SLR

Environmental Flo

WS

Streamflow Rainfall-runoff (VIC, SAC_SMA, HEC-HMS) Downscaled T, P, RH
Reservoir Rainfall-runoff+ Reservoir Simulation Downscaled T, P, RH
temperature

Reservoir storage

Operations and Planning (CALSIM-II, WEAP)

Downscaled T, P, RH via R-R

Air temp GCM Downscaled T
Groundwater Groundwater model (MODFIOW) Downscaled T, P, RH
Conditions

Hydropower

Streamflow Rainfall-runoff (VIC, SAC_SMA, HEC-HMS) Downscaled T, P, RH

Reservoir storage

Operations and Planning (CALSIM-II, WEAP)

Downscaled T, P, RH via R-R

Water Demand
(Ag and Urban)

Land Use Model, ET Calcs

Downscaled T, P, RH

Flood Risk

Precip intensity

GCM

Downscaled T, P, RH

Precip duration

GCM

Downscaled T, P, RH

Maximum flows
(3,7, 10 day)

Rainfall-runoff (VIC, SAC_SMA, HEC-HMS)

Downscaled T, P, RH

Analyses of Secondary Importance

Wildfire Wildfire model Downscaled T, P, RH, Ws,
etc.
Agricultural Ag Productivity Downscaled Tave, Tmax, Tmins
Productivity P, RH, etc.
Others
Ecosystem Multiple Varies
Services
Notes:

CALSIM-II = California Water Resources Simulation model, ET = Evapotranspiration, GCM = Global Climate
Model, HEC-HMS = Hydrologic Engineering Center- Hydrologic Modeling Center model, MODFLOW = USGS 3-D
groundwater model, P = Precipitation, RH = Relative Humidity, R-R = rainfall runoff model, SAC-SMA =
Sacramento Soil Moisture Accounting model, T = Temperature, VIC = Variable Infiltration Capacity, WEAP = Water
Evaluation and Planning model, W = wind speed
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Linkages to Local and Regional Water Planning and Management

DWR’s mission includes working with and supporting water management activities by local and regional
entities throughout the state. In addition to studies and analysis performed by DWR, there are a number of
other planning activities performed by local or regional resource managers but which DWR supports or
influences. Table 1-4 shows the major planning activities that DWR supports, and Box 1-2 provides a list
of additional local planning processes that may incorporate data or analysis provided by DWR. In these
planning activities, climate change information provided by DWR may be used to inform analysis or
decision-making at the local level. Beyond the information DWR provides, data and methodological
approaches used by DWR have often been adopted by local agencies.

This report is focused on providing perspectives and guidance for DWR’s internal activities and on
analysis it performs that may be used by local agencies in their planning activities. These perspectives and
the guidance have been specifically developed based on DWR’s capacity, existing resources, models, and
tools. This advice may not be applicable to other agencies that have greater or lesser capacities or
resources or that use different models or tools for their planning.

DWR and the CCTAG recognize that the need for climate change analysis for regional and local water
planning and management goes beyond State water and flood management systems. The capacity to
perform climate change analysis varies greatly among local agencies and water planning regions. While
some agencies have been able to engage consultants and academic research groups to assist with
developing, understanding, and using climate change information, many agencies and organizations lack
the technical and financial capacity to incorporate climate change risks into their planning. In particular,
small water systems in rural regions and rural and urban economically disadvantaged communities face
challenges in performing climate change analyses.

Previous efforts by DWR and others, such as the Climate Change Handbook for Regional Water
Planning (California Department of Water Resources et al. 2011) have provided much-needed guidance
on these subjects. Nonetheless, continuous scientific evolution and ever-expanding and improving
approaches, tools, and resources necessitate periodic updates to the state of the practice. To continue the
process of addressing these needs, the CCTAG has provided recommendations on future activities that
DWR could undertake to update and improve the tools, resources, and guidance on climate change
analysis that it provides to local and regional agencies (see Chapter 5).
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Table 1-4 Programs Supported By DWR

Program Periodicity Capability/ Extreme Capability/ Agency
Applicability of Conditions | Applicability
Conducting General Analysis of Conducting
Climate Change Conducted | Extreme
Impacts Analysis to Date Conditions
Analysis
Central Valley | 5 years Limited applicability, flood Pilot study In development | DWR staff
Flood protection vulnerabilities of threshold under
Protection and impacts are analysis auspices of
Planning predominantly driven by (flood) CVFPB
extreme events.
Urban Water 5 years Limited — this type of Worst Varies by local Local water
Management analysis is not explicitly 3-year water district districts
Planning required of UWMP. drought on
record
Agricultural 5 years Required to “include an No Varies by local Local
Water analysis, based upon requirement | water district agricultural
Management available information, of water
Planning the effect of climate suppliers
change on future water
supplies” (Water Code
Section10826 [c]).
Interpretation of this
requirement left to DWR
and AWMP groups.
Capacity to conduct
analysis varies among
AWMPs.
Integrated Varies — Required to evaluate "the No Varies by RWMGs
Regional depends on adaptability to climate requirement | RWMG
Water funding change of water
Management cycles management systems in
Planning the region." Interpretation
of this requirement left to
DWR and RWMGs.
Capacity to conduct
analysis varies among
RWMGs.
Regional No Limited — this type of Rely on Limited — this Regional
Flood requirement analysis is not a focus of existing type of analysis | Flood
Management the grant funding. studies, no is not a focus of | Management
Planning new the grant Groups
analysis funding.
Groundwater No Limited — this type of No Limited — this Local
Management requirement analysis is not required in requirement | type of analysis | Groundwater
Planning legislation and not a focus is not a focus of | Management
of the grant funding. the grant Groups
funding.
Notes:

AWMP = agricultural water management plan, CVFPB = Central Valley Flood Protection Board, DWR = California Department of
Water Resources, RWMG = regional water management group, UWMP = urban water management plan
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Box 1-2 Additional Local Planning Processes that May Be Informed by DWR Data or Analysis
. ____________________________________________________________________________________________________________________|

DWR data and analysis are often used in various types of local plans and assessments, such as those listed below, and
can play an important role in local and regional planning.

o Regional and local climate adaptation plans.

¢ Habitat conservation plans.

e Local hazard mitigation plans.

o Local stormwater and flood management plans.
e County and municipal general plans.

o Watershed assessments.

Linkages to Other Related Activities Being Performed by State
Agencies

California produces periodic scientific assessments on the potential impacts of climate change in
California and reports potential adaptation responses as required by Executive Orders S-03-05 and B-30-
15. These assessments influence legislation and inform policy-makers. Previous California climate
change assessments were completed in 2006, 2009, and 2012
(http://www.climatechange.ca.gov/climate_action_team/reports/climate_assessments.html). The Fourth
California Climate Change Assessment is due to the Governor and Legislature in 2018 and will cover
multiple parts of the economy, including public health, energy, agriculture, ecosystems, and water
resources. The perspectives and guidance in this report are focused on water studies. Moreover, in
practice, many if not all of the water specific considerations would also have important ramifications for
other sectors. Thus, the specific model recommendations and other perspectives would also apply to other
types of studies, such as impacts and adaptation options for the energy sector. In addition, a consistent set
of climate change projections is desirable across State-level studies for several reasons, including the
ability to compare results for different sectors and coordinate multi-sectoral studies. For these reasons, the
recommendations and perspectives in this report may be useful and informative for the Fourth California
Climate Change Assessment steering committee.

In addition to previous California Climate Change Assessments and the upcoming Fourth Assessment, the
State has issued two important climate change guidance documents whose use and implementation could
be influenced by the perspectives and guidance in this report.

First, In July 2012, the California Emergency Management Agency and the California Natural Resources
Agency issued the California Climate Adaptation Planning Guide (APG) (California Office of
Emergency Management et al. 2012). The APG presents the basis for climate change adaptation planning
and introduces a step-by-step process for local and regional climate vulnerability assessment and
adaptation strategy development. The information in this CCTAG report can be used to help State,
regional, and local agencies implement APG recommendations, as well as to inform future updates to the
APG.
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Second, in July 2014, the Natural Resources Agency issued the plan, Safeguarding California: Reducing
Climate Risk (California Natural Resources Agency 2014), which provides policy guidance for State
decision-makers and is part of continuing efforts to reduce climate impacts and prepare for climate risks.
The plan, which updates the 2009 California Climate Adaptation Strategy, highlights climate risks in nine
sectors in California, discusses progress to date, and provides sector-specific recommendations. The
information in this CCTAG report can be used to help State, regional, and local agencies implement
recommendations in the Safeguarding California Plan, as well as to inform future updates to the plan.
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Chapter 2. Global Climate Model
Selection

The following key points are called out in the body of the chapter and are given supporting explanation.

Key Point 2.1

Using an ensemble or group of several simulations from different global climate models (GCMs) for
planning studies is the current best practice to consider the range and uncertainty of future climate
projections.

Key Point 2.2

A 3-step model screening process was developed to identify a subset of GCMs to use for California water
resources investigations. This procedure was based on evaluations of GCM historical performance at the
global scale, across the Southwestern United States, and for specific needs of California water resources
planning.

Key Point 2.3

This 3-step evaluation process identified 10 GCMs for use in California water resources planning
(Table 2-4). However, this list of models should be reviewed regularly and revised when advances in
climate science, updates to GCMs, and/or changes in user needs might warrant revisions.

Additional findings from this GCM review process are as follows:

e The precipitation and temperature variability and changes presented by the 10 GCMs are a
reasonable sample of the broad distribution of variability and change from the original set of 31
GCMs that were considered.

o Future projections from the selected set of 10 GCMs were evaluated for two future greenhouse
gas scenarios (Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 simulations), and
the degree of warming and the tendency toward drier or wetter than climatological averages
were calculated for the late 21st century. Also, the driest and wettest multi-year spell
characteristics, driest and wettest year, and maximum 3-day wet spell characteristics during the
21st century were determined for each GCM simulation. Detailed results from this analysis are
presented in Appendix B of this report.

e The screening process focused on data directly from the GCMs instead of examining data that
had been downscaled to the regional level, so that the analysis would not be influenced by the
choice of downscaling method.

o Although the criteria for the screening process did not consider whether each GCM’s results
could be used for regional dynamical modeling (a means of scaling the global results down to
the regional level), 8 of the 10 GCMs selected provide the output required to drive regional
dynamical downscaling models (Table 2-4). For more information on dynamical downscaling,
see Chapter 4.
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Introduction

Global Climate Models

Global climate models (GCMs) provide simulations used to investigate possible future climate variability
and changes (e.g., Schmidt 2009; Barsugli et al 2009; Taylor et al. 2012; Intergovernmental Panel on
Climate Change 2013). Observations of past climate from instrumental records and proxy indicators are
also valuable guides to the future, but simulations from GCMs are the primary means of looking forward
in a quantitative fashion. GCMs are numerical representations of the coupled atmosphere-ocean-land
system. They are “driven” by known or assumed climate forcings, including fluctuations in solar energy,
volcanic activity, changing greenhouse gas (emissions) concentrations, aerosols, and land use changes.
GCMs are run prospectively over the 21st century to explore scenarios of how the climate may evolve in
the future. These future climate projections represent ways the climate could change in the future, but
they are not predictions or forecasts of future conditions. GCMs also are run over the past several 10year
periods to provide a model version of the historical record, from which changes during the projected
period can be compared and referenced. Additionally, the GCM historical runs are crucially important
because they provide a basis of comparison with observed climate at global and regional scales.

GCM simulations are not perfect forecasts (e.g., Knutti 2008; Schmidt 2009; Schmidt and Sherwood
2014). Climate projections are affected by different forms of uncertainty (Hawkins and Sutton 2011),
including uncertainties in climate forcing, which is caused by substances such as aerosols and greenhouse
gases (Intergovernmental Panel on Climate Change 2013); uncertainties in the model representation of the
real climate system (Schmidt and Tebaldi 2008); and the uncertainty that results in natural variability
(Deser et al. 2012). Regional modeling and downscaling introduce additional uncertainty, owing to model
uncertainties and observational errors and uncertainties (Pierce et al. 2013).

The recent generation of climate models provided by an international collective of modeling centers to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) and the
Coupled Model Intercomparison Project Phase 5 (CMIP5) has more models, higher resolution, and more
complexity than the previous generation of GCMs, known as AR4 (Fourth Assessment) or CMIP3
(Coupled Model Intercomparison Project Phase 3) GCMs. Many of the CMIP5 models contain more
interactive components, where for example atmospheric chemistry and aerosols are now interactive. Some
CMIP5 models are Earth System Models (ESMs), containing a representation of biogeochemical cycles.
Simulations from the CMIP5 models have been shown to be somewhat improved in their representation
of observed climate over those from the previous CMIP3 GCMs (e.g., Intergovernmental Panel on
Climate Change 2013; WG1 2013; Polade et al. 2013).

By the time the Climate Change Technical Advisory Group’s (CCTAG’s) exploration of climate model
simulations began in 2013, simulations from 31 GCMs had been contributed to the CMIP5 archive. The
31 GCMs all had daily simulations of historical and 21st-century projected climate for the RCP 4.5 and
RCP 8.5 scenarios (see RCP description below). Presently, the number of GCM simulations in the CMIP5
archive has increased considerably, but time and the relatively short tenure of the CCTAG did not permit
revisiting the additional available GCMs.
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RCP Climate Scenarios

To investigate possible future climate change, climate modelers employ a standard set of assumed
scenarios of future global greenhouse gas emissions, land use, population growth, technology, and other
factors. A set of future scenarios, expressed as the amount, by the year 2100, of Earth’s radiative
imbalance in Watts per square meter of Earth’s surface. The radiative imbalance, the incoming solar
energy minus outgoing energy radiated to space, is standardized as the imbalance in the year 2100 relative
to a calculated pre-industrial value. The time-varying scenarios, which are used to prescribe forcing inputs
to the climate models, called Representative Concentration Pathways or RCPs, were introduced in the
Fifth IPCC Assessment (Taylor et al. 2012; Intergovernmental Panel on Climate Change 2013). In
addition to describing emissions, the RCPs also include land-use change scenarios. There are four
standard RCPs: RCP2.6, RCP4.5, RCP6.5, and RCP8.5, which represent increases in end of century
radiative forcings of +2.6 +4.5 +6.5, and +8.5 Watts per square meter (W/m?), respectively. The RCP 2.6
scenario is a relatively low greenhouse-gas emission scenario, while RCP 4.5, RCP 6.5, and RCP 8.5
appear as reasonable choices to represent low and high emissions scenarios, given current rates of global
fossil fuel consumption and economic development. At the time when the CCTAG investigation began,
the RCP4.5 and RCP8.5 scenario simulations were available for most GCMs, while the RCP 2.6 and RCP
6.5 were not as commonly available. Thus, for this report, the investigation is confined to RCP4.5 and
RCP8.5.

Three-Step Process for Identifying GCMs for California Water
Resources Planning

Key Point 2.1: Using an ensemble or group of several simulations from different global climate models
(GCMs) for planning studies is the current best practice (Knutti 2008; Barsugli et al. 2009; Brekke et al.
2008; Pierce et al. 2009; McSweeney et al. 2012) to consider the range and uncertainty of future climate
projections.

Key Point 2.2: A 3-step model screening process was developed to identify a subset of GCMs to use for
California water resources investigations. This procedure was based on evaluations of GCM historical
performance at the global scale, across the Southwestern United States, and for specific needs of
California water resources planning.

The large set of CMIP5 model simulations, which has grown in number from the set of 31 GCMs that
were available when the CCTAG process began, provides a valuable resource in probing possible future
climate change. It provides a state-of-the-art view of climate change from a probabilistic approach. On the
other hand, this large collection of model simulations is a challenge to many users and decision-makers
because of the large amount of data and number of simulations to process, analyze, and evaluate. Previous
efforts that evaluated GCM performance for Northern California (Brekke et al. 2008) found that an
ensemble (group of models) in general performed better than the individual models when a broad range of
historical climate metrics were considered. Different GCMs performed best for different metrics, and
when multiple metrics were considered, no individual model emerged as the “best” model for California.
Recognizing the need for multiple GCMs, as well as the requirement for a smaller set of simulations, this
model evaluation effort aimed to identify a smaller set of GCMSs by removing or “culling” the models that
did not perform as well for a set of different evaluation metrics. It is emphasized that this is not a
comprehensive analysis of GCM performance, and a given GCM should not be labeled “good” or “bad”
based on this analysis. The goal of this analysis was to reduce the total number of GCMs by choosing
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those that performed better for criteria specifically selected for California water resources planning
purposes.

Selecting a smaller subset of models requires a set of GCMs that perform reasonably well in simulating
historically observed climate. Evidence has been shown that reducing the number of GCMs too severely
will likely under-sample global and regional climate futures; a subset of 10 or more GCMs is needed to
describe the rather wide distribution of possible climate variations and changes that could occur in future
10-year periods (e.g. Pierce et al 2009; McSweeney et al. 2012).

To identify a subset of the “better” GCMs for developing assessments and plans for California water
resource issues, previous studies were followed in adopting the “direct approach” of model evaluation
(Intergovernmental Panel on Climate Change 2013 [Chapter 9]), which selects GCMs on the basis of a
comparison between model output and historical observations. Although many water resources planning
applications used downscaled climate projections, this analysis focuses on the output from the GCMs
directly to distinguish evaluation of GCM performance from artifacts of the choice of downscaling
method.

A 3-step evaluation approach was used to identify a tractable set of GCMs for California water resources
planning (see Figure 2-1). The first two steps of the process evaluate GCM simulations of historical
climate at the global and Western United States scales. After work by Gleckler (2008), the
Intergovernmental Panel on Climate Change (IPCC) (2013), and Rupp et al. (2013), an evaluation was
conducted based on a collection of scalar metrics to gauge GCM historical simulations against various
observational data. Global metrics (Gleckler 2008) include the root-mean-square error (RMSE) of the
seasonal cycle of selected global atmospheric fields, including radiative measures, winds, precipitation,
and temperature. Regional metrics (Rupp et al. 2013) included correlation and variance of mean seasonal
spatial patterns, amplitude of seasonal cycle, diurnal temperature range, annual- to decadal-scale variance,
long-term persistence, and Western United States regional precipitation teleconnections to El Nifio
Southern Oscillation (ENSO). For the third step of the evaluation process, a set of metrics was developed
to test the GCMs’ skill in simulating California climate and hydrological variability. The metrics for all
three steps of the evaluation process are summarized in Table 2-1.

In selecting subsets or weighting climate model simulations, caution is warranted. First, it has been shown
that no strong relationship exists between model performance and the model’s climate sensitivity
(Intergovernmental Panel on Climate Change 2007). Second, there is no strong evidence indicating that
the degree of model performance has a strong influence on the credibility of projections (e.g., Pierce et al.
2009). Nonetheless, there is little to gauge the suitability of a climate model other than its performance in
simulating observed climate. Accordingly, this effort evaluated GCM simulations of historical climate
relative to selected metrics. The models were not evaluated on any characteristics of their future
projections. Not unlike mutual funds in economics, though past performance is no guarantee of future
performance, the model’s representation of historical climate provides a logical way to select models for
regional application.
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Figure 2-1 Three-Step Process for Selecting Global Climate Models to Use for
California Water Resources

Choosing Global Climate Models to use for
California Water Resources Planning

Scientists recommend using information from several Global Climate Models
Using information from all available GCMs isn’t practical

Remove GCMs that fall short in representing historical climate and hydrologic
nrocesses important for California’s water resources planning

~ Start with 31" GCMs

Global Climatology Filter™®
Evaluate how each GCM represents global historical
= Solar Radiation
* Air Temperature
*  Atmospheric Pressure, Wind

_ Remove 12 GCMs

Western U.S. Climate & Hydrology Filter*
Evaluate how each GCM represents Western US historical
Air Temperature
Precipitation
Atmospheric Pressure Patterns
El Nifio Southern Oscillation Patterns

Remaove 4 GCMs

California Hydrology & Extremes Filter
Evaluate how each GCM represents California historical
= Dry and Wet Precipitation Extremes
+  Heat Waves and Cold Snhaps
* El Nifio Spatial and Temporal Patterns

Remove 5 GCMs

GCM Recommendations for California
The remaining 10 GCMs are recommended for water resources
planning because they represent important components of
historical climate at global, regional, and statewide scales

References:

* CA-DWR Climate Change Technical Advisory Group lysis used GCMs
certain data requirements (2013).

) Gleckler, P. J., Taylor, K. E., and Doutriaux, C.: Performance metrics for climate models, J. Geophys. Res.-Atmos. (2008).

%, IPCC, Climate Change 2013: The Physical Science Basis, Cambridge University Press, Cambridge, UK and New York (2013).

G Rupp, D. E., J. T. Abatzoglou, K. C. Hegewisch, P. W. Mote: Evaluation of CMIP5 20th century climate simulations for the
Pacific Northwest USA, . Geophys. Res.-Atmos. (2013).

ilable at the start of the investigation that met
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Table 2-1 Evaluation Metrics for Selecting Global Climate Models to Use for

California Water Resources

Metric

Description

Global Metrics (Gleckler et al. 2008)

LW CRE, SW CRE

Longwave (LW) or Shortwave (SW) Cloud Radiative Effects

RSUT, RLUT Top of the Atmosphere Reflected Shortwave & Longwave Radiation
PR Total Precipitation
TAS Surface Air Temperature

ZG (500hPa)

Geopotential Height

VA (200hPa), VA (850hPa)
UA (200hPa), UA (850hPa)

Meridional (VA, North-South) and Zonal (UA, West-East) wind speeds at two
different levels in the atmosphere 200hPa and 850hPa

TA (200hPa), TA (850hPa)

Temperature at two different levels in the atmosphere 200hPa & 850hPa

Western United States Metrics (Rupp

et al. 2013)

Mean-T and Mean-P

Mean Annual Temperature (T) and Precipitation (P), 1960-1999

DTR-MMM

Mean diurnal temperature range, 1950-1999

SeasonAmp-T
SeasonAmp-P

Mean amplitude of seasonal cycle, as the difference between warmest and
coldest month (T) or between wettest and driest month (P), 1960-1999 Monthly
precipitation calculated as percentage of mean annual total

SpaceCor-MMM?3-T
SpaceCor-MMM-P

Correlation of simulated with observed the mean spatial pattern of temperature
and precipitation, 1960-1999

SpaceSD-MMM-T
SpaceSD-MMM'-P

Standard deviation of the mean spatial pattern of temperature and precipitation,
1960-1999

TimeVar.1-T to TimeVar.8-T

Variance of temperature calculated at frequencies (tim