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Hydrologic Response of the Columbia River
Basin to Climate Change

The short version: Climate change is expected to affect temperature and precipitation in the Pacific
Northwest and change the region's hydrology. This web site provides streamflow information for the
Columbia River and coastal drainages in Washington and Oregon State for the 21st century based on a large

number of clir ic d mode perir . Detailed ir ion about the study can be found
under Documentation, while model results can Data. The project i of
researchers in the UW Hydro | Computational Hydrology at the University

and the Oregon Climate Change Research Institute at Oregon State University.

The slightly longer version: The Pacific Northwest presents a mosaic of regional hydro-climates. While for
‘many it conjures images of snow-capped peaks, emerald forests, and roaring rivers, it is also home to open
plains and inland deserts. Water availability in our region affects local ecosystems, energy generation, water

supply, fisheries, agriculture, navigation, and recreation.

The Columbia River, which drains much of the Pacific Northwest, is the fourth-largest river by volume in the

United States. Hydroelectric facilities on its main stem and tributaries are responsible for nearly half of total

us. r ion. Pacific Northwest rivers are also home fish, suchas
salmon, that sustain envi i d culturally important fisheries. Northwest rivers
provide irrigati for i ps and support portation on the lower

reaches of the Snake and Columbia Rivers. Northwest forests have important ecological functions and
provide lumber and other natural products. Water-dependent recreational activities range from fishing and

boating to downhill and cross-country skiing.

These competing uses can result in conflict at times. For example, as a result of habitat degradation, dam
construction, reservoir operation, and other interventions, many salmon, trout, and sturgeon populations in
the Pacific Northwest are now listed as threatened or endangered. With a rapidly increasing human
population in the Pacific Northwest, careful management of water resources is necessary to ensure that the
Columbia and other northwest rivers can support a diverse range of uses for the decades to come, from

power generation to fisheries, and from recreation to ecosystem services. To this end, Pacific Northwest

natural resources agencies and water managers need i ion about future p: of water

in the region, both in time and space.

Much of the Pacific Northwest experiences dry summers and wet winters. Combined with our mountain
ranges and generally cold winters east of the Cascades, this winter-dominant precipitation regime has

historically resulted in large amounts of snow (Mount Baker still holds the unofficial world record for the

greatest recorded snowfall in asi i pack acts as a large reservoir,
d

retaining ing the winter and releasing it in spring and summer when rainfall amounts in the

Pacific Northwest are low.

Climate change can affect the hydrology of the region in a number of ways. Even without changes in

changes in will affect snow d melt. i will

result inmore rainfall in winter, less water stored as snow, and earlier melt of these thinner snow packs. For

some rivers, peak flows may nol occur in spring, in fall and winter instead. Warmer

summers may increase drought conditions, especially if less spring and summer runoff is available from

packs. Changes in precipif f these impacts.

This web site provides streamflow information for the Columbia River and coastal drainages in Washington
and Oregon State for the 21st century based on a large number of climate scenarios and model experiments.

Detailed information about the study can be found under Documentation, while model results can be found

under Data. The project d of inthe C ional Hydrology group at the
University of Washington and the Oregon Climate Change Research Institute at Oregon State University.

The River Management Joint Operating Committee released a report on the general findings of the study,

which provides a synopsis of methods as well as results for different regions around the Pacific Northwest.
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Introduction

Climate change, largely a result of

pected to lead to

igni ing of the planet over the coming decades (IPCC, 2014). This increase in temperature will be
accompanied by changes in other aspects of the climate system, such iccirculation and
precipitation. Resulting changes in ical fluxes (ie. irati d states (i.e.

snow water equivalent, soil moisture) are likely to change the flow regime of many rivers around the world.

The Columbia River, wh regime i heavily depend I snow melt, willlikely experi
ig hanges in the timing of th and possibly in total flow volume.

In 2013, The Bonneville Power Administrati icited proposals as part of its Technology and
Innovation Program to develop ../ a new set of ipitation, snowpack,

forecast projections for ire Columbia River System, Global Climate Model d:

being published in conjunction with IPCC-5", where IPCC-5 refers to the global climate model experiments
performed in support of the fifth assessment report of the IPCC (2014). In addition to updated global
climate models, BPA was interested in an evaluation of the effect of methodological choices in the modeling

process on the range of projected future hydrological conditions. Other requirements were:

output at a daily time step for the period 1950-2100

. atleast Pathways (RCPs)
« atleasttwo downscaling techniques
« atleast ical models flows

account for glacial melt

p that biased in the 1950-2010 (hi: ic) period relative to best-
available, estimated natural streamflows

provided in aformat usable by all three River Management Joint Operating Committee (RMJOC)
members to run hydroregulation studies.

The work would be an update to the previous Columbia River climate change study performed for the
RMJOC by the Climate Impacts Group at the University of Washington (Hamlet, 2011). Coloquially, this new
iteration can be referred to as the Columbia River Climate Change study or CRCC.

The work presented here s th f the project that to the UW Hydro | Computational

Hydrology group at the University of Washington and the Oregon Climate Change Research Institute at

Oregon State University. As detailed in the Methods section, ing data set takes advantage of

advancements in climate models, downscaling methods, and hydrological modeling. The dataset is intended

to be used for long-range planning by a variety of stakeholders in the region.

that was used in the pr ion of this d: follows that used in the

of the previous dataset (Hamlet, 2011). i ‘we eval d, and bias-corrected output
from CMIP5 global models, so that the output could be used as input for regional-scale hydrological models,
which cover the Columbia River Basin at a spatial resolution of 1/16° Multiple hydrological models were

then used to simulate the hydrology of the Columbia River Basin. The resulting spatial runoff was routed

through the channel network flow locations duce daily q
bias-corrected d i flow the period 1950-2100. These streamflow time
series areii for use in i ies. This pr applied to global cli del

based on two RCPs (RCP 4.5 and RCP 8.5). In accordance with the Opportunity Announcement, we
produced transient streamflow time series for the entire 1950-2100 period.

d ch: relative to the existi d (Hamlet, 2011) consist of the

following:

latest CMIPS global climate model output, which also form the basis for the IPCC ARS climate change
assessments, as well as recent regional climate modeling

multiple downscaling methods

multiple hydrological models

* newer versions of GCMs, { d i ection method.

hil have d best i d ity across all i d locations, errors

and/or problems do pop up on occasion. We keep track of known issues and their resolution.
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Methods Study domain and temporal extent

Datasets

Instructions h repi here provides projecti 396 sites the Pacific
References Northwest. Most of the sites are located within the Columbia River basin but the dataset also includes
Known issues ites within the | drainagesi ington and Oregon.

The i i ataspatial resolution of 1/16% which ponds to roughly
rectangular grid cells that are 6 km or 3.5 mi on a side, resulting in 23,929 individual hydrological model
elements (or grid cells) over the domain.

Most of the cli h, i i from water year 1950 through 2099. The exceptions are

(1) the historical simulation which runs from 1960 through 2011; and (2) the time series resulting from the
i i i by it Oak Ridge National

Laboratory.

Products

The main product of this project consists of i ies for 396 locations. Because of the

different methodological choices, there are 172 individual time series for each of these locations. In
addition, for a subset (190) of these locations, we provide both raw and bias-corrected versions of these
time series. All told, the streamflow dataset includes 100,792 individual streamflow time series. While this
number may be overwhelming in aggregate, many users may only use a selected subset or slice from that

larg ble. ide sep:

for every location in the domain for each

climate scenario, global climate model, ling method, and p.

The River Management Joing Operating Committee released a report on the general findings of the study,

which provides a synopsis of methods as well as results for different regions around the Pacific Northwest.

Methodological choices

One purpose of this study is luate the impact that
under cli hange. To construct a that could probe that question, we devised a
modeling tree which involved four decision point: Id ch iple options. These

methodological choices were made with respect to:

Representative concentration pathway
Global climate model

Downscaling method
Hydrological model

Representative concentration pathway (RCP)

The Representative concentration pathways (RCPs) describe four different 21st century pathways of

g and atmospheri ions, air pollutant emissions and land use (IPCC
2014). The RCPs are described in detail by Vuuren et al. (2011) and are available online. In turn, these RCPs
were used by the Coupled Model Intercomparison Project Phase 5 (CMIP5) to create climate projections

associated with each RCP.

As explained by IPCC (2014)), “The RCPs include a strir itigatic io (RCP 2.6),
scenarios (RCP 4.5 and RCP 6.0) and one scenario with very high GHG emissions (RCP 8.5). Scenarios
without additi t ir issi { i ios’) lead to ngir
RCP6.0 and RCP8.5 (Figure SPM.53). RCP2.6 is repi it a i aims to k b:

i 2°C above pre-i i :”In this project, we el luate climate
projections associated with the lower i I ios and the hi i0:RCP4.5and RCP 8.5.

For the study domain, both scenarios produce awarmer future than historically observed, with RCP8.5
warmer than RCP4.5. It is important to keep in mind that the RCPs are possible concentration pathways and
that actual greenhouse gas emissions may be lower or higher. The projected streamflow time series in this

dataset are predicated on our choice of RCP 4.5 and RCP 8.5.

Global climate model (GCM)

Global climate models (GCMs) use the RCPs to supply boundary conditions to simulate different realizations
of the future of the Earth's climate. Outp i lobal cli used in this study
to investigate the uncertainty withi gic projecti ing to choice of GCM. The CMIP5
experiment involved 31 GCMs, but this project uses outputs from 10 of them. The models were chosen

based upon a variety of metrics detailed in Rupp et al (2013). While the earlier Columbia River climate
change project (Hamlet, 2013) used GCM:s y of the same modeli these models have been
significantly enhanced and updated.

Downscaling method
D ing is a technique which translates gical i ion ata ively |
(~150 km) to the scale of the hydrologic model i ion (~6 km). D i f

incorp bi rection step which removes ic biases that the GCMs have in their simulations

of the 20th century. For example, a particular GCM may be wetter and warmer than observed climatology
when compared for a historical period. In climate change studies, we are predominantly concerned with the
change in climate over a periad of time. Therefore, we are interested in the change signal and correct the
model output for historic biases. After all, if we use the GCM output that is too wet and too warm as input to

ahydrology , th not be able to simul; i now

and melt with sufficient realism.

hree dif ing/bi: rection used to create the ical data for this

project:

« The bi: ion, spatial-dis ion (BCSD) technique (Wood et al, 2004). This method uses a
monthly quantile mapping approach to remove systematic biases at the GCM grid scale. It then uses an
inverse square weighting method to map the GCM outputs onto the fine scale spatial variability of the
domain. These meteorological forcings are available for 1950-2099. This is the method which was used in

the RMJOC- project.

The multivariate adaptive constructed analogs (MACA) technique (Abatzoglou and Brown, 2012). This
method was developed and implemented by John Abatzoglou and Katherine Hegewisch at the University
of Idaho. Like BCSD, it uses a training historical dataset to remove GCM biases. However, unlike BCSD,
MACA uses an analog approach to match spatial patterns in global climate model output to map them to
the fine scale variability of the domain. Another key difference is that the MACA approach uses daily
output from the GCMs, while BCSD uses only monthly output. Like the BCSD forcings, these are available
from 1950-2099.

« Fora subset of GCMs and scenarios, ble to use a set of P
developed by Moetasim Ashfaq and Shih-Chieh Kao at Oak Ridge National Laboratory (Ashfaq et al.,
2016). This method involved running a regional cli del i the GCM output
to an 18 km resolution. This output was then isti ias-corrected to th I that is used as

input for the hydrologic model. It is important to note that these forcings were trained to a different
historical meteorological forcing dataset. Further, unlike the two statistical techniques described above,

these forcings are only available from January 1966-November 2005 and January 2010-November 2050.

Hydrologic models

Four different i were used in th f the d: . Th di

f the Variable fon Capacity (VIC) model and a fourth was an implementation of

the Precipitation Runoff Modeling System (PRMS). The VIC model used in this project involved a novel

f asimple glacier model. In the i i f the d the four different model
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VIC-P1: This implementation of VIC uses parameters calibrated by the University of Washington to the
NRNI flow dataset provided by the RMJOC.

« VIC-P2 Thisi fon of VIC ibrated by at Oak Ridge National
Laboratory (Naz et al., 2016).

« VICP3:

his i i vic i by at the Research

Applications Laboratory at the National Center for Atmospheric Research.

PRMS-P1: This i ion of PRMS uses librated by the University of Washington to
the NRNI flow dataset provided by the RMJOC.

Routing model

The streamflow from all hydrologic model setups was routed through a stream network using the same
routing model and set-up. The RVIC model is a source-to-sink model developed originally by Lohmann et al.
with improvements by (Hamman et al. 2017). See rvic. o for detai ion on the
model.

Streamflow bias-correction

At 190 sites throughout the basin, the RMJOC provided time series of no-regulation, no-irrigation (NRNI)
streamflow. These reference streamflows were used, where available, to adjust the modeled streamflow
time series to remove systematic biases. The method uses the preservation of ratio technique described by
Pierce etal, (2015), with a number of adaptations to ensure that any change in annual volumes (i.e. a 15%
increase or decrease in overall streamflow at a given site) is preserved between the raw and bias-corrected
time-series. It is important to note that, as with most streamflow bias-correction procedures, the method
breaks the water balance of the hydrologic modeling system, adding or removing water from the system

such that there can be di: and locations. In addition, all flow

locati e bi: i which may result in inconsistencies between upstream and
locations at short ti
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Data sets

The main product of thi: j i i ies for 396 | ions. The in both

d forms for 190 of these s

Raw streamflow time series

Every one of the 39 i gl domain includes 172 bl be " inga

distinct realization of both the 20th century and the future 21st century. These time series are each unique

both in their representation of the control period (the 20th century) and the future period.

The tii ies h: post-pre i hat
model set-up produces. This is a key point: the raw streamflow time series are directly synced with the

hydrologic states of the modeling set-ups. Also, all of the streamflow time series within a stream network are

ka. increase i y given location location).

However, i i i ies dil from the i results i

biasesin th i p ied through to each of . For example,

given location i Ily too high given a poor calib

errors in meteorological forcing

information, ic bias willlikely occur across all simulations. In general, ic biases

are more pronounced for smaller basins.

Bias-corrected

For a subset of locations (190), we have produced bias-corrected flows. For these sites, RMJOC supplied no-
regulation, no-irrigation time series which provide a record of what h, i

humanii he system. i i d to adjust the modeled to

account for systematic model biases.

mportant to note that this additional modeling step breaks the water balance of the entire model set-
is added or ically. Further, unlike in th imulations described ab

y p between upstream and locations along a stream network.
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'M“:’;‘:‘:s""" Hypothetical scenario: You want to better understand how streamflow on the Yakima River is projected to
Datasets change by the end of the 21st century. You are curious about the change at two locations: Kiona and Troy.
Instructions
1. Navigate to the Data tab in the upper-right corner of the website.

References
Knowniissues 2. Locate your desired site for the Yakima River either:

o inthe dropdown menu by scrolling to Yakima River and selecting the location along the river you

‘wantor
o Selecting the blue icon in the inset map. ing to the location youwant. After clicking on the

blue pin, click the link below Website whichwill take you to the website housing that location’s data.

3. After arriving at the website for Yakima River at Kiona, scroll down to find tables including the different

modeling options. There s a di table for ing method and RCP.

4. Select the hydrologic model parameter set within the table. Then choose which GCM you would like to
select.

5. The desired cell within the table will include a Raw hyperlink which will take you to a link with a

At 190ssites (i ling the Yakima River at Kiona location) there will also be

options within the table with BC links to bi d time series. At other ions (fo

‘example Yakima River at Troy) there will only be Raw timeseries available.

6.Click on the desired ti i i ically begin. There file for
every site and every per i ling options. The top of each timeseries file includes a large

section of metadata describing the file contents. Each of those lines begins with a # symbol. The time

series then includes a date stamp and a set of daily instantaneous streamflow in cubic feet per second.

7. For analysis, the il ies in this d: i i to the transient time seri

in the RMJOC-| project. Every time series includes a control simulation in the 20th century which

reflects the climate as modeled by the GCM for the past. A key note is that the control simulation

reflects statistically the same climate as the past, but does not align with the same recorded weather as

was observed. So, for example, the same total amount of precipitation occured in the past for the GCM

simulation, but the drought of 1976-1977 does d ithin the I simulation. The
I hange i ingin 2006. Between 2006 and the end of the 21st century the

time seri iences the changes in d precipitation as modeled by the
RCP-GCM-downscaling method selected.
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ot Known issues
'M":Z‘:‘:sﬁ"" Thisis a large data set, summarizing about 25 thousand model years (across all RCP, GCM, downscaling
Datasets method and hydrologic model fons) for nearly 400 locations. While we have done our best to
Instructions i and quality across all per ions and locations, errors and/or problems do pop up on
References occasion.
Known issues
We keep a record of known issues and will report on these here. We will do our best to fix outstanding
problems as soon as possible. Note that poor per the raw model simulations at some locations is
unavoidable and something we cannot fix. However, spurious spikes in model inthe bi d

files, negative numbers in the streamflow files other than blocks of ~9999 in the dynamically-downscaled

simulations, formatting errors, etc. are things we would like to hear about.

Please consult these pages before filing a report by sending an e-mail to orianac@uw.edu. Use the subject

report for the CRCC . Please b if i filing areport,

at minimum clearly stating:

1. the version of the data set in which you encountered the issue
2. the specific files including the issue
3. the specific issue

We will not be able to respond to generic queries and will not be able to support requests for help with data

ingestion and formatting. Please use the suggested e-mail subject to ensure that the e-ma

overlooked.
date | ¥ date version | "
with . issue notes action
fied | pin | resolved | withissue
. resolved
issue
Spurious spikes This appearsa
and -9999 values | resultof multi-day | Added a very small,but
- N : : "
2017- 2018-
om0 | V10 ot | vt f inthe | to
some models at simulated streamflows to remove
€OT and DOR streamflow for 0 s from the record.
locations these locations
. y This appearsa
Sy ike:
puriouspe | resultoftheNRNI | For these twosites, the
and -9999 values .
las-corrected record for these streamflow bias-
2017- 2018- twosites not correction used a
v1i0 vil streamflows for .
12:05 o111 extending the training period
some models at
pllagligpeiet length of the pe constrained between
. used for training ‘WY 1963 and 2002.
locations . g
the bias-correction.




UW Hydro | Columbia River Climate Change HOME  DOCUMENTATION

Bart Nijssen David E.Rupp

Oriana Chegwidden Philip Mote

UW Hydro | Computational Hydrology Oregon Climate Change Research Institute
Civil and Environmental Engineering Earth, Ocean, and Atmospheric Sciences
University of Washington Oregon State University
UWHYDRO

COMPUTATIONAL

HYDROLOGY

OCUCKI

About UW Hydro Our Home

UW Hydro builds tools to simulate and investigate the terrestrial hydrological

cycle




