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Abbreviations and Acronyms

BCSD

BCSD3
BCSD5
BCSD5(all)

BCSD5(hydro)

BNU-ESM

CMIP

CMIP3

CMIP5

collaborators

DCHP
DOl
GCM
GHG
HUC#

IPCC

Bias-Correction Spatial Disaggregation technique for
bias-correcting and spatially downscaling global
climate projections to local resolution

BCSD applied to CMIP3 climate projections
BCSD applied to CMIP5 climate projections

Entire 231-member ensemble of BCSD5 climate
projections served at the DCHP website hosted at
Lawrence Livermore National Laboratory Green Data
Oasis

97-member subset of BCSD5(all) climate projections
that were translated into BCSD5 hydrologic
projections

CMIP5 climate model i.d. for model developed by
College of Global Change and Earth System Science,
Beijing Normal University

Coupled Model Intercomparison Project effort led by
WCRP, producing global climate projections that have
informed IPCC assessments

CMIP phase 3, informing IPCC Fourth Assessment
(2007)

CMIP phase 5, informing IPCC Fifth Assessment
(2013-2014)

Bureau of Reclamation, Climate Analytics Group,
Climate Central, Lawrence Livermore National
Laboratory, NCAR, Santa Clara University, Scripps
Institution of Oceanography, U.S. Army Corps of
Engineers, and USGS

Downscaled Climate and Hydrology Projections
Department of the Interior

Global Climate Model, or General Circulation Model
greenhouse gas

Hydrologic Unit Class #, where # varies from
2 (region) to 12 (small catchment)

Intergovernmental Panel on Climate Change
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MAF
MT-CLIM

NASA
NCAR
NOAA

Oct through Sep

0
°C
%
PCMDI

RCP
RCP ##

Reclamation
SRES
SRES ##

USGS
VIC
WCRP
WGCM

million acre-feet

Software program developed by University of
Montana Numerical Terradynamic Simulation
Group to address the problem of estimating daily
near-surface meteorological parameters from nearby
observations, tailored for application in mountainous
terrain

National Aeronautics and Space Administration
National Center for Atmospheric Research
National Oceanic and Atmospheric Administration

12 water year months October through September
(used in tables and figures)

degrees
degrees Celsius
percent

Program for Climate Model Diagnosis and
Intercomparison

representative concentration pathway

a specific RCP, where ## represents (lower to higher
emissions) 2.6, 4.5, 6.0, or 8.5

Bureau of Reclamation
Special Report on Emissions Scenarios

a specific SRES emissions pathway, where ##
represents (lower to higher emissions) B1, Alb, or A2

U.S. Geological Survey
Variable Infiltration Capacity hydrologic model
World Climate Research Programme

Working Group on Coupled Modelling
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multi-model dataset,” “the CMIP3 archive,” or the “CMIP3 dataset.”

b. For Coupled Model Intercomparison Project phase 5 (CMIP5), the
model output should be referred to as “the CMIP5 multi-model
ensemble [archive/output/results/of simulations/dataset/ ...].” In
publications, you should include a table (referred to below as Table
XX) listing the models and institutions that provided model output
used in your study. In this table, and as appropriate in figure legends,
you should use the CMIP5 “official” model names found in
“CMIP5 Modeling Groups and their Terms of Use”:
(http://cmip-pcmdi.linl.gov/cmip5/docs/CMIP5_modeling_groups.pdf)
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In addition, an acknowledgment similar to the following should
be included in your publication:

“We acknowledge the World Climate Research Programme's Working
Group on Coupled Modelling, which is responsible for CMIP, and we
thank the climate modeling groups (listed in Table XX of this paper) for
producing and making available their model output. For CMIP, the
U.S. Department of Energy's Program for Climate Model Diagnosis and
Intercomparison provides coordinating support and led development of
software infrastructure in partnership with the Global Organization for
Earth System Science Portals.”

where “Table XX of your paper should list the models and
modeling groups that provided the data you used. In addition, it
may be appropriate to cite one or more of the CMIP5 experiment
design articles listed on the CMIP5 reference page.

2. Second, generally acknowledge this archive as “Downscaled CMIP3
and CMIP5 Climate and Hydrology Projections” archive at:
http://gdo-dcp.uclinl.org/downscaled_cmip_projections. To reference
specific information related to the Bias Correction and Spatial
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archive, please use the following references:

a. For BCSD CMIP3 climate: Maurer, E.P., L. Brekke, T. Pruitt, and
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prepared by the U.S. Department of the Interior, Bureau of
Reclamation, Technical Service Center, Denver, Colorado, 138 p.

c. For BCSD CMIPS5 climate: Provide citation to: Reclamation,
2013. Downscaled CMIP3 and CMIP5 Climate Projections
Release of Downscaled CMIP5 Climate Projections, Comparison
with Preceding Information, and Summary of User Needs.
U.S. Department of the Interior, Bureau of Reclamation, 104 p.,
available at: http://gdo-dcp.uclinl.org/downscaled cmip_projections/
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Executive Summary

The World Climate Research Programme (WCRP) develops global climate
projections through its Coupled Model Intercomparison Project (CMIP) roughly
every 5to 7 years. These projections have informed Intergovernmental Panel on
Climate Change Assessment Reports, as well as various research, assessment, and
educational activities related to climate change processes and outcomes,
mitigation, and adaptation. Such activities have primarily been served by CMIP
phase 3 (CMIP3) results since 2007. During 2012-2013, WCRP released global
climate projections from CMIP phase 5 (CMIP5); there was no phase 4. Both
phases featured developing climate projections using a new generation of global
climate models representing recent advancements in climate science. Also, for
CMIP5, the projections are based on using an updated set of global greenhouse
gas emissions scenarios.

This memorandum describes development of the two hydrology projection
ensembles available at the Downscaled Climate and Hydrology Projections
(DCHP) website and complements a similar technical memorandum describing
downscaled climate projection development at the DCHP website (Reclamation,
2013). The ensembles respectively reflect CMIP3 and CMIP5 climate projections
over the contiguous United States. The first ensemble was released in 2011 and
was based on 112 CMIP3 climate projections that were first downscaled into
localized climate projections across the contiguous U.S. using the Bias-Correction
and Spatial Disaggregation (BCSD) technique (i.e., BCSD3 climate projections).
These downscaled climate projections were then translated into hydrologic
projections over only the Western U.S. portion of the domain (i.e., BCSD3
hydrology projections). The second ensemble is being released with this
memorandum, and it was based on 234 CMIP5 climate projections, which were
also downscaled using BCSD (i.e., BCSD5 climate) and then translated into
hydrology using methods similar to the first effort but with several method
updates and expansion of the domain to include the full contiguous

U.S. (i.e., BCSD5(hydro)). Although there was a total of 231 BCSD5 climate
projections that could be translated into hydrology, hydrologic modeling
practicalities limited scope of this effort to a subset of 97 BCSD5 climate
projections representing 31 CMIP5 climate models and 4 greenhouse gas
emissions scenarios. The memorandum provides users of the DCHP website with
a data overview, summary of data development, and cursory comparison of new
and previously released hydrology projections. It also summarizes user needs for
understanding these differences.

Hydrologic projection methods used for the BCSD3 and BCSD5(hydro) efforts

are generally consistent. The Variable Infiltration Capacity hydrologic model
(VIC) was used to simulate future hydrology for both efforts. Basin VIC

Vii
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applications featured the same level of calibration, with a few exceptions, and the
technique used to time-disaggregate monthly BCSD climate projections into daily
VIC weather inputs was mostly the same for both efforts. There were some
method differences, including two that were relatively more significant. First, the
version of VIC differed, with the work reported here taking advantage of several
VIC model updates in VIC version 4.1.2 versus version 4.0.7 used for the earlier
work. Second, the technique used to time-disaggregate monthly BCSD
temperature projections into daily VIC inputs for minimum and maximum
temperature was different. For the BCSD5 effort, these two VIC inputs were
separately translated from respective monthly projections of mean daily-minimum
and daily-maximum temperature. For the BCSD3 effort, only a monthly
projection of mean daily-average temperature was available, necessitating an
assumption that daily temperature limits warmed the same as daily-average
temperature.

The effect of using the updated version of VIC on historical hydrologic simulation
was evaluated and reported because this may be an important factor when
interpreting differences in BCSD3 and BCSD5 hydrology projections, along with
other important factors such as use of BCSD5 climate, rather than BCSD3
climate, and the other method differences referenced above. Generally speaking,
the effect of version updating on simulated long-term water balance (annual mean
runoff) was found to be small compared to the effect on runoff seasonality
(monthly mean runoff) and runoff variability.

The BCSD5(hydro) ensemble shows hydroclimate changes (i.e., temperature,
precipitation, and runoff) that are generally similar to the ones from BCSD3
across the contiguous U.S. However, there are some region-specific differences
that may be important for localized study, including BCSD5(hydro) projecting
relative to BCSD3 greater warming to the North, regions of more increased
precipitation change in the West and Great Plains (although varying by season),
and differences in runoff change that more closely follow those found for
precipitation than for temperature. On warming, the BCSD5 ensemble features a
larger range, compared to BCSD3, because it represents four greenhouse gas
emission scenarios having a larger range of emissions compared to the ones
underlying the BCSD3 effort. At this time, explanations for these differences are
not available, and attributing them to various potential causes remains a matter of
research. Some of the questions being considered by the research community
include:

e To what extent are these differences attributable to use of new global
climate models, use of new climate forcing scenarios, and chosen
downscaling technique?

viii



Executive Summary

To what extent are they attributable to adjustments in the hydrologic
projection methodology?

To what extent are these attributions sensitive to the season of occurrence
and underlying mechanisms?

Archive collaborators are engaged in research to better understand how these
projections are sensitive to choices in downscaling and hydrologic projection
technique, and they are exploring opportunities to improve projection methods in
each of these areas to reduce uncertainty.

The following Release Notes apply to the release of the BCSD5 hydrology
projections and complement those released in May 2013 for the BCSD5 climate
projections:

The CMIP5 climate, downscaled BCSD5 climate, and BCSD5 hydrology
projections represent a new opportunity to improve our understanding of
climate science and future hydrology impacts at the local scale, which
evolves at a rapid pace. As new projection information is developed, the
collaborators are taking active roles in evaluating and incorporating it, as
appropriate, into ongoing activities.

While future downscaled climate and hydrology projections based on
CMIP5 may inform future analyses, many completed and ongoing studies
have been informed by CMIP3 projections that were selected as best
information available at the time of study. Even though CMIP5 is newer, it
has not been determined to be a better or more reliable source of climate
projections compared to existing CMIP3 climate projections. As such,
CMIPS5 projections may be considered an addition to (not a replacement of)
the existing CMIP3 projections until a final decision that CMIP5 is superior
is issued by the climate modeling community. Alternatively, CMIP5
projections may be used in place of CMIP3 projections if the goal is to
represent the latest projection contributions from the climate science
community.

As of spring 2014, understanding how and why BCSD?5 results differ from
those in BCSD3 is still in a preliminary stage. The two general types of
differences broadly relate to: (1) updates and other differences in the
climate models used for CMIP5 and (2) the new set of climate forcing
emissions scenarios. However, understanding those differences and their
effects on regional climate, separately and together, is still ongoing.
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Reclamation (2013)" provides a cursory summary of differences between
BCSD3 and BCSD5 climate projections over the contiguous U.S. Most of
the differences are in the driving emission scenarios and changes to the
CMIP5 climate models, making projections of temperature and precipitation
somewhat different from those projected from CMIP3 climate model
solutions. However, some differences are created by the downscaling
technique, and separately from the bias-correction and spatial
disaggregation portions of the technique. This means that the differences in
BCSD climate information are similar to, but not precisely the same as,
differences in CMIP climate information over the U.S. prior to
downscaling.

This technical memorandum provides a cursory summary of differences
between BCSD5 and BCSD3 hydrology projections over the Western U.S.
Most of the differences arise from variations in the BCSD5 climate
projections of temperature and precipitation compared to BCSD3.
However, additional differences arise from updates to the hydrology model
used to generate projections and to how diurnal temperature range was
projected, as well as other minor method differences.

Collaborators are releasing the BCSD5 hydrology projections at the DCHP
website with the goal of accelerating community understanding of the
CMIP5 versus CMIP3 differences depicted here and promoting the use of a
more complete representation of possible future climate and hydrology.
Releasing the new information to the large user community will build
shared awareness of CMIP5 versus CMIP3 similarities and differences, as
well as enhance collaboration within the large community of users that is
already familiar with CMIP3 to evaluate, explore, and diagnose the
projections.

! http://gdo-dcp.uclinl.org/downscaled _cmip_projections/techmemo/downscaled_climate.pdf.
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1. Introduction

The World Climate Research Programme (WCRP) develops global climate
projections through its Coupled Model Intercomparison Project (CMIP) roughly
every 5to 7 years. These projections have informed Intergovernmental Panel on
Climate Change Assessment Reports, as well as various research, assessment, and
educational activities related to climate change processes and outcomes,
mitigation, and adaptation. Such activities have primarily been served by

CMIP phase 3 (CMIP3) (Meehl et al., 2007) results since 2007. During
2012-2013, WCRP released global climate projections from CMIP phase 5
(CMIP5) (Taylor et al., 2011); there was no phase 4. Both phases featured
developing climate projections using a new generation of global climate models
representing recent advancements in climate science. Also, for CMIP5, the
projections are based on using an updated set of global greenhouse gas (GHG)
emissions scenarios, spanning a wider range of emissions possibilities compared
to those underlying CMIP3.

This memorandum describes development of the two hydrology projection
ensembles available at the Downscaled Climate and Hydrology Projections
(DCHP) website, and it complements a similar technical memorandum describing
downscaled climate projection development at the DCHP website (Reclamation,
2013). The ensembles respectively reflect CMIP3 and CMIP5 climate projections
over the contiguous United States. The first ensemble was released in 2011 and
was based on 112 CMIP3 climate projections that were first downscaled into
localized climate projections (at grid scales of 1/8 degree, ~12 kilometers on a
side) across the contiguous U.S. using the Bias-Correction and Spatial
Disaggregation (BCSD) technique (Wood et al., 2002 and 2004; Reclamation,
2013). These results are referred to as BCSD3 climate projections. These
downscaled climate projections were then translated into hydrologic projections
over only the Western U.S. portion of the domain (Reclamation, 2011a), which
resulted in BCSD3 hydrology projections. The second ensemble is being released
with this memorandum and was based on 234 CMIP5 climate projections, also
downscaled using BCSD (i.e., BCSD5 climate) and then translated into hydrology
using methods similar to the first effort but with several method updates (National
Center for Atmospheric Research [NCAR], 2014) and expansion of the domain to
include the full contiguous U.S. (i.e., BCSD5(hydro)). Although there was a total
of 231 BCSD5 climate projections that could be translated into hydrology,
hydrologic modeling practicalities limited the scope of this effort to a subset of

97 BCSDS5 climate projections representing 31 CMIP5 climate models and

4 GHG emissions scenarios. The memorandum provides users of the DCHP
website with a data overview, summary of data development, and cursory
comparison of new and old hydrology projections information. It also
summarizes user needs for understanding these differences. For more information
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on the preceding BCSD climate projection downscaling effort, please refer to
Reclamation (2013).

This memorandum is outlined as follows:

Section 2. About the Hydrologic Projections: This section identifies
climate projection ensembles from the CMIP3 and CMIP5 efforts,
respectively, that were downscaled using BCSD and then translated into
hydrology projections (i.e., BCSD3 and BCSD5 hydrology ensembles). It
then summarizes key method differences between the BCSD3 and BCSD5
hydrology efforts (e.g., use of the Variable Infiltration Capacity [VIC]
hydrology model? version 4.1.2 in the recent effort, rather than version
4.0.7, which was used in the prior effort). Appendix A provides
complementary discussion. Finally, this section provides information on
quality assurance, as well as release notes for the BCSD5 hydrology
projections.

Section 3. Effect of Hydrology Model Update on Historical Hydrologic
Simulation: This section provides users a brief analysis on how hydrologic
simulation results are sensitive to VIC model version. This analysis
provides insight to users when interpreting differences between BCSD3 and
BCSD5 hydrologic projection results over the Western U.S. where the two
efforts geographically overlap.

Section 4. Comparing Projection Results from the BCSD3 and BCSD5
Efforts: This section provides two cursory evaluations. First, differences
in ensemble-mean hydroclimate change are evaluated for relatively large
watersheds (for climate, the domain includes the contiguous U.S.; for
hydrology, the domain is the Western U.S.). Second, differences in
ensemble distribution of changes are evaluated for a set of 10 Western

U.S. watersheds. The discussion on these points highlights key differences
in results and identifies users’ key questions and areas of research.

2 http:/iwww.hydro.washington.edu/Lettenmaier/Models/VIC/
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2. About the Hydrologic Projections

2.1 Assembling Downscaled Climate Projection
Ensembles

The 112-member BCSD3 and 97-member BCSD5 hydrologic projections
ensembles are listed in tables 1 and 2, respectively. The goals surrounding
assembly of these ensembles are consistent with those described in Reclamation
(2013): briefly, represent a large collection of CMIP3 and CMIP5 global climate
models and GHG emission scenarios, respectively. For the downscaled climate
ensembles, an additional goal involved including multiple projections from a
given combination of climate model and GHG scenario, which was possible
because some climate modeling groups were prolific in generating projections
under a given GHG scenario that differed only by initial conditions. Interest in
this goal was fueled by recognition that internal climate system variability is an
important component in characterizing climate projection uncertainty (Hawkins
and Sutton, 2009), especially for precipitation and at local to regional scales
(Hawkins and Sutton, 2010; Deser et al., 2012), with problematic consequences
for hydrology and water resources impact analyses (Harding et al., 2012).

For the BCSD3 hydrology efforts, table 1 shows that both goals were addressed as
the 112-member ensemble represents 16 CMIP3 global climate models (GCMs),
3 of the GHG emissions scenarios used in CMIP3 (Intergovernmental Panel on
Climate Change [IPCC], 2000), and multiple projections for some model-scenario
combinations. For the BCSD5 climate effort, the 231-member ensemble
represents 36 CMIP5 GCMs, 4 of the GHG emissions scenarios used in CMIP5
(van Vuuren et al., 2011), as well as multiple projections for some model-scenario
combinations (table 2 in Reclamation, 2013%). However, when switching to the
BCSD5 hydrology effort, the second goal of including multiple projections per
model-scenario combination was not addressed because it was not feasible within
the project scope to translate all of the BCSD5 climate ensemble into hydrology
projections over the contiguous U.S. As a result, the BCSD5 hydrology effort
selected one projection (the first) per model-scenario combination and was limited
to a subset of 31 of the 36 BCSDS5 climate GCMs simulating between one and
four GHG emission scenarios.

® The BCSDS5 climate projections were released in 2013, and the ensemble included three
projections simulated by the Beijing Normal University - Earth System Model (BNU-ESM) for
RCPs 2.6, 4.5, and 8.5, respectively. In 2014, errors in BNU-ESM precipitation reporting were
identified by College of Global Change and Earth System Science, Beijing Normal University
(Rupp, 2014). As a result, website access to downscaled BNU-ESM climate projections has been
restricted. If the BNU-ESM climate projections are updated and translated into downscaled
BCSD climate and hydrology projections, the resulting information will be added back and made
available through the website.
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Table 1. BCSD CMIP3 (BCSD3) Hydrology Projections Ensemble

Emissions Scenarios

WCRP
CMIP3 | SRES' | sREs | SRES
WCRP CMIP3 Climate Climate A2 Alb Bl

Modeling Group Model ID runs® runs runs Primary Reference
Bjerknes Centre for Climate BCCR- 1 1 1 Furevik et al., 2003
Research, Norway BCM2.0
Canadian Centre for Climate CGCM3.1 1-5 1-5 1-5 Flato and Boer, 2001
Modeling and Analysis, Canada (T47)
Meteo-France/Centre National de CNRM-CM3 | 1 1 1 Salas-Melia et al., 2005
Recherches Meteorologiques,
France
Commonwealth Scientific and CSIRO- 1 1 1 Gordon et al., 2002
Industrial Research Organization, Mk3.0
Atmospheric Research, Australia
U.S. Department of GFDL- 1 1 1 Delworth et al., 2006
Commerce/NOAA/ Geophysical CM2.0
Fluid Dynamics Laboratory, USA
U.S. Department of GFDL- 1 1 1 Delworth et al., 2006
Commerce/NOAA/ Geophysical Cm2.1
Fluid Dynamics Laboratory, USA
NASA/Goddard Institute for Space GISS-ER 1 2,4 1 Russell et al., 2000
Studies, USA
Institute for Numerical Mathematics, | INM-CM3.0 | 1 1 1 Diansky and Volodin, 2002
Russia
Institut Pierre Simon Laplace, IPSL-CM4 1 1 1 IPSL, 2005
France
Center for Climate System MIROC3.2 1-3 1-3 1-3 K-1 Model Developers,
Research (The University of Tokyo), | (medres) 2004
National Institute for Environmental
Studies, and Frontier Research
Center for Global Change, Japan
Meteorological Institute of the ECHO-G 1-3 1-3 1-3 Legutke and Voss, 1999
University of Bonn, Meteorological
Research Institute of the Korean
Meteorological Association,
Germany/Korea
Max Planck Institute for ECHAMS5/ 1-3 1-3 1-3 Jungclaus et al., 2006
Meteorology, Germany MPI-OM
Meteorological Research Institute, MRI- 1-5 1-5 1-5 Yukimoto et al., 2001
Japan CGCM2.3.2
National Center for Atmospheric CCSM3 1-4 1-3,5-7 | 1-7 Collins et al., 2006
Research, USA
National Center for Atmospheric PCM 1-4 1-4 2,3 Washington et al., 2000

Research, USA
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Table 1. BCSD CMIP3 (BCSD3) Hydrology Projections Ensemble

Emissions Scenarios
WCRP
CMIP3 SRES' SRES SRES
WCRP CMIP3 Climate Climate A2 Alb Bl
Modeling Group Model ID runs® runs runs Primary Reference

Hadley Centre for Climate UKMO- 1 1 1 Gordon et al., 2000
Prediction and Research/Met HadCM3
Office, UK
Number of Hydrology Projections = 112 36 39 37

! SRES = Special Report on Emissions Scenarios (IPCC, 2000); NASA = National Aeronautics and Space Administration,
NOAA = National Oceanic and Atmospheric Administration.
% Runs reflect which CMIP3 historical simulation was used to initialize the given future projection. Such correspondence is

indicated at: http://www-pcmdi.linl.gov/ipcc/time correspondence summary.htm.

Table 2. BCSD CMIP5 (BCSD5) Hydrology Projections Ensemble

Emissions Scenarios

RCP RCP RCP RCP
WCRP CMIP5 Climate WCRP CMIP5 2.6 4.5 6.0 8.5
Modeling Group® Climate Model ID runs? runs runs runs
Commonwealth Scientific and Industrial ACCESS1-0 1 1
Research Organization and Bureau of
Meteorology, Australia
Beijing Climate Center, China Meteorological BCC-CSM1-1 1 1 1 1
Administration BCC-CSM1-1-M 1 1
Canadian Centre for Climate Modelling and CanESM2 1 1 1
Analysis
National Center for Atmospheric Research CCsm4 1 1 1 1
Community Earth System Model Contributors CESM1-BGC 1 1
CESM1-CAM5 1 1 1 1
Centro Euro-Mediterraneo per | Cambiamenti CMCC-CM 1 1
Climatici
Centre National de Recherches CNRM-CM5 1 1
Météorologiques/Centre Européen de
Recherche et Formation Avancée en Calcul
Scientifique
Commonwealth Scientific and Industrial CSIRO-Mk3-6-0 |1 1 1 1
Research Organization, Queensland Climate
Change Centre of Excellence
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Table 2. BCSD CMIP5 (BCSD5) Hydrology Projections Ensemble

Emissions Scenarios

RCP RCP RCP RCP
WCRP CMIP5 Climate WCRP CMIP5 26 4.5 6.0 8.5
Modeling Groupl Climate Model ID runs? runs runs runs
Laboratory of Numerical Modeling FGOALS-g2 1 1 1
for Atmospheric Sciences and Geophysical Fluid
Dynamics, Institute of Atmospheric Physics,
Chinese Academy of Sciences, and Center for
Earth System Science, Tsinghua University
The First Institute of Oceanography, State FIO-ESM 1 1 1 1
Oceanic Administration, China
NOAA Geophysical Fluid Dynamics Laboratory GFDL-CM3 1 1 1 1
GFDL-ESM2G 1 1 1 1
GFDL-ESM2M 1 1 1 1
NASA Goddard Institute for Space Studies GISS-E2-H-CC 1
GISS-E2-R 1 1 1 1
GISS-E2-R-CC 1
Met Office Hadley Centre (additional HadGEM2-A0O 1 1 1 1
Had_GEMZ-E_S realizations c_ontrlbuted _by HadGEM2-CC 1 1
Instituto Nacional de Pesquisas Espaciais)
HadGEM2-ES 1 1 1 1
Institute for Numerical Mathematics INM-CM4 1 1
Institut Pierre-Simon Laplace IPSL-CM5A-MR 1 1 1 1
IPSL-CM5B-LR 1 1
Japan Agency for Marine-Earth Science and MIROC-ESM 1 1 1 1
Technology, Atmosphere and Ocean Research MIROC-ESM- 1 1 1 1
Institute (The University of Tokyo), and National CHEM
Institute for Environmental Studies
Atmosphere and Ocean Research Institute (The | MIROC5 1 1 1 1
University of Tokyo), National Institute for
Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology
Max-Planck-Institut fir Meteorologie (Max MPI-ESM-LR 1 1 1
Planck Institute for Meteorology) MPI-ESM-MR 1 1 1
Meteorological Research Institute MRI-CGCM3 1 1 1
Norwegian Climate Centre NorESM1-M 1 1 1 1
Number of Hydrology Projections = 97 21 31 16 29

Note: http://cmip-pcmdi.linl.gov/cmip5/docs/CMIP5_modeling_groups.pdf.

% Runs reflect X from a given CMIP5 projection’s rXi1p1 identifier, defined at:

http://cmip-pcmdi.linl.gov/cmip5/docs/cmip5_data reference syntax v0-25 clean.pdf.
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2.2 Hydrologic Projection Methods

The VIC model (Liang et al., 1994; Liang et al., 1996; Nijssen et al., 1997) was
used to simulate hydrologic projections in both efforts. Other hydrology models
could have been used to support projections development, and hydrology model
response to climate change is sensitive to choices in model structure (Vaze et al.,
2010; Singh et al., 2011; Vano et al., 2012), model parameter estimation

(Merz et al., 2011; Bastola et al., 2011; Mendoza et al., 2014), and

meteorological forcing data used to guide model development (Mizukami et al.,
2014; Elsner et al., 2014). VIC-based BCSD5 hydrologic projections are being
released to complement those associated with BCSD3 that are already available at
the archive. Collaborators* are also exploring the issue of hydrologic projection
sensitivity to these choices and the potential to represent these sensitivities in
future website updates, potentially through application of multi-model hydrologic
projections and/or multi-parameterizations of a single hydrologic model.”

Appendix A summarizes methods used to develop hydrology projections and
includes descriptions of hydrologic model selection, the selected VIC model, and
its applications across the contiguous U.S. In addition, it summarizes procedures
used to develop BCSD hydrology projections reliant on time-disaggregation of
monthly BCSD climate projections into daily VIC weather inputs. Appendix A
also discusses routing of gridded VIC simulation runoff into streamflow at
locations of interest for BCSD3 outputs. Aside from the differences in
geographic extent of the hydrologic analysis (Western U.S. for BCSD3 versus
contiguous U.S. for BSCD5) and input climate projections (CMIP3 versus
CMIP5), methodologies used for the BCSD3 and BCSD5 hydrology efforts are
consistent with two major exceptions (appendix A):

e Hydrology Model Updates: The BCSD3 and BCSD5 hydrology efforts
used VIC version 4.0.7 and version 4.1.2, respectively. Version 4.1.2
improves upon 4.0.7 in several ways. Major science changes include an
update of the MT-CLIMB® forcing disaggregation functions from MT-CLIM
version 4.2 (Thornton and Running, 1999) to include elements of
version 4.3 (Thornton et al., 2000) that lead to better accounting for snow
albedo and snow simulation in humid climates, an improved calculation of

* Bureau of Reclamation, Climate Analytics Group, Climate Central, Lawrence Livermore
National Laboratory, NCAR, Santa Clara University, Scripps Institution of Oceanography,
U.S. Army Corps of Engineers, and USGS.

® See Development of Methods to Assess the Hydrological Impacts of Climate Change over
the Contiguous United States at: http://www.usbr.gov/research/climate/projects.html.

® MT-CLIM refers to the software program developed by the University of Montana
Numerical Terradynamic Simulation Group to address the problem of estimating daily near
surface meteorological parameters from nearby observations, tailored for application in
mountainous terrain.
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the soil thermal profile, the dynamic representation of lakes and wetlands as
a separate land cover class, and the addition of organic soils. In addition,
several interface changes and bug fixes were made. Most of the remaining
improvements were made in the context of simulations at high latitudes
(Arctic) and were not relevant for this project. Section 3 shows the
aggregate effects of using version 4.1.2 versus 4.0.7 on historical hydrology
simulation. Additional information on version updates is available at the
University of Washington’s VIC webpage.7

Projecting Daily Temperature Range: VIC model applications are
developed to simulate hydrology on a daily time step. This requires that
preparation of future climate daily weather inputs be consistent with
monthly BCSD climate projections using a time-disaggregation technique
(appendix A). This technique was the same for both efforts, except for one
application difference for temperature. For the BCSD3 effort, the technique
was applied to BCSD projections of monthly-mean daily-average
temperature, which required an assumption that the change in daily-average
temperature equaled change in daily minimum and maximum temperature,
implying no projected change in diurnal temperature range relative to
historical variations. For BCSD5, this assumption was unnecessary because
the technique was applied to BCSD5 projections of the monthly-mean
values for daily-minimum and daily-maximum temperature (Reclamation,
2013), which permitted the future diurnal temperature range to change
consistently with future climate projections.

Other notable differences:

For the Western U.S. domain of geographic overlap, the VIC regional
applications (i.e., files describing basin characteristics and soil parameters)
were the same, except for several sub-basins in the upper Rio Grande above
Elephant Butte Reservoir, New Mexico, where parameters had been refined
between the BCSD3 and BCSDS5 efforts.®

During the BCSD?5 effort, NCAR briefly explored refining the
VIC applications through an objective recalibration of soil parameters
(NCAR, 2014). These recalibrations led to improved model performance
for nearly three dozen small watersheds but did not provide a sufficient
basis for implementing regionally consistent upgrades to the VIC parameter

7 http://www.hydro.washington.edu/L ettenmaier/Models/VIC/.

8 parameter refinement occurred during Reclamation Science & Technology project 8990,
“Investigation of Climate Change Impact on Reservoir Capacity and Water Supply Reliability.”
Project information is at: http://www.usbr.gov/research/projects/detail.cfm?id=8990.
Documentation on this calibration effort is incomplete. For information, contact Victor Huang
(vhuang@usbr.gov) or Paula Makar (pmakar@usbr.gov).
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sets. Consequently, the original parameter sets used in the BCSD3 effort
were retained for the BCSD5 simulations, in support of the objective of
maintaining application consistency across the two efforts.

Finally, appendix B provides a summary of frequently asked questions associated
with these hydrologic projections, based on collaborators’ recent experience
serving BCSD3 hydrology to websites users. There is also a “Frequently Asked
Questions” page addressing downscaled climate and hydrology projections data
on the website.’

2.3 Quality Assurance

Quiality assurance measures were implemented prior to production to ensure code
reproducibility, during production to verify quality of input and output data files,
and after production to verify the integrity of final products. The forcing
disaggregation codes, hydrology and routing model, and data post-processing
codes (e.g., to translate VIC output into netCDF format) were largely the same in
both the BCSD3 and BCSD5 hydrology efforts, with exceptions noted in

section 2.2. The temperature disaggregation approach upgrade for the BCSD5
effort was verified prior to the effort. Most additional coding for the BCSD5
effort related to adapting and implementing these methods for efficient execution
on the NCAR Yellowstone high performance computing resource.

In both efforts, many checks were performed to ensure that the VIC forcing
generation process and the VIC modeling code were properly applied and that the
hydrology projections were developed as intended. First, prior to production, the
VIC forcing generation code and modeling code were compiled and run on the
production platform to validate that results were as expected. During production,
checks were performed to ensure that no errors were reported during the forcing
generation and VIC simulation processes, and to ensure that the correct number
and size of output files were being produced. After production, the daily forcing
data were aggregated to monthly and compared to the BCSD climate monthlies to
ensure that there were no problems encountered during the VIC forcing
generation process. These matched almost exactly, except for rare cases where
BCSD monthly average daily-maximum temperature values were less than BCSD
monthly average daily-minimum temperature values (which only occurred during
BCSD5 hydrology projections development and is described in appendix A.3.1).
Other checks were made regarding the integrity of the final netCDF files
produced. These checks included making sure the number of grid cells was
correct, as well as the number of expected missing values. The multi-stage
processing of outputs from daily to monthly timestep, from ascii to netCDF

® http://gdo-dcp.uclinl.org/downscaled cmip_projections/fag.html.
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format, and from the 1/8" degree grid to Hydrologic Unit Class 4 (HUC4) spatial
units (http://water.usgs.gov/GlS/huc.html) provided multiple opportunities to
detect data errors. For the BCSD5 effort, sample fields of spatial results at each
stage of processing were selected at random for visualization to assess
completeness and plausibility (e.g., realistic ranges and expected spatial
distributions). All streamflow projections (appendix A) were plotted for
visualization, and basin-average projections of temperature, precipitation, and
total runoff in HUC4 spatial units were also plotted. Collectively, these quality
control measures prior to, during, and after production indicate that the
disaggregation and VIC forcing generation and modeling process were
implemented as intended. That said, all uses of these projections are predicated
on the following disclaimer (also shown on the DCHP website’s home page):

“These projections are being made available for the convenience of
interested persons. The content developers (Climate Analytics Group,
Climate Central, Lawrence Livermore National Laboratory, Reclamation,
Santa Clara University, Scripps Institution of Oceanography, U.S. Army
Corps of Engineers, and U.S. Geological Survey) believe the information
to be correct representations of potential high-resolution climate/
hydrologic variations and changes subject to the limitations of the CMIP3
and CMIP5 global climate simulations and of the downscaling methods
utilized. However, human and mechanical errors remain possibilities.
Therefore, the content developers do not guarantee the accuracy,
completeness, timeliness, or correct sequencing of the information. Also,
neither the content developers, nor any of the sources of the information
shall be responsible for any errors or omissions, or for the use or results
obtained from the use of this information.”

2.4 Release Notes for BCSD5 Hydrology

At the time of this DCHP website release, the following notes apply to the release
of the BCSD5 hydrology projections and complement those released in May 2013
for the BCSD5 climate projections:

e The CMIP5 climate, downscaled BCSD5 climate, and BCSD5 hydrology
projections represent a new opportunity to improve our understanding of
climate science and future hydrology impacts at the local scale, which
evolves at a rapid pace. As new projection information is developed, the
collaborators are taking active roles in evaluating and incorporating it, as
appropriate, into ongoing activities.

e While future downscaled climate and hydrology projections based on
CMIP5 may inform future analyses, many completed and ongoing studies
have been informed by CMIP3 projections that were selected as best

10
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information available at the time of study. Even though CMIP5 is newer, it
has not been determined to be a better or more reliable source of climate
projections compared to existing CMIP3 climate projections. As such,
CMIPS5 projections may be considered an addition to (not a replacement of)
the existing CMIP3 projections until a final decision that CMIP5 is superior
is issued by the climate modeling community. Alternatively, CMIP5
projections may be used in place of CMIP3 projections if the goal is to
represent the latest projection contributions from the climate science
community.

As of spring 2014, understanding how and why BCSD?5 results differ from
those in BCSD3 is still in a preliminary stage. The two general types of
differences broadly relate to: (1) updates and other differences in the
climate models used for CMIP5 and (2) the new set of climate forcing
emissions scenarios. However, understanding those differences and their
effects on regional climate, separately and together, is still ongoing.

Reclamation (2013) provides a cursory summary of differences between
BCSD3 and BCSD5 climate projections over the contiguous U.S. Most of
the differences are in the driving emissions scenarios and changes to the
CMIP5 climate models, making projections of temperature and precipitation
somewhat different from those projected from CMIP3 climate model
solutions. However, some differences are created by the downscaling
technique, and separately from the bias-correction and spatial
disaggregation portions of the technique. This means that the differences in
BCSD climate information are similar to, but not precisely the same as,
differences in CMIP climate information over the U.S. prior to
downscaling.

This technical memorandum provides a cursory summary of differences
between BCSD5 and BCSD3 hydrology projections over the Western U.S.
Most of the differences arise from variations in the BCSD5 climate
projections of temperature and precipitation compared to BCSD3.
However, additional differences arise from updates to the hydrology model
used to generate projections, how diurnal temperature range was projected,
and other minor method changes.

Collaborators are releasing the BCSD5 hydrology projections at the DCHP
website with the goal of accelerating community understanding of the
CMIP5 versus CMIP3 differences depicted here and of promoting the use of
more complete representation of possible future climate and hydrology.
Releasing the new information to the large user community will build
shared awareness of CMIP5 versus CMIP3 similarities and differences, as
well as enhance collaboration within the large community of users already
familiar with CMIP3 to evaluate, explore, and diagnose the projections.

11






3. Effect of Hydrology Model Update on
Historical Simulation

BCSD5 hydrology projections were developed using a more recent version of
VIC compared to that used for the BCSD3 effort. This section describes how
version updates can affect historical simulation results. The objectives of this
section are to orient the reader on the level of change for various basins focusing
on the Western U.S., as well as to alert the reader that this change in historical
simulation is a factor when interpreting differences in projected hydrologic trend.
However, it is only one factor among a number of important differences such as
use of BCSD5 climate rather than BCSD3 climate and the differences in
hydrologic projection methodology (section 2.3).

To assess the effect of hydrology model update, daily historical simulation results
using both model versions are statistically summarized for a set of Western U.S.
basins featuring different hydroclimates. Both sets of results were based on
simulation forced by a common gridded daily historical meteorology (Maurer

et al. 2002). Several period statistics during 1950-1999 were then computed:
annual and monthly mean runoff, and annual and monthly standard deviation.
Before proceeding to the evaluation, two considerations are provided that may
affect interpretation of this section’s results and their significance.

1. Differences in historical hydrology simulation are not always exactly
related to differences in projected hydrologic response to climate change.
In other words, while use of the updated VIC version may lead to different
historical simulation statistics (i.e., a different historical “baseline” from
which hydrologic impacts are projected into the future), it remains to be
investigated how the version updates affect VIC’s simulated response to a
given climate change. Diagnosing and comparing the model’s response to
climate change between these two VIC versions was outside the scope of
this effort.

2. Users may be interested in how either VIC version simulates historical
hydrology relative to observed hydrology or historically estimated natural
flow. This comparison was also outside the scope of this effort; however,
the BCSD5 data resources at the DCHP website will provide sufficient
historical simulation outputs to enable users to investigate model
performance for locations of interest. As is typical for hydrology
simulations, both sets of simulated runoff contain errors relative to
observed runoff due to several potential factors:

13
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a. Errors between actual and estimated historical meteorology
(Maurer et al. 2002)

b. Errors in hydrology model structure (e.g., VIC is one of many
options for surface water hydrology modeling) or physics

c. Parameter uncertainty (i.e., rather than calibrate VIC apps at
small-basin resolution, these applications were only calibrated
to reproduce total runoff from relatively large watersheds
(e.g., generally at HUC4 resolution (give or take)) within a
HUC?2 unit for which the VIC app was being built, leaving less
refined parameter estimates in much of the modeled domain)

d. Errors in observing streamflow

Identifying efficient methods for identifying well calibrated parameter
estimates at a fine spatial resolution for large geographic domains remains
an area of active research among collaborators.”

3.1 Evaluation Basins

Runoff sensitivities to hydrologic model updates were evaluated in 43 basins
distributed around the Western U.S. (see figure 1 and table 3). These basins
represent a diverse set of hydroclimates that range from wetter and cooler in the
northwest and northern Great Plains, to drier and warmer in the southwest, to
wetter and warmer in the southern Great Plains (Reclamation 2011a; 2011b).
Most of these basins feature snowmelt-dominated headwaters. The spatial size of
these basins varies considerably, from roughly HUC 8 to HUC 2. The
geographic distribution of these basins was constrained to the Western U.S. given
the geographic overlap of the BCSD3 and BCSD5 efforts.

10 http://water.usgs.gov/GIS/huc.html.
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Figure 1. Basins evaluated for runoff sensitivity to hydrologic model change (see table 3 for basins legend).
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Table 3. Basins Evaluated for Runoff Sensitivity to Hydrologic Model change (see
figure 1 or map of basin boundaries).

Mumber |State |River Basin and Outlet Location Latitude [Longitude
1| OR Williamson R. below Sprague River 42 56 -121.84
2| ca Klamath River below Iron Gate Dam 4193 -122.44
3| CA Klamath River below Seiad Valley 41.85 -123.23
4| CA kKlamath River at Orleans 41.30 -123.53
5| CA Klamath River near Klamath 4151 -123.98
6| 1D Snake River at Brownlee Dam 44 84 -115.90
7| WA | Columbia River at Grand Coulee 4797 -118.98
8| OR Columbia River at the Dalles 4561 -12117
9| WA | Yakima River at Parker 4651 -120.45

10| OR Deschutes River near Madras 4473 -121.25
11) 1D Snake River near Heise 43.61 -111.66
12| MT | Flathead River at Columbia Falls 43.36 -114.18
13| AZ Colorado River at Lees Ferry 36.86 -111.59
14| CA Colorado River above Imperial Dam 32.88 -114.47
15| UT Green River near Greendale 4091 -100.42
16| CO Colorado River near Cameo 3924 -108.27
17| Co Gunnison River near Grand Junction 38.98 -108.46
18| UT San Juan River near Bluff 37.15 -109.86
19| CA Sacramento River at Freeport 38.46 -121.50
20| CA Sacramento River at Bend Bridge (Red Bluff) 40.26 -122.22
21| CA Feather River at Oroville 3952 -121 55
22| CA San loaquin River near Vernalis 37.68 -121.27
23| ca Stanislaus River at New Melones Dam 37495 -120.53
24| MT Missouri River at Canyon Ferry Dam 46.65 -111.73
25| MT | Milk River at Nashua 453.13 -106.36
26| CO Platte River ({South Fork) near Sterling 40.62 -103.19
27| NE Missouri River near Omaha 41.26 -9552
28| CO Rio Grande near Lohatos 37.08 -105.76
29| MM Rio Chama near Abiquiu 36.32 -106.60
30( MM Rio Grande near Otowi 35.88 -106.14
31| MM Rio Grande at Elephant Butte Dam 33.16 -107 .19
32| MM Pecos River at Damsit No 3 (Carlshad) 32.51 -104.33
33| CA Little Truckee River below Boca Dam 39.39 -120.10
34| CA Carson River (West Fork) at Woodfords 3877 -119.83
35| CA Sacramento-San Joagquin Delta inflow 38.06 -121.86
36| CA San loagquin River at Friant Dam 37.00 -119.71
37| CA Truckee River at Farad Gage (stateling) 39.45 -120.01
38| NV Truckee River at Nixon Gage 3978 -11934
39| NV Carson River at Ft Churchill Gage 39.33 -119.15
40| MT Big Horn River at Yellowtail Dam 4531 -107 96
41| NE Platte River {Narth Fork) at Lake McConaughy 4121 -101.64
42| CA American River at Fair Oaks 38.64 -121.23
43| CA Tulare-Buena Vista Lakes hasin 36.05 -119.72

16



Downscaled CMIP3 and CMIP5 Hydrology Projections

3.2 Differences in Historical Simulated Runoff

To begin understanding runoff sensitivity to VIC version updates, we first focus
on one basin: the Colorado River at Lees Ferry, Arizona. Figure 2 shows
correlation of simulated monthly and annual runoff volumes using VIC version
4.1.2 versus version 4.0.7. In terms of correlation, it is clear that the two sets of
results have high agreement; however, the scatter shows that version updates do
have some effect, and more enhanced effect for monthly volumes than annual
volumes. For lower flows, paired model results from the two versions are nearer
to the 1:1 line (i.e., the line that would exist, shown as black line, if results from
version 4.1.2 equaled results from version 4.0.7) than for higher flows for which
VIC version 4.1.2 appears to simulate more runoff. This high-flow difference is
less evident when monthly volumes are aggregated to annual volumes. The fact
that some difference appears is not surprising considering that parameter
estimates were developed using VIC version 4.0.7 or earlier, and that differences
might have been reduced if parameter calibration was performed separately for
both VIC versions. As mentioned in section 2.3, recalibrating the VIC
applications’ soil parameter estimates was explored by NCAR but eventually not
included in the final effort due to the overarching objective of maintaining
consistency with BCSD3 (NCAR, 2014).

Water Years 1950-1999
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Figure 2. Monthly and annual historical runoff volumes simulated
at Colorado River at Lees Ferry, Arizona, using VIC versions 4.1.2
and 4.0.7. Black line is the 1:1 line where version 4.1.2 results
equal the results from version 4.0.7.

Figure 3 shows the effect of version update on mean simulation of monthly
volumes (bars) and annual volume (annotated in figure panel). During the colder
months of October through February; simulated runoff is similar using either
version, but with perhaps slightly less runoff using version 4.1.2. From March to
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May, version 4.1.2 simulates less runoff; and during June to September, it
simulates more runoff, which diminishes by September. Diagnosing these results
to understand which version changes are leading to this shift in runoff seasonality
is an exercise left for the reader. However, an initial assessment suggests
differences in the two model versions’ snow hydrology and snowmelt runoff
generation such that model version 4.1.2 holds more snowpack later in the season,
resulting in some shift in runoff timing relative to 4.0.7. Based on the major
model changes listed in appendix A, this effect may be caused by VIC

version 4.1.2’s use of the MT-CLIM version 4.3 functions for disaggregating
meteorological forcing data in mountainous terrain (Thornton et al., 2000) versus
use of MT-CLIM version 4.2 that was incorporated into VIC version 4.0.7
(Thornton and Running, 1999). How this effect translates into a modulated

VIC sensitivity to climate change remains an open question, and exploring it was
outside the scope of this effort. For example, users might explore whether the
model’s runoff seasonality sensitivity to climate change is muted using

version 4.1.2 relative to 4.0.7, if version 4.1.2 is showing later spring snowpack
retention. Finally, figure 3 reports the mean annual runoff volumes using both
versions. For this basin, the effects on runoff seasonality lead to a 1.1 percent
increase in mean annual runoff (i.e., from 15.36 million acre-feet [MAF] using
version 4.0.7 to 15.53 MAF using version 4.1.2, which is minor compared to how
version 4.0.7 and 4.1.2 mean-annual values are respectively 4.5 and 5.6 percent
greater than estimated 1950-1999 natural runoff based on observations

(14.7 MAF)™.
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Figure 3. Mean monthly historical runoff volumes simulated at
Colorado River at Lees Ferry, Arizona, using VIC versions 4.1.2 and
4.0.7.

1 http:/Awww.usbr.gov/Ic/region/g4000/Natural Flow/current.html.
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Downscaled CMIP3 and CMIP5 Hydrology Projections

A quantified view of runoff sensitivities to version changes for all 43 evaluation
basins is provided by the combination of table 4, which reports mean monthly and
annual volumes for version 4.0.7, and table 5, which reports percentage difference
in mean monthly and annual volumes between versions 4.0.7 and 4.1.2. Thus, to
judge the significance of differences for any of the 43 evaluation basins, the
reader should consider results from both tables. Table 6 complements those
results by showing the sensitivity of the standard deviations in these volumes to
model updates (but without showing baseline standard deviations). The standard
deviation is an important parameter for the historical simulations because it
provides a statistical context for interpreting the significance of future changes.

Focusing on sensitivity of mean volumes (table 5), results show that many of the
basins exhibit sensitivities similar to the sensitivities shown for the Colorado River
at Lees Ferry, Arizona, where sensitivity in any single month is typically a much
greater percentage than it is for mean annual volume. The larger monthly
sensitivities may arise from relatively small incremental flow changes occurring in
low flow months (e.g., cool season months for snowmelt dominated basins). Often,
positive and negative differences partially cancel each other out, as was seen with
the timing of snowmelt in the Colorado River at Lees Ferry (figure 3), as well as for
flow projected at the Fort Churchill gage. While the annual sensitivities to model
change result mostly in small positive differences, as was seen with the Colorado
River at Lees Ferry, some sub-basins within the Missouri River Basin (No. 25, 26,
27, 40, and 41) and Rio Grande Basin (No. 30 and 31) showed substantial negative
annual runoff sensitivities to version change (-11 to -23 percent).

Sensitivity of the standard deviation in monthly and annual volumes (table 6) shows
how simulated runoff variability was affected by model changes. If the sensitivity
IS positive, use of version 4.1.2 is leading to greater simulated variability. Initial
review of results shows that variability in runoff sensitivity varies by basin and that
direction of sensitivity for variability is not always the same as that for mean
volumes (table 5). For example, while several sub-basins of the Missouri River
Basin and Rio Grande Basin were identified earlier as having substantial negative
mean runoff sensitivities, some of these same basins expressed significant positive
sensitivity in runoff variability, while other basins showed significant negative
sensitivity. Diagnosing how model changes lead to differences in runoff variability
is another exercise left for the reader.

In summary, this section illustrates how model changes affected the historical
hydrologic baseline from which future hydrology projections are developed.
Generally speaking, the change in simulated long-term water balance (annual
mean runoff) was generally small compared to effects on mean runoff seasonality
(monthly mean runoff) and seasonal runoff variability. The results of this section
are complemented by figures included in appendix C, which includes replications
of figure 2 and figure 3 for all 43 evaluation basins.
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Table 4. Simulated Mean Monthly and Annual Historical Runoff Volumes in 43 Western U.S.
Basins Using VIC Version 4.0.7

Basin Mumber, State Location, and Outlet Oct MNov Dec Jan Feb Mar Apr May Jun Jul Aug Sep |Annual
VIC 4.0.7 Mean Volume, WY1951-1999 (1000 TAF)
1, OR, Williamson R. below Sprague River 10 18 28 25 3E 67 77 51 23 11 7 6 361
2, CA, Klamath River below Iron Gate Dam 28 6l 1060 112 154 246 330 331 261 117 24 15 1784
3, CA, Klamath River below Seiad Valley 54 119 240 328 430 558 578 531 413 176 40 24 3493
4, CA, Klamath River at Orleans 32 230 529 723 B43 1035 973 B41 623 240 53 31 6208
5, CA, Klamath River near Klamath 150 497 1293 1801 2046 2252 1791 1300 872 311 69 a7 124328
6, 1D, Snake River at Brownlee Dam 866 929 9506 850 917 1522 2289 3403 3733 2350 1044 322 (19721
7, Wa, Columbia River at Grand Coulee 4142 3811 3278 2978 2829 3809 0054 11779159604 16462 6578 4313 |85638
8, OR, Columbia River at the Dalles JOBE 7238 6711 6172 59594 83213 11946 20615 31686 28277 12122 7194 |153260
9, WA, Yakima River at Parker 166 229 179 151 166 293 423 598 730 596 231 129 (3391
10, OR, Deschutes River near Madras 133 201 230 227 246 301 305 393 482 373 175 124 (3196
11, 10, Snake River near Heise 115 108 97 91 86 114 252 788 1287 648 152 106 |3343
12, MT, Flathead River at Columbia Falls 277 264 219 199 181 225 450 1098 1793 1387 442 277 |6B11
13, A7, Colorado River at Lees Ferry 600 ©01 551 516 492 702 1292 2990 35953 2255 850 552 |15355
14, CA, Colorado River above Imperial Dam 663 095 666 633 626 863 1318 2675 4043 2997 1136 658 10972
15, UT, Green River near Greendale 80 72 i} 59 57 83 140 318 496 329 132 30 1912
16, CO, Colorade River near Camen 127 130 132 123 108 135 252 742 1125 537 205 127 |3743
17, CO, Gunnison River near Grand Junction 938 95 83 78 73 111 217 505 620 270 108 382 2340
18, UT, San Juan River near Bluff 79 86 B0 72 65 87 158 381 485 228 91 65 1876
189, CA, Sacramento River at Freeport 320 872 2381 4286 4710 4565 3321 2255 1209 386 118 94 24517
20, CA, Sacramento River at Bend Bridge (Red Bluff) 124 338 9502 1539 1731 1692 1216 741 405 142 53 42 82926
21, CA, Feather River at Oroville 62 150 407 681 733 835 699 531 237 48 12 12 4412
22 CA San loaguin River near Vernalis 60 178 373 704 816 936 1064 1420 1058 443 97 48 7198
23, CA, Stanislaus River at New Melones Dam 9 34 B0 152 157 174 191 3250 166 66 12 5 1236
24 MT, Missouri River at Canyon Ferry Dam 204 192 1832 169 154 222 508 1153 1294 634 256 199 |5168
25, MT, Milk River at Nashua 121 &7 7o 71 87 158 208 358 477 386 171 144 |2342
26, CO, Platte River (South Fork) near Sterling 85 73 63 58 51 74 117 273 409 241 159 103 (1709
27, NE, Missouri River near Omaha 2799 2094 1625 1458 1480 2577 3981 5910 7932 7284 4140 2951 (44230
28, CO, Rio Grande near Lobatos 113 102 100 96 B4 91 122 301 348 193 137 119 |1804
29, NM, Rio Chama near Abiquiu 14 17 17 18 20 37 58 B4 38 20 17 13 331
30, NM, Rio Grande near Otowi 158 157 147 143 135 181 266 460 440 247 194 162 |2691
31, NM, Rio Grande at Elephant Butte Dam 221 211 204 200 190 23% 309 500 499 323 274 234 (3404
32, NM, Pecos River at Damsit No 3 (Carlsbad) 137 99 94 91 85 92 87 105 112 138 170 167 (1377
33, CA, Little Truckee River below Boca Dam 2 5 9 9 10 16 27 46 43 18 3 it 189
34 CA Carson River |West Fork) at Woodfords 0 i . 2 2 4 11 27 22 9 1 ] 81
35, CA, Sacramento-5an Joaguin Delta inflow 435 1181 3132 5964 6681 6397 4937 3956 2424 900 245 168 |36419
36, CA, San Joaquin River at Friant Dam i 28 52 93 130 172 248 429 368 155 30 13 1729
37, CA, Truckee River at Farad Gage (stateline) 7 21 48 50 56 39 143 237 150 73 10 3 928
38, NV, Truckee River at Nixon Gage 10 27 57 62 73 111 169 267 215 B85 13 5 1095
39, NV, Carson River at Ft Churchill Gage 6 15 30 34 a7 77 99 127 100 43 10 5 593
40, MT, Big Horn River at Yellowtail Dam 150 171 156 139 126 177 348 792 971 583 250 201 (4144
41, NE, Platte River (North Fork) at Lake McConaughy [118 102 B84 82 81 137 278 613 732 470 217 134 |3050
42, CA, American River at Fair Oaks 29 97 296 508 513 482 392 345 200 68 11 7 2949
43, CA, Tulare-Buena Vista Lakes basin 54 121 266 483 604 708 758 937 650 254 73 48 4957
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Table 5. Difference in Simulated Mean Monthly and Annual Historical Runoff Volumes in
43 Western U.S. Basin Using VIC Version 4.1.2 Rather than Version 4.0.7.

Basin Number, State Location, and Qutlet Oct Mov Dec Jan Feb Mar Apr May Jun Jul Aug Sep |Annual
Difference in Mean (VIC 4.1.2 Percentage Change from VIC 4.0.7)
1, OR, Williamson R. below Sprague River -5 -11 -8 -12 -14  -17 -3 ¥ 33 -2 -3 -4 -2
2, CA, kKlamath River below Iron Gate Dam 14 -2 -10 -16 -15 -10 3 31 24 6 10 25 7
3, CA, Klamath River below Seiad Valley 10 -3 -11 -16 -13 -4 12 35 21 6 14 23
4 CA, klamath River at Orleans 8 -4 -11 -14  -11 -1 16 35 19 3 3 21
5, CA, Klamath River near Klamath 4 -3 -8 -11 -7 3 18 35 18 -1 3 14
6, ID, Snake River at Brownlee Dam -12  -15  -13 -11 -15 -28 -27 -15 6 11 7] -11  [-9
7, WA, Columbia River at Grand Coulez p -4 -5 -4 -6 -10 0 10 15 17 14 & 9
8, OR, Columbia River at the Dalles -1 -7 -9 -7 -10 -16 -11 4 15 16 9 3 4
9, WA, Yakima River at Parker -4 -12 -12 -8 -13 -24 -8 15 26 10 -5 -3 3
10, OR, Deschutes River near Madras -11 -6 -17 -18 -20 -21 -% 6 14 8 -5 -10 |-5
11, 1D, Snake River near Heise 1] -6 -2 -1 -2 -9 -20 -14 13 29 12 3 5
12, MT, Flathead River at Columbia Falls 1] -8 -7 -6 -8 -13 -5 12 26 13 -3 o 9
13, AZ, Colorado River at Lees Ferry 4 -4 -7 -9 -1 -16 -21 -13 10 23 17 10 1
14, CA Colorado River above Imperial Dam 5 -2 -7 -9 -12 -14 -19 -16 3 22 17 10 il
15, UT, Green River near Greendale o -8 -9 -2 -1y -25 -25 -17 -3 20 17 9 -3
16, CO, Colorado River near Cameo 14 6 1 -2 -4 -11 -20 -14 14 32 28 22 7
17, CO, Gunnison River near Grand lunction 1] -8 -8 -9 -11 -20 -24 -20 4 20 12 F -4
18, UT, San luan River near Bluff 6 -3 -7 -3 -9 -13 -21 -16 14 30 18 13 2
19, CA, Sacramento River at Freeport -1 -4 -7 -7 -7 -2 14 30 17 -3 -4 o 2
20, CA, Sacramento River at Bend Bridge (Red Bluff) -1 -4 -7 -7 -5 -1 11 27 14 -1 -1 1 1
21, CA, Feather River at Oroville -1 -5 -0 -12  -14 -2 26 45 19 -2 -11 -1 5
22, CA, San loaquin River near Vernalis -4 -7 -9 -10 -8 -5 -5 5 22 10 17 -7 1
23, CA, Stanislaus River at New Melonzs Dam -7 -0 -13 -13 -12 -5 8 25 26 ] -32 -14 (4
24, MT, Missouri River at Canyon Ferry Dam -1 -5 -6 -6 -9 -20 -27 -10 22 18 5 ] 1
25, MT, Milk River at Nashua -18 -27 -30 -31 -48 -60 -50 -26 -6 -4 -11  -14  [-22
26, CO, Platte River (South Fork) near Sterling -12 -18 -23 -2 -20 -30 -30 -24 -4 3 -9 -11  [-13
27, NE, Misscuri River near Omaha -11  -16 -22 -25 -36 -49 46 -29 -14 -2 -5 -9 -19
28, CO, Rio Grande near Lobatos -28 -26 -29 -35 -40 -43 -32 -5 37 15 -18  -27 |-8
249, MM, Rio Chama near Abiquiu -81 -53 -36 -40 -41 -19 22 70 00 -7 -81 -89 |b
30, NM, Rio Grande near Otowi -40  -38 -32 -37 42 -39 -21 4 39 11 -31  -38  [-12
31, NM, Rio Grande at Elephant Butte Dam -31 -32 -29 -33 -36 -34 -0 4 35 13 -23 -29 |-11
32, NM, Pecos River at Damsit No 3 (Carlsbad) -6 -8 -13 -i6 -14 -10 -5 -5 -3 -4 -5 -6 -8
33, CA, Little Truckee River below Boca Dam -5 -6 -24 -37 -33% -35 2 44 27 2 -25 -2 8
34, CA, Carson River (West Fork) at Woodfords -9 -20 -25 -50 -43 -43 -30 8 36 12 -21 -3 4
35, CA, Sacramento-San Joaquin Delta inflow -2 -4 -7 -7 -G -2 8 20 19 a4 -10 -2 1
36, CA, San Joaquin River at Friant Dam -4 -11 -12 -14 -11 -85 -9 1 21 12 -15 -9 1
37, CA, Truckee River at Farad Gage (stateling) -5 -14  -23 -42 -45 -38 5 45 32 -3 -32 -11 (8
38, NV, Truckee Ri