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Executive Summary

Introduction

The initial report of the Intergovernmental Panel on Climate Change (IPCC 1990) and
those that have followed (IPCC 2001) conclude that our climate is changing. One of the
most important impacts of climate change is on the world's fresh water supplies, caused
by increased temperatures, changed precipitation, and shifts in the historic hydrologic
cycle. These changes are of particular interest in the Pacific Northwest because of the
interplay between precipitation and temperature. Changes in temperature alter the
delicate interactions between the amount of precipitation that falls as rain and snow, the
accumulation of snow during the winter, and when this snow melts and contributes to
streamflow. In addition, climate change can alter the demand for water, with demands
increasing during dry, warm periods and decreasing during cool, wet periods. These
changes in availability and demand of water will impact municipalities that are charged
with providing safe and reliable drinking water. Climate change may impact a
municipality's ability to provide water to existing customers and their planning for the
future. New sources of water may be required, and the evaluation of these new sources
should consider potential climate change.

This study explores the impact that climate change will have on the Bull Run watershed
and the Portland Water Bureau's (PWB) ability to provide reliable water to its customers.
The study uses a series of linked models to address the potential impacts of climate
change. These models simulate three aspects of the process: the climate, the hydrologic
cycle, and water supply system management. The results of this study are of particular
relevance, as the PWB has recently completed a comprehensive water plan and must now
decide which of several potential alternatives it should pursue in continuing to provide
safe and reliable water.

Currently, water demands are met with two major dams in the Bull Run watershed and
with groundwater. The active capacities of the dams are small (10.2 billion gallons)
relative to the flows delivered from their watersheds, thus they refill annually. A number
of system expansion alternatives are being considered, including the construction of Dam
3 in the Bull Run basin and the expanded use of groundwater. Dam 3 would double the
available surface storage in the basin whereas expansion of the groundwater sources will
make the PWB more dependent on subsurface sources. Growing regional water demands
will compromise PWB's current ability to provide water reliably during drought events in
the future. The decision of how best to supplement the existing water supply with a
combination of conservation and new sources is an important decision that will define
PWB's role in regional water supply.

Climate Change

In this report, four different Global Circulation Models (GCMs) are used to estimate
climate change impacts in the Bull Run watershed: the Department of Energy’s Parallel
Climate Model (PCM), the Max Planck Institute’s ECHAM4 model and the Hadley
Centre’s HadCM2 and HadCM3 models. These models incorporate a one-percent
increase in carbon dioxide per year (the most important green house gas) as the primary



driving force for climate change. The climate models used are among the most highly
respected models currently available. All four models produce results that suggest
summers will be warmer and dryer in the Bull Run watershed. The ECHAM4 model
produced the most significant impacts on system reliability.

Monthly changes in temperature generated by these models suggest a general warming
trend of about 1.5° C for the decade 2020 and for about 2.0° C the decade 2040 (Figure
ES-1). Average monthly temperatures are warmer is every month with the greatest
increase in July and August. Precipitation increases in the winter and decreases in the
summer. Scientists suggest a high confidence in this estimate of the temperature change,
while there is less confidence in exact magnitude of the precipitation change.

Hydrology

The changes in temperature and precipitation have a direct impact on the hydrology of
the basin. The Distributed Hydrology, Soil-Vegetation Model (DHSVM) is used to
combine historic climate conditions with the climate change signals from the GCMs to
obtain climate-altered streamflows (Figure ES-2). The average effect of climate change
on the streamflows is that winter flows increase by approximately 15% (2040) and that
late spring flows decrease by approximately 30%. The increase in flows historically
experienced in April (the spring snowmelt runoff) disappears. These changes are due to
an increase in the precipitation falling as rain rather than snow in the winter months, a
decrease in the maximum winter snowpack, and a temporal shift in snowpack melt.
Although the individual GCM results vary, the general trend is the same : Climate
change will cause the Bull Run watershed to become a more rain-driven system,
experiencing less late-spring and summer flows.

The change in streamflows from April through September is important since this is the
period when demands increase and reservoir storage is used. Figure ES-3 presents the
average monthly change in inflows for the current hydrology and the four climate change
forecasts. The figure illustrates that, on average, the combined Bull Run River inflows
from April to September decrease by 20,000 cfs-days (39,670 acre-ft or 12.9 billion
gallons).

Water Supply Impacts

The impacts of climate-altered streamflows on water supply performance are evaluated
using the Storage and Transmission Model (STM) considering three climate impacts:

1) changes in water availability, 2) changes in water demand created by climate change
and 3) changes in water demand created by anticipated regional growth. Changes in
water availability and changes in demand related to regional growth are determined for
the entire hydrologic record. Seven specific years were selected for detailed
investigations into the impacts on water demand due to climate change. The hydrologic
conditions for these years ranged from wet (1968) to average (1966 and 1982) to dry
(1952, 1987, 1992 and 1994).

Figure ES-4 summarizes the impacts of climate change on the annual minimum storage
of the current system. The average hydrologic impact of climate change on minimum
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system storage is approximately 1.3 billion gallons, and varies between years. The
impact of increased demands due to climate change averages 1.5 billion gallons, and is
less variable than the hydrologic impacts. The average impact of climate change on the
current system is to require approximately 2.8 billion gallons more storage per year to
meet demand. For a year like 1966, the change could be more than 5.5 billion gallons.
These impacts reduce the safe yield of the seven years investigated by an average of 21
mgd below current yields. Climate change also has the effect of extending the drawdown
period due to lower flows and higher demands, putting the system at risk over longer
periods.

The increase in demand associated with anticipated regional growth during the summer
reservoir drawdown, without considering climate change, averages 4.1 billion gallons by
the year 2020 and 5.5 billion gallons by 2040. When all three factors (climate change on
hydrology, climate change on demand, and regional growth) are considered jointly there
is, on average, 8.0 billion gallons in reduced inflows and increased demands that must be
generated by 2020 and this number increases to 9.6 billion gallons by 2040. In 2040, the
most extreme shift results in over 12 billion gallons in increased demands and decreased
inflows. This will make the system even more reliant in the future on summer inflows,
inflows that will decrease due to climate change.

Management Implications

These increased demands and reduced supplies can be met in several ways in the future,
and two are investigated in this report. One alternative is to rely more heavily on
groundwater and expand Dam 1 and Dam 2 (denoted as SC2) and another is to build
Dam 3, providing approximately 14 billion gallons of addition surface storage (denoted
as SC3). If groundwater is developed, the water used to meet increased demands comes
primarily from groundwater. Figure ES-5 summarizes the impacts of these alternatives
using the ECHAM4 scenario.

For the SC2 scenario, the 2040 climate change impacts associated with the most severe
drought on record (1987) uses 9 billion gallons of surface water (leaving a minimum
active storage is less than 1.5 billion gallons) and approximately 14 billion gallons of
groundwater. This suggests an average summer groundwater pumping rate of
approximately 80 mgd for a 180 day drawdown period.

If Dam 3 is built, it provides a significant safety factor for storage into the future
(assuming that instream flow requirements on the Bull Run River are not increased). For
the 2040 demands, 22 billion gallons of surface water is used to meet the demand during
the drawdown period, resulting in a minimum active storage in Bull Run of 7.3 billion
gallons. (The dead storage in Dam 1 and Dam 2 is considered to be 6.9 billion gallons)

Water availability and water demand vary significantly between years. Figure ES-5
presents the range minimum annual storages and groundwater pumped for the two
alternatives. The figure suggests that with 2040 demands and the impacts of climate
change, the groundwater alternative would result in an average active minimum storage
of 3.1 billion gallons while pumping almost 6 billion gallons of groundwater. For the
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Dam 3 option, no groundwater is pumped and the average annual active minimum
storage is 14 billion gallons.

PWB's ability to provide reliable water in the future under climate change must address
three issues: a growing regional demand (a demand that is independent of climate
change), an increase in water demand associated with climate change, and a decrease in
the amount of water available in the late spring and summer. Although regional growth
is the major source of challenge, climate change exacerbates the problem. Viable
solutions to meeting water demands in the future must be able to address all three
concerns simultaneously.

This research demonstrates that climate change will alter the basic hydrology of the Bull
Run River watershed and the demands of the PWB and that these impacts will result in a
decrease in the system safe yield. As noted in the Infrastructure Master Plan, additional
investments in infrastructure will be needed to meet future demands, and when these
decisions are made, the impact of climate change should be included. Both alternatives
evaluated meet the forecasted water demands for the year 2040. Selection of any
alternative will depend on the acceptability of increased reliance on groundwater, the
challenges associated with dam construction in the Bull Run basin, system costs and
system sustainability. Dam 3 provides sufficient surface water storage to meets
forecasted demands well beyond 2040, even in severe drought years. The groundwater
alternative evaluated provides little surface water in storage during extreme droughts and
would increase the ratio of groundwater to surface water and dramatically increase the
average annual groundwater pumped.
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Figure ES-1. Average 2040 Climate Change Signal Temperature Increase and Percent Change in
Precipitation
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Figure ES-2. Average Monthly Flows for Current Climate and 2040 Climate Change Scenarios
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The Impacts of Climate Change
on Portland's Water Supply:
An Investigation of Potential Hydrologic and
Management Impacts on the Bull Run System

1. Introduction

This report describes the potential impacts of climate change on the hydrology of the Bull
Run watershed. In addition, the study evaluates the impacts of climate change on
Portland Water Bureau's (PWB) ability to provide water reliably from the Bull Run
system in the future. Water supply planning has always addressed a variety of variables.
The yield from surface water supplies is inextricably linked with hydrologic
uncertainties. Yield calculations are typically based on historic records with the implicit
assumption that climate is not changing, but with the understanding that low flow events,
more extreme than those that have been recorded, could occur in the future because of
climate variability.

The initial reports of the Intergovernmental Panel on Climate Change (IPCC 1996) and
those that have followed (IPCC 2001) have consistently noted that our climate is in fact
changing, and one of the most important impacts of climate change is on the world's
water supplies. These impacts will be experienced in a variety of ways, including
increased temperatures, changed precipitation, and shifts in the historic hydrologic cycle.
These reports have noted that not all regions will be impacted equally, with some regions
experiencing particularly negative effects, while other areas may actually benefit from
climate change. Due to the limited resolution of early, large-scale, general circulation
models (GCMs), the calculation of the precise impacts of climate change was left to later
studies.

The impact of climate change on water supplies in the Pacific Northwest has been of
interest for a number of years (Hahn et al. 2001, Lettenmaier et al. 1999, Wood et al.
1997). Pacific Northwest basins hold particular intrigue because of the interplay of two
factors, rainfall and temperature. All of the major water resource systems in the
Northwest rely on snowpack to provide a significant source of water in the late spring
and early summer. Changes in temperature and precipitation alter the delicate interaction
between the amount of precipitation that falls as either rain or snow, the eventual
accumulation of snow during the winter, and temporal variability with which this snow
melts and flows through the watershed.

The extent to which climate change may impact a watershed and its use are a function of
several factors including the magnitude of the change in climate, the degree to which the
watershed has already reached its sustainable use, and the physical setting of the
watershed. Small shifts in climate (precipitation and temperature) may not result in
significant changes in a watershed. However, watersheds that are already at their
sustainable level of use may be negatively impacted by even minor shifts in climate.
Watersheds that are located at high elevations may not be impacted by modest changes in



temperature, as most of their precipitation will continue to fall as snow. Watersheds at
low elevation will likewise likely be unaffected, as precipitation will continue to fall as
rain. Changes in winter total precipitation may not impact water supply systems, as this
water is not typically captured for later use. Changes in spring and summer precipitation
may have significant impacts.

Water supply systems that rely on transient watersheds are at the greatest risk. A
transient watershed receives its precipitation as both rain and snow resulting in a “two
peak” hydrograph, one peak in early winter from rain fall and another peak in the spring
due to snow melt. Watersheds supplying municipal water in the Pacific Northwest in
particular encounter the possibility that even small changes in climate may influence the
quantity and timing of runoff. Analysis of the impacts of climate change in municipal
watersheds for Puget Sound, Washington reveal a change in the timing of streamflow
volumes, a result of the climate change induced snow accumulation and melt (Hahn et al.
2001). The Bull Run watershed, similar in elevation and vegetation to other Western
Cascade municipal watersheds, is examined here in detail to determine the range of
potential impacts associated with climate change.

Climate change is, of course, only one of many concerns faced by utilities when they plan
for the future. Utilities must also cope with the uncertainties associated with water
demand, conservation, changing user demographics, unanticipated treatment costs,
maintenance of system infrastructure, changing water quality regulations, evolving
requirements of aquatic populations and other environmental concerns, and their ability
to develop and maintain new water supply options.

Explicit consideration of climate change is important, however, as it may significantly
alter water supply sources that have been considered "certain" in the past. Climate
change can not be controlled directly by an individual utility (this will be done at a
national and global level), but it is a concern that can only be planned for and carefully
considered in the evaluation of source reliability. Climate change impacts on water
supplies are now being studied as evidence that climate change in the 20" century is
becoming more evident and our ability to understand and model its impacts is improving
(IPCC 2001). It is a significant purpose of this report to place potential climate change in
perspective to other planning concerns, most explicitly that of growing future water
demands.

This study employs a series of loosely linked models to address potential impacts of
climate change. These models simulate three aspects of process: the climate, the
hydrologic cycle, and water supply system management. Outputs from climate models
are used to alter past meteorologic data to capture the potential impacts of future climate.
These data then serve as inputs into a hydrologic model of the Bull Run watershed. The
streamflows generated by the hydrologic model become inputs to the water supply
systems model.

This report describes the models that are used, the analysis process, and the results that
were generated for the Bull Run system. Section 2 describes the hydrology of the Bull



Run watershed and the interaction between the basin’s hydrology and the Portland Water
Bureau’s system of reservoirs. Section 3 discusses the models and model assumptions
used in the analysis. Section 4 presents the climate change impacts that come from the
General Circulation Models. Section 5 describes how climate change is modeled within
the watershed. Section 6 describes the impacts of climate change on the water supply
system performance. The final section summarizes the major conclusions and provides
recommendations for planning and management strategies for the Bull Run system.

2. Bull Run Watershed Hydrology

The Bull Run watershed is located nearly 30 miles east of the City of Portland. The
watershed contains three reservoirs: Bull Run Lake, a natural lake in the upper portion of
the watershed; Reservoir 1, located fourteen miles downstream of Bull Run Lake; and
Reservoir 2, located four miles downstream of Reservoir 1. The watershed experiences
an average annual rainfall of 80 inches in the lower elevations and up to 180 inches at
higher elevations, resulting in an average annual runoff of 300,000 acre-ft (97 billion
gallons, 13 billion cubic feet) at Bull Run Headworks.

Reservoirs 1 and 2 (Figure 1) have a combined capacity of 50,000 acre-ft (16.3 billion
gallons) of which 31,000 acre-ft (10.2 billion gallons) is active storage and 20,000 acre-
ft (6.5 billion gallons) is dead storage due to natural sediments in the lower portions of
the reservoirs. Bull Run Lake, used intermittently during times of drought, has a capacity
of 1841 acre-ft (0.6 billion gallons). Approximately 10% of the average runoff is
captured as usable storage. The ratio of runoff to active storage is large and the
reservoirs historically refill multiple times every year.
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Figure 1 - Map of the Bull Run Watershed, Oregon



The basin's precipitation falls as both rain and snow. The similarity between the monthly
basin hydrograph and the monthly average precipitation illustrates the strong and
immediate influence of rain on streamflow. As Figure 2 illustrates, the monthly average
streamflow mimics monthly average precipitation almost precisely. The months of April,
May and August are the exception. In April and May snow melt contributes to
streamflow. August precipitation increases, but streamflow continues to decrease,
principally because of the soil deficit typical in the basin at that time.
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Figure 2 - Monthly Average Precipitation and Flow at Bull Run Headworks, Oregon

Not all watersheds in the Pacific Northwest demonstrate such a close correlation between
monthly precipitation and monthly streamflow. Snowmelt and its timing can have a
major impact on streamflow. This phenomenon is most clearly demonstrated by the
Columbia River where late spring and summer flow are much higher than those that can
be attributed to spring and summer rainfall. Such basins, where the monthly annual flow
is created by snowmelt, are typically noted as snow-driven watersheds.

However, smaller watersheds can also demonstrate the influence of snow accumulation
and melt. Figure 3 presents the monthly average streamflow and the monthly average
precipitation for the Cedar River in Washington state at Chester Morse Lake. This site is
at the same approximate elevation as the Bull Run site, but is located some 180 miles to
the north. Figure 3 illustrates the impact of spring runoff, as streamflow during the
spring is significantly greater than the contribution provided simply by monthly
precipitation. A distinct, two-peak pattern is seen in this watershed, one created by
rainfall (early winter), and a second created by rainfall and snowmelt (late spring). Such
basins are typically noted as transient watersheds.
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Figure 3 - Average Monthly Precipitation and Streamflow for Cedar River Watershed, Washington

The amount of snow that is captured in a watershed and the timing of its melt helps to
explain the monthly watershed hydrographs. In the Bull Run watershed, snow depth has
been collected consistently at the North Fork Bull Run Snotel site (#22D02S) since 1979.
To estimate the quantity of water contained in a snowpack, the snow water equivalent
(SWE) is calculated. A SWE measurement is based on the weight of snow and accounts
for the variability in snow density. The average monthly values for SWE in the Bull Run
watershed are shown in Figure 4. As indicated, about three-quarters of the maximum
snowpack melts by May 1 and the remainder by June 1. The significant drop in SWE
from April to May represents the majority of the spring snowmelt. This melt is also
represented as the smaller April peak of streamflow in the monthly averages hydrograph
in Figure 2.
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Figure 4 - Average Monthly Snow Water Equivalent for North Fork Bull Run Snotel Site
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The snow melt period impacts the management of reservoirs and demand. In the Bull
Run system, for the existing reservoir operating rules and current climate, the reservoirs
remain full and spilling until approximately June 24™ in 44 of the 49 years evaluated in
this study. Figure 5 through Figure 11 illustrate the snow water equivalent (for those
years after 1979) and reservoir storage in the years 1952 (large impact of climate
change), 1966 (large impact of climate change), 1968 (small impact of climate change),
1982 (a typical year), 1987 (a drought year in which fall rainfalls returned late), 1992 (a
drought year in which the spring snowpack was very low) and 1994 ( the 1 in 10 drought
event). In 1982 and 1987, snowpack refilled the system and the system had an extended
period of spilling after the snowpack dissipated.

The annual cumulative precipitation and the average monthly temperature are shown for
each of the years as well (Figure 12 - Figure 18). These specific years will be used to
illustrate the impacts of climate change later in the report.
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Figure S - Combined Bull Run Reservoir Volumes and Rule Curves for 1952 as modeled by the STM
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Figure 6 - Combined Bull Run Reservoir Volumes and Rule Curves for 1966 as modeled by the STM.
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Figure 8 - Combined Bull Run Reservoir Volumes and Rule Curves and Basin Snow Water
Equivalent for 1982 as modeled by the STM

Top of conservation pool

Combined Bull Run Reservoir Level Dam1 and 2 Combined Reservoir Level

1987 Hydrology with 2000 System Configuration ——Bottom Conservation Pool
= = Snow Water Equivalent
20,000 25
18,000 -
16,000 A N\ \ 20 @
<
14,000 \\ %
[2] c
§ 12,000 N 15 8
© 2
O 10,000 - \ =
S \\ w
= 1 -\ 1108
S 8000 .‘:“frl Y 1o§
] 1
6,000 1 3/ \ >
' 2
4,000 A/ W +5 &
1
2,000 - ' ’_-
o
0 : \ ‘ AN |,

Jan-87 Mar-87 May-87 Jul-87 Sep-87 Nov-87 Jan-88

Figure 9 - Combined Bull Run Reservoir Volumes and Rule Curves and Basin Snow Water
Equivalent for 1987 as modeled by the STM
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Figure 10 - Combined Bull Run Reservoir Volumes and Rule Curves and Basin Snow Water
Equivalent for 1992 as modeled by the STM

Combined Bull Run Reservoir Level
1952 Hydrology with 2000 System Configuration

Top of conservation pool

Dam1 and 2 Combined Reservoir Level
== Bottom Conservation Pool

= = 'Snow Water Equivalent

20,000 25
18,000 A
16,000 i Y AR \ 20 8
[&]
14,000 - \ =
512,000 A " 115 3
3 TN =
©10,000 - o, , =3
c ! LI \Vh ’ 1 L
9 . \ \ o}
= 8000 ;Y IR RTE:
S N2
6,000 ! ; L z
I ; ' (%
B 7 1
4,000 ; ' / 5
2,000 - i \ #
A 4 \ f
0 L - T ‘\ T T T T 0
Jan-94 Mar-94 May-94 Jul-94 Sep-94 Nov-94 Jan-95
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Figure 12 - Cumulative Precipitation and Average Monthly Temperature for 1952
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Figure 13 - Cumulative Precipitation and Average Monthly Temperature for 1966
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Figure 14 - Cumulative Precipitation and Average Monthly Temperature for 1968
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Figure 15 - Cumulative Precipitation and Average Monthly Temperature for 1982



Temperature and Preciptation Values for 1987
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Figure 16 - Cumulative Precipitation and Average Monthly Temperature for 1987
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Figure 17 - Cumulative Precipitation and Average Monthly Temperature for 1992
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Temperature and Preciptation Values for 1994
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Figure 18 - Cumulative Precipitation and Average Monthly Temperature for1994
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3. Models

As noted previously, three types of models were used in this study: climate models, a
watershed model, and a water supply system management model. The level of direct
involvement of the researchers with these models varied. The researchers did not
generate the results presented from the GCMs; rather, they used published results from
these models that are made available to the research community. These results represent
forecasts of climate change based on specific assumptions about the production of
"greenhouse" gases that have been deemed appropriate by the climate change research
community. These greenhouse gas scenarios are believed to be the most scientifically
defendable climate change scenarios available (IPCC 2001). The most significant role
the authors played in the manipulation of these data was to "downscale" climate outputs
to an appropriate meteorological data set. The downscaling process is described in the
next section.

The hydrology model used in this study was the Distributed Hydrology, Soil-Vegetation
Model (DHSVM). This model is a distributed model, meaning that the watershed is
divided into a series of small areas (pixels that are 150 meters square) and each area and
its impact on other areas is modeled explicitly. This model can be considered a
"rainfall/runoft" model, although the modeling of snow is an important feature of the
model. The researchers made use of the DHSVM framework and developed data sets
specifically to represent the Bull Run system.

The water supply system management model used has been denoted as the Supply and
Transmission Model (STM). This model was developed by the researchers specifically
for the PWB, and it was modified to more readily accept the climate change data used in
this study (Palmer et al. 2000). The linked model process is common in the area of
climate change impacts assessment (Hamlet and Lettenmaier 1999, Wood et al. 1997,
Kirshen and Fennesey 1995). Figure 19 illustrates the linking process.
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Each of these models is described in detail in the following subsections.

Climate Change Models
(PCM3, ECHAM4, HadCM2, and HadCM3
Output: Monthly Degree change in Temperature,
Monthly Percent change in precipitation

&8

Hydrology Model
DHSVM
Output: Climate Change
Streamflows

&

Water Supply System Model
Portland Supply Transmission Model
Outputs: Annual Minimum Storage,
Groundwater Pumped, Length of
Drawdown,

Figure 19 - Schema of Linked Models used for Assessing Climate Change Impacts

3.1. General Circulation Models

The four General Circulation Models used in this study are the Department of Energy’s
Parallel Climate Model (PCM), the Max Planck Institute’s ECHAM model and the
Hadley Centre’s HadCM2 and HadCM3 models. These models incorporate a one percent
increase in carbon dioxide per year. They report climate information for the years 2025
and 2045, which are assumed to be an average for the 2020 and the 2040 decades.

The Parallel Climate model was developed in 1996 by the National Center for
Atmospheric Research with support from the US Army Corps of Engineer's Cold
Regions Research and Engineering Lab and Los Alamos National Laboratory with
funding from the US Department of Energy. It is a coupled atmosphere-ocean model
with a 2.8 by 2.8 degree resolution. The results of the PCM were not included in the
most recent assessment by the IPCC, but are currently being used for climate change
studies throughout the western US (PCM 2001).
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The Hadley Center models and the Max Plank models are included in the most recent
IPCC report (IPCC 2001) and in IPCC reports of the past (IPCC 1996). The Hadley
Center models, HadCM2 and HadCM3, were developed in 1994 and 1998, respectively.
These models are also coupled atmospheric models with resolutions of 2.5 x 3.75
degrees. Although the HadCM3 is the successor model, the Center uses both models to
produce climate change signals. The difference between the two models is primarily in
the modeling of ocean layer interactions and ocean decadal variability (Hadley Center
2001). The Max Planck Institute of Meteorology model, ECHAMA4, is an atmosphere
only model with a resolution of 2.8 by 2.8 degrees. The ECHAM was developed in 1995
and is based on the weather forecast model of the European Centre for Medium Range
Weather Forecasts (ECMWF) (Max Plank Institute 2001). There are many other
atmosphere and climate models being used and developed in the research community.
The climate model results used in this study are respected in the climate change
community as indicated by the use of the results by the US Department of Energy and the
IPCC.

The climate signals from these models are not used directly but are “downscaled,”
because the spatial resolution of the models is relatively coarse. This coarseness prevents
the explicit consideration of many geographic, orographic, and maritime features
(landscape and vegetation, mountains, bodies of water) that directly impact expected
climate effects. To "downscale" the climate information, it was translated from a multi-
degree to a one-degree scale with the Symap algorithm (Shepard 1984).

The climate signals from GCMs are calculated by taking the average monthly difference
of temperature and precipitation of the specific climate model control run (a run that
simulates current climate) and a future climate model prediction. The temperature signal
is the difference of the control and future monthly temperature averages, and the
precipitation signal is the percent difference of the control and future monthly
precipitation averages (Hamlet and Lettenmaier 1999).

As noted previously, the principal outputs from the climate change scenarios used in the
watershed model are temperature and precipitation. Average monthly differences in
temperature and precipitation in the GCMs at the year 2000 and the GCMs at future years
(2020 and 2040) are used to determine average monthly shifts due to climate change.
These shifts or "deltas" are then applied to the historic data that are used as inputs into the
watershed model. In any given year the impacts of climate change are created by using
the basic historic temperature and precipitation data shifted by the appropriate delta
value. Again, it is important to note, however, that simple changes in temperature and
precipitation can significantly alter the amount of precipitation, the proportion of rain to
snow, and the timing when snowpack in a watershed melts. These changes form the
foundation of the impacts that will be investigated in this report.
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3.2.  Distributed Hydrology, Soil-Vegetation Model

The hydrology model used in this analysis, Distributed Hydrology, Soil-Vegetation
Model (DHSVM), produces daily streamflow values that reflect the climate change
signal. DHSVM is a physically based hydrology model that characterizes a watershed as
a multi-layered 150 m grid. Each pixel in the grid is characterized by several physically
based data layers, including the soil and vegetation type, soil depth, vegetation height,
and surface elevation and slope (Figure 20). The model simulates hydrologic processes
with meteorologic data (temperature and precipitation) and the physical data layers that
are unique to the watershed. The runoff in the simulation is transferred from cell to cell
and accumulates into in a streamflow network layer.

1-1 Vemical Warar Balance

DHSVM Model Representation

Topogtaphically-based

Surface f Subsutface Flow
Redistiibution ta / from
Neghharing Pixele

Figure 20 - Schematic of the grid and layer system of the Distributed Hydrology, Soil-Vegetation
Model

The small grid size of DHSVM enables the model to effectively simulate small-scale
catchments with complex topography. The model, developed at the University of
Washington and Battelle Memorial Institute, has been used most extensively and
successfully in the tree lined watersheds of the Pacific Northwest (Wigmosta 1994,
Bowling 1997, Van Shaar 2000, Storck 2000). It is currently being used at the University
of Washington to generate short-term streamflow and snowpack forecasts for basins
along the western slopes of the Cascade Mountain range
(http://hydromet.atmos.washington.edu/).

Each DHSVM application is based on a series of data sets and model parameters that are
unique to a watershed. The data sets represent the general physical nature of the basin
(elevation, soil type, precipitation, vegetation) and the parameters represent more detailed
characteristics of interactions (roughness of snow, leaf area index, etc.) among the
physical components of the basin. The application of the DHSVM to the Bull Run
watershed included gathering spatial data sets that describe the basin’s physical nature,
collecting meteorologic data sets that describe the precipitation and temperature of the
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basin for an extended time period, and calibrating the model so that the simulated
streamflows represent the observed streamflows.

The calibration of DHSVM for the Bull Run watershed is briefly outlined below with the
final calibration results. The entire calibration process is detailed in Appendix A in a
series of progress memorandums from the University of Washington to the Portland
Water Bureau.

The DHSVM application to the Bull Run was calibrated in three stages: 1) an Initial
Calibration, 2) a Data Set Driven Calibration and 3) Parameter Driven Calibration. This
three-stage process is typical in calibrating physical models. It is important to first
establish that the basic model is appropriate, apply specific data for a basin, and then
modify parameter values to obtain a best fit. A fourth calibration effort is shown in this
report and is the result of adjusting the monthly value for the temperature lapse rate. The
improvement of the final calibration is shown in the annual hydrograph, Figure 21.

The DHSVM application of the Bull Run watershed has been calibrated by a visual
inspection of an annual hydrograph and mean absolute percent error (MAPE) values
comparing observed and modeled flows. The annual hydrograph and MAPE values of
Final Calibration I and Final Calibration II are shown in Figure 21 and Table 1,
respectively.
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Figure 21 - Average Monthly Flows for Observed Record and DHSVM Simulated
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Table 1 - Mean Absolute Percent Error values for calibration comparison between DHSVM

simulated and observed average monthly flows.

Mean Absolute Percent Error F ina} 'Fingl

Calibration I | Calibration II
Daily (1950-1999) 33.69% 30.97%
Daily (May - November, 1950-1999) 31.44% 30.47%
Daily (May - November, 1982, 1987, 1992, 1994) 37.01% 36.02%
Monthly (1950 - 1999) 21.57% 19.41%
Monthly (May - November, 1950 - 1999) 29.46% 20.56%
Annual (1950 - 1999) 1.87% 1.71%
Annual (1982, 1987, 1992, 1994) 9.46% 8.25%

Figure 22 compares the annual cumulative flows of the observed record and the

simulated flows of DHSVM, Current Climate. The DHSVM cumulative annual flows
contain no consistent bias from the observed. This makes the calibration process more
difficult since adjusting a parameter that gives more flow in a year that is under estimated
often provides too much flow in a year that is simulated well or that is over estimated.
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Figure 22 - Comparison of Annual Cumulative Flow between Observed flows and
DHSVM simulated (Current Climate)



3.3.  Supply and Transmission Model

The streamflows generated in DHSVM are used as input data for the Portland Water
Bureau’s Supply and Transmission Model (STM). The model was developed by the
University of Washington, CH2Mhill and PWB staff over several years and has been
used in the Infrastructure Master Plan. The model is currently used in the Bureau to
analyze terminal storage and groundwater operations. The model can be used to evaluate
future planning scenarios, such as conservation and expansion alternatives. The model is
used in this study to examine the impacts of climate change on the existing system as
well as two planning scenarios from the Infrastructure Master Plan. The STM and its use
with the Bureau is described in the User’s Guide (Palmer 2001) and in Palmer et al 2000.
Figure 23 presents the Main Menu user interface of the model, illustrating the types of
user information, controls and metrics contained in the model.

The STM operates at a daily time step. It simulates the flow of water throughout the
water transmission system. It contains seasonally varying rule curves that control the
amount of water stored in the reservoirs. It also models releases made for hydropower
production, as well as for instream flows. Groundwater operations are coordinated with
reservoir operations with a variety of operating alternatives that either encourage or
discourage its use. The model also is designed to evaluate a large number of system
expansion alternatives, together with different conservation policies. Drought
management alternatives and impacts are particularly highlighted in the model.
Variables, such as the length of the drawdown period, the amount of groundwater
pumped during drawdown, the minimum storage during drawdown, and the water used
during the drawdown, provide useful metrics to compare system alternatives. Figure 24
presents one of the output pages from the model. This page presents additional metrics
for measuring drawdown during droughts.

Main Menu

Information Control Panels

Demand Year [Tzmw | Main Control Panel
[ start Dates for Model Runs ) Reservoir Rule Curves

Metrics

Portland M&I
(" About Portiand Water Works | itemale Cairees " bam
(odo Beseriptions ) .
 smwsaw ) | [ conaus )
§ To Title Page ) | Scenario Run
_ Scenario Values ) Bull Run River

Pbave: Phatgraph of Bull Run Dam 2 and Pauer House

Right: Photograph of Bull Run Diam 1 and Power House

Figure 23 - User Interface of Supply and Transmission Model
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4. Model Results - Climate Change Impacts on the
Meteorological Record

As discussed previously, the climate change signal is downscaled as a change in the
temperature (°C) and a fraction change in precipitation. The monthly climate change
signals for precipitation and temperature downscaled from the four GCMs are used in this
study. Figure 25 to Figure 28 demonstrate that the four climate change scenarios predict
warmer and wetter climates on an annual basis. One exception is the ECHAM4 2040,
which predicts less precipitation in months of October, November, December, and
January. The four GCMs produced significant variation in the forecasted average shift in
precipitation in both 2020 and 2040. In 2020, the average precipitation increased by
approximately 10% during the late summer, winter, and spring; decreased slightly in May
and June; and remained unchanged in July. In 2040 precipitation was slightly more than
average in October and May and less than the historic average June through September.

The change in the temperature signal also varies among the four models, but is
consistently warmer. The temperature signal shows an average increase of 1.5 °C for the
2020 prediction and has higher temperatures in the summer months. The 2040 prediction
follows the same trend with higher temperatures on average in the summer and an overall
average annual increase of 2.0 °C. Higher temperatures in the winter months will reduce
the amount of snow in the basin. The higher temperatures in the summer will likely
create an increase in the summer demand.
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Figure 25 - Monthly Precipitation Fractions for 2020 Climate Predictions
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Figure 26 - Monthly Precipitation Fraction for 2040 Climate Predictions
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Figure 27 - Monthly Temperature Deltas for 2020 Climate Predictions
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Figure 28 - Monthly Temperature Deltas for 2040 Climate Predictions

Applying the precipitation fraction and temperature changes to their appropriate months
of the historical record further demonstrates the predicted climate signal. The variability
among the precipitation portion of the climate change signal is apparent when applied to
the actual precipitation record (Figure 29 and Figure 30). The 2020 precipitation signals
vary more in the winter and the 2040 precipitation signal has a greater variance in the
winter than the 2020 signal.

Although the temperatures are consistently warmer, there is variability within and
between the climate decades (Figure 31 and Figure 32). In 2020, the range of
temperatures is the most similar in the spring and the least similar in the winter.

The next section of the report presents the impact of the climate change signals on the

hydrology of the Bull Run basin. A sensitivity analysis of the basin’s response to
changes in temperature and precipitation is also presented.
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5. Model Results — Distributed Hydrology, Soil-
Vegetation Model

Having established the impacts of potential climate change on temperature and
precipitation, the next step is to determine the impacts of climate change on the
hydrology of the Bull Run watershed. A number of issues are important. First, will
changes in temperature and precipitation associated with the 2020 and 2040 climates
influence the basic hydrology of the basin? More precisely, will the volume and timing
of streamflow change? Second, if there is a shift, which factors are the most important in
this change: precipitation, temperature, or their joint influences on snowpack
accumulation and melt? Third, how will these changes be manifested in the basin relative
to water supply issues? Will climate change most likely influence annual water
availability, seasonal water availability, or late summer availability?

5.1.  Basin Sensitivity to Systematic Changes in Precipitation and Temperature

Before investigating the impacts of the four specific climate change signals on the Bull
Run watershed hydrology, it is instructive to determine the range of hydrologic impacts
that can occur by varying the historic temperature and precipitation record systematically.
Figure 33 through Figure 37 present the sensitivity of the hydrology to ranges of
temperature and precipitation that bracket those likely to be seen by climate change by
the year 2040.

Figure 33 presents the change in monthly average annual hydrology that would occur if
precipitation were increased by 10 and 20%. The increases in precipitation result in
significantly higher flows for all months with the exception of the summer low
precipitation months.

Figure 34 presents the change in monthly average annual hydrology that would occur if
monthly temperatures were increased by 1 and 2 °C. These increased temperatures result
in increased flows in the winter (December and January) and decreased snowmelt driven
flows in the spring (April and June). The removal of the second runoff peak in April will
be discussed further in this chapter. Figure 35 and Figure 36 couple an increase in
temperature with increases of 10 and 20% in precipitation to illustrate their relative
impacts. Both cases result in significantly higher streamflows in winter, as would be
expected.

A final analysis was made to investigate the potential hydrologic impacts of all
precipitation falling as rain (no snow). This was explored in two ways, by increasing
monthly average temperatures by 4 °C and by setting the adiabatic lapse rate to 0 (that is,
temperature does not increase or decrease with changes in elevation). This second
approach is the effect of significantly warming the upper elevations from their actual
conditions. Figure 37 suggests that these two approaches result in almost identical
results. Streamflows increase in November, December, January, and February, and
decrease in April, May, and June.
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The systematic changes in the precipitation and temperature records provide a likely
upper and lower bound to the changes that may occur with the four climate change
scenarios. As indicated by these graphs, changes in total precipitation result in changes
in the total volume of runoff, while changes in temperature result in changes in the timing
of the runoff. Specifically, a given percentage change in precipitation results in similar
increases in runoff, while increasing temperatures increase flows in the winter and
decrease the flows in spring.
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Figure 33 - DHSVM based Bul Run System Inflows Varied by Changes in
Precipitation Driving Data
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Figure 34 - DHSVM based Bull Run System Inflows Varied by Changes in
Temperature Driving Data
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Figure 35 - DHSVM based Bull Run System Inflows Varied by Changes in
Precipitation Driving Data with 1 degree C Temperature Increase
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Figure 36 - DHSVM based Bull Run System Inflows Varied by Changes in
Precipitation Driving Data with 2 degree C Temperature Increase
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Figure 37 - DHSVM based Bull Run System Inflow Varied by Changes in
Temperature Driving Date
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5.2.  Climate Change Signals

As noted in Section 4, variability exists between the climate change signals of the PCM3,
ECHAM4, HadCM2, and HadCM3 models. It is important to recognize the relative
uncertainty associated with the temperature and precipitation signals. It is widely
accepted that the temperature signals from GCMs are considerably more reliable than the
precipitation signal (IPCC 2001).

Figure 38 presents the average monthly hydrograph of the basin for the four 2020 climate
change scenarios. The range of values for fall and winter flows is indicative of the
variability of the climate change precipitation signal of the four models. The temperature
portion of the signal has a relatively consistent impact, as spring flows are lower for each
of the model runs. Of the four 2020 climate change runs, the PCM3 model appears to
have the greatest reduction in May flows, and the HadCM2 model has a large relative
impact on August-November flows.

The climate change impacts on the winter flows in 2040 are greater and more varied than
those in 2020. The spring flows (April) are significantly less in the 2040 scenarios than
in the 2020 scenarios. This demonstrates the impact of the warmer 2040 temperatures on
spring runoff.

The increased winter precipitation and the warmer temperatures create higher winter
streamflows and the lower spring time flows. This lagged effect of warmer winter
temperature is similar in the four climate change signals for 2020 and 2040 (Figure 38
and Figure 39). HadCM2 2020 and the HadCM3 2040 flows are the extremes. The
former causes a substantial shift in the flows to November, and the latter creates higher
flows in the mid-winter (January and February). The remaining six signals are similar to
one another and create higher flows in the early winter, a decrease in the spring peak and
an earlier declining hydrograph in the spring.

The impacts of climate change on the basin hydrology is quantified by the season
cumulative flow and presented in exceedance probability curves, Figure 40 to Figure 43.
The climate change signals create greater winter flows and smaller summer flows.
Extreme events also change. The cumulative winter flow for HadCM3 in 2020 is much
greater than the current climate and the other climate models (Figure 40). The ECHAM4
2040 cumulative winter flows are similar to the current climate (Figure 42), where as, the
ECHAM4 2040 cumulative summer flows are the lowest of the four climate models and
the current climate cumulative flows (Figure 43).
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Figure 38 - Average Monthly Flows for Current Climate and 2020 Climate Change

Average Monthly Bull Run Inflows - - - Current Climate

1950-1999 PCM3 2040
2200 —e— ECHAM4 2040
2000 - —5— HadCM2 2040
—— HadCM3 2040

1800
1600 T
1400 T

—

N

o

o
I

1000 T

Inflows, cfs

800 T
600 -
400
200 A

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Figure 39 - Average Monthly Flow Hydrograph for Current and 2040 Climate Change
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Figure 40 - Exceedance Probability for Seasonal Cumulative Flows (October-March)
for the 2020 Climate Change Scenarios
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Figure 41 - Exceedance Probability for Seasonal Cumulative Flows (April-September)
for the 2020 Climate Change Scenarios
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Figure 42 - Exceedance Probability for Seasonal Cumulative Flows (October-March)
for the 2040 Climate Change Scenarios
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Figure 43 - Exceedance Probability for Seasonal Cumulative Flows (April-September)
for the 2040 Climate Change Scenarios



A plot of cumulative annual summer flows (Figure 44) reveals years respond differently
to climate change. Climate change can have a relatively small impact on annual
cumulative summer flows, or a very large impact. The years chosen in this analysis for
particular scrutiny include: 1952, 1966, 1968, 1982, 1987, 1992 and 1994. Four of the
years commonly are used to describe hydrologic events with particular return periods:
the 1 in 30 year event (1987), the 1 in 20 year event (1992) and 1 in 10 year event (1994)
and the average year (1982). Other years, 1952 and 1966, were chosen because they are
significantly impacted by climate change. One other year, 1968, was chosen to represent
a relatively wet year.
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Figure 44 - Seasonal Cumulative Flows (April — September), Combined Bull Run Inflows

Impacts of climate change on the analysis years are shown in Figure 45 through Figure
58 for both 2020 and 2040 climate change. The changes in flow due to climate change
are the greatest in 1952 and 1966, as these years show higher winter flows and lower
spring flows indicative of the climate change signals. The average year responds
similarly but to a lesser degree. The system traditionally defined drought years are
impacted very little by the climate change signal.

The hydrograph of the 1966 flows shows the typical shift in a climate change scenario.
The other low flow climate change years have a similar shape with higher flows in the
winter, a dramatic decrease in the spring melt, and an earlier onset of the spring recession
curve.

In this study, 1982 has been defined as an “average" or typical year. The time series

hydrographs of 1982 (Figure 51 and Figure 52) shows a much less dramatic change in the
spring flow recession when compared to the 1966 flows in Figure 53 and Figure 54.
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When the climate change signal is applied to the drought years, 1987 and 1992, there is
little impact. The 1987 drought can be characterized as a late fall drought. Spring and
early summer flows were not low, but the typical fall rains did not return until late
December. In fact, the winter temperatures in 1987 were lower than average, and the
climate change signal did not prematurely melt the snowpack. Because there were no fall
rains, changing their percentage in the climate change evaluations had little impact in the
hydrology.

The 1992 drought was almost the mirror image of the 1987 drought with much lower
than normal snowpack to start the year. Precipitation was sufficiently low and
temperatures significantly high in the spring that the climate signal calling for a
percentage more precipitation and higher temperatures in the winter did not contribute
significantly to the base hydrology.

These analyses indicate that two important drought years (1987 and 1992) that have
helped define the system’s safe yield historically are not impacted by climate change.
This does not imply that other years will not be impacted significantly. Years like 1952,
1966, and 1982 are impacted by climate change and, in fact, may prove to be important in
evaluating the performance of the system in the future.
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Figure 45 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1952
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Figure 46 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1952
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Figure 47 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1966

= = = Current Climate
PCM3 2040
—— ECHAM 2040
HadCM2 2040 i
HadCM3 2040

Bull Run River Flows into Dam 1
Current Climate and 2040 Climate Change

4,500

4,000

3,500 -
3,000 -

2,500 ~

cfs

2,000 ~

1,500 -

1,000 -

500

0 ‘ T T T T T T
Oct-65 Dec-65 Feb-66 Apr-66 Jun-66 Aug-66 Oct-66

Figure 48 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1966
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Figure 49 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1968
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Figure 50 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1968
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Figure 51 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1982
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Figure 52 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1982
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Figure 53 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1987
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Figure 54 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1987

46



Bull Run River Flows into Dam 1 e
Current Climate and 2020 Climate Change — ECHAM 2020
6,000 HadCM2 2020 | —
HadCM3 2020
5,000
4,000
£ 3,000 -
2,000 -
1,000 -
ﬁ A ALLM
O T T T T T T
Oct-91 Dec-91 Feb-92 Apr-92 Jun-92 Aug-92 Oct-92

Figure 55 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1992
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Figure 56 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1992
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Figure 57 - Bull Run River Flows into Dam 1, Current Climate and 2020 Climate Change for 1994
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Figure 58 - Bull Run River Flows into Dam 1, Current Climate and 2040 Climate Change for 1994
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Section 5 summarizes the impacts of climate change on streamflows. The impacts have
been evaluated from several perspectives to clearly illustrate not only the total annual
change in streamflow volumes, but to illustrate their timing and their seasonal
importance. In most cases, winter flows will be greater and early summer flows less
under climate change conditions. These results occur due to the synergetic effects of
higher winter precipitation, changes in summer precipitation, and generally warmer
temperatures.

In addition, it has been noted that not all years are impacted equally. For instance, one
would not expect a major change in streamflows during the summer months for a year
that had an initial low snowpack. The snow in a low snowpack year typically melts long
before the summer months, with or without climate change. The years in which summer
flows are most likely to be impacted are those that have a moderate to large amount of
snowpack and for which the historic temperatures were mild, preserving the snow until
the late spring and early summer. In these cases, a warmer climate signal may result in
the snowpack melting prior to the mid-summer. The years in which the average winter
temperatures are close to freezing are pushed from a transient basin hydrology to one that
is more rain driven as shown in the years 1966, 1969, 1952, 1954 and 1971.

The impacts of climate change on water supply performance is discussed in the next
section including exceedance probability curves of annual minimum storage for existing
and future system infrastructure and the reductions in annual minimum storage volumes
for the seven featured years.
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6. Model Results - Supply and Transmission Model

After calculating the impacts of climate change on streamflows, these climate-altered
streamflows are used to evaluate their influence on water supply performance with the
STM. Several configurations of current and future conditions are reviewed. Because the
study’s primary purpose is to evaluate the potential impacts of climate change, it is
essential that these impacts not be concealed by the impacts of future water demands.
Special care has been taken to separate these impacts and represent each distinctly.

The STM is used to examine the supply and demand system under climate conditions and
to compare the impacts of climate change with other key components. The results are
presented in three evaluations. The first evaluation compares the climate impacts on
hydrology and the impacts of regional water demands on system performance. This
evaluation uses the current infrastructure and a 49-year record to generate exceedance
probability curves with which to quantify impacts of climate change on hydrology and
the impact of regional growth on demand.

The second evaluation also uses the current system, but investigates the seven featured
years in greater detail. The evaluation presents the different impacts (climate impact on
hydrology, climate impact on demand, growth impact on demand) separately and then
jointly. The ECHAM4 climate scenario is chosen for the detailed analysis in the second
and third evaluations because it has a relatively consistent signal between the 2020 and
2040 decade and has the greatest impact on hydrology.

The third evaluation exercises two planning strategies for the seven featured years. The
planning strategies are denoted as “System Expansion and Reliance on Groundwater” and
“Build Dam 3.” The planning strategies are compared and assessed by the impacts of
regional growth and the climate impacts on hydrology and demand. The results are based
on the yearly drawdown cycle for the featured seven hydrologic years. Insights are
drawn based on the careful consideration of these seven years. The two planning
scenarios are further exercised with the 49-year record. Exceedance probability curves of
the annual minimum storages and the amount of groundwater pumped contrast the two
planning strategies and develop the framework for discussing the sustainability of
Portland's water supply system.

The three system configurations used in the analysis (Table 2): SCI1 — Status Quo
without Groundwater, SC2 — System Expansion with Reliance on Groundwater, SC3 —
Build Dam 3 are derived from the PWB Infrastructure Master Plan. The system
configurations consider only the existing service area and assume no conservation efforts.
The system configurations are described below and are detailed in Appendix C: System
Configurations for Climate Change Study STM Model Runs.
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Table 2- System Configuration Descriptions.

SC1 - Status Quo Without Groundwater
The Status Quo models the current system configuration (year 2000)
without the use of groundwater. This scenario is the control case.

SC?2 - Baseline with Conservation

Same as SC1 with the addition of the groundwater (Columbia South
Shore Wellfield). The groundwater operating procedures for this system
configuration include a supply rate based on days of supply remaining, a
pumping rate of 70 million gallons per day (mgd) for 2000 and 90 mgd
for 2020 and 2040, and a maximum native ground water volume of 6.6
billion gallons. This configuration expands the supply in the Bull Run
system by raising the top of storage of Dam 1 and Dam 2.

SC3 - Dam 3

Adds Dam 3 to system expansion, but does not include raising Dam 1 or
treating Dam 2 dead storage. This scenario continues to serve the
existing service area.

The STM illustrates several important results in differentiating the impacts of climate
change alone and the impacts of growth. When the impacts are considered jointly, they
can consume as much as 12 billion gallons in storage by 2040. In comparing the two
planning scenarios, the results show the contrast between developing more surface water
and increasing reliance on groundwater.

These results are presented in terms of the annual minimum storage less shortfall, the
length of the drawdown period and the amount of groundwater pumped during the
drawdown period. The annual minimum storage for a specific demand climate scenario
is compared to the annual minimum storage for the current climate with 2000 demands.

It is important to note the interplay between streamflows, system yield, and the
availability of storage in the reservoir as expressed in its rule curve. The rule curves used
in this system can have a significant impact on yield. For systems that have a large
storage volume relative to streamflows, the timing of runoff will have little impact on
system reliability; instead, the volume of runoff is the essential feature. For systems like
the Portland supply for which the annual runoff is larger relative to the storage volume,
the timing can be very important. Water may be available in the early spring when it is
spilled, but not available in the summer when it is needed.

6.1.  Evaluation 1 : Ranked Annual Minimum Storage less Shortfall for SC1

A primary measure of a system’s performance is the minimum storage during the year. If
storage decreases below established thresholds, water reliability is compromised, the
system is not seen as sustainable, and curtailments may be required. In the first
evaluation, ranked annual minimum storages are presented. Figure 59 to Figure 62
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present the ranked minimum storage less shortfall” for combinations of demand year and
climate change year. Specifically, Figure 59 presents the storages associated with the
demand year 2000 and the climate change year 2020. Figure 60 illustrates demand year
2000 and climate year 2040. Figure 61 illustrates demand year 2020 and climate year
2020. Figure 62 presents demand year 2040 and climate year 2040. These ranked
storages estimate the probability of storages being at or below a specific value. The
individual curves estimate the probability associated with specific climate/demand
combination. Key information from these curves includes 1) the change in minimum
storage less shortfall between curves for a given probability and 2) the change in
probability between curves for a given storage.

The curves show that for a given probability, the storage values for the current climate /
2000 demand curve are greater than those of the changed climate. The exception to this
is HadCM2 2020 (Figure 59 and Figure 60). This scenario has higher streamflows as
well (Figure 40). The other three 2020 climate scenarios are similar. Differences in the
storage values for the 2040s are consistent and range between 0 and 1 billion gallon
difference in minimum storage less shortfall for both the 50% and 90% probability. The
minimum storages for the 50% and 90% probabilities are shown in Table 3.

Figure 61 and Figure 62 are the exceedance probability curves for minimum storages for
the climate change scenarios and regional growth associated with 2020 and 2040. Here
the impact of demand has a 4 billion gallon reduction in storage at the 50% exceedance
level.

The curves also show the change in probability for a given storage. For example, the
storage associated with the 90% exceedance probability for a current climate with 2000
demands (9,082 mgal) is reduced to an exceedance probability of 75% for the ECHAM4
2040 climate and 2000 demands. This indicates that a storage value associated with a 1
in 10 event today may be associated with a 1 in 4 event by 2040. A similar trend is seen
in the case of the storage values associated with the 50% exceedance probability for both
the 2020 and 2040 scenarios.

Exceedance probability curves are also developed for the difference in minimum storages
less shortfalls for the system for 2040 demand and 2040 climate change from current
climate and 2000 demand. In approximately 40% of the years, climate change impacts
by the year 2040 would decrease minimum system storage by more than 1 billion gallons
each year. At the 50% probability level there is a 5.5 billion reduction in storage for
2040 regional growth and 6.5 for climate change and demand in 2040.

The annual minimum storages are presented in Figures 1-B through 4-B of Appendix B:
Figures and Tables. The data identify specific years that are more sensitive to climate
change, such as 1952 and 1966, and those years that are not as sensitive, such as the
drought years 1987 and 1992.

"The volume of unmet demand is the “shortfall”. If the system could not meet all demands in a particular
year, the shortfall is subtracted from the minimum storage.
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Exceedance Probability of Minimum Storage less Shortfalls
for the Combined Bull Run Storage for
2000 Demands and 2020 Climate Change Scenarios
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Figure 59 - Exceedance Probability Curve for Minimum Storage less Shortfalls for the Combined
Bull Run Storage for 2000 Demands and 2020 Climate Change Scenarios

Exceedance Probability of Minimum Storage less Shortfalls
for the Combined Bull Run Storage for
2000 Demands and 2040 Climate Change Scenarios
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Figure 60 - Exceedance Probability Curve for Minimum Storage less Shortfalls for the Combined
Bull Run Storage for 2000 Demands and 2040 Climate Change Scenarios
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Exceedance Probability of Minimum Storage less Shortfalls —e—2020 - Current Climate
for the Combined Bull Run Storage for —*—2020 - FCM3 2020
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Figure 61 - Exceedance Probability Curve for Minimum Storage less Shortfalls for the Combined
Bull Run Storage for 2020 Demands and 2020 Climate Change Scenarios
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Figure 62 - Exceedance Probability Curve for Minimum Storage less Shortfalls for the Combined
Bull Run Storage for 2040 Demands and 2040 Climate Change Scenarios
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Table 3 - Minimum Storage less Shortfall (million gallons) for 50% and 90% Exceedance
Probabilities Varying by Climate and Demand Scenarios

Demand year 2000 2000 2020 2040
Climate Scenarios 2020 2040 2020 2040
ﬁfﬁ;ﬁ‘l‘ﬁﬂfy" 50% | 90% | 50% | 90% | 50% | 90% | 50% | 90%
_ 12,762 | 9,697 | 12,211 | 8,966 | 8,740 | 5,017 | 6,615 | 2,677
Range for Climate
Change Scenarios to to to to to to to to
ge
11,768 | 8376 | 11,257 | 7,959 | 6,988 | 4,122 | 5,525 | 1,729
Current Climate 1 15 508 | 9,082 | 12,208 | 9,082 | 8,195 | 4,603 | 6,657 | 3.169

Exceedance Probability of the
Difference in Annual Minimum Storage less Shortfalls
from Current Climate and 2000 Demands
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Figure 63 — Exceedance Probability of the Difference in Minimum Storage less Shortfalls from the

Current Climate and 2000 Demands for the Combined Bull Run Storage
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6.2.  Evaluation 2: SC1 Analysis for Seven Featured Years

The second evaluation includes the impact of climate change on demand, which is
calculated with data provided by Dr. Hossein Parandvash of PWB. The process for
calculating the climate impact on demand is provided in the Joint Institute on the Study
of Atmosphere and Oceans (JISAO) report on “Impacts of Climate Variability and
Change in the Pacific Northwest” (JISAO 1999). The impact on demand is calculated
based on a change in average temperature and precipitation and then applied to the
weather data that are input to an econometric model. The peak season demand is
increased approximately 8% and the average annual increase in demand is 4%. As
previously described in Section 2, seven of the 49 years have been chosen as feature
years to perform a more detailed assessment of climate impacts. The impacts of climate
change on demand are not available for all 49 years, however, the seven years chosen
provide insight into the response of the system for average years and for the hydrologic
and weather extremes.

Numerous STM runs were made with different combinations of demand and climate to
evaluate the impacts. The impact is calculated as the difference in minimum storage less
shortfalls between climate/demand combinations for each year. Figure 64 presents the
impacts on the seven years using the ECHAM4 climate change scenario. The impact of
climate change on hydrology and demand vary between years. The sensitivity of
hydrology to weather is greater than that of demand. The climate change impact on both
demand and hydrology is calculated to be between 5,366 mgal (1966) and 1,188 mgal
(1968).

The results of Figure 64 can be summarized as the following: for the case of the seven
hydrologic years, average minimum storage will decrease by about 4.1 billion gallons by
2020 and 5.5 billion gallons by 2040 due to growth in demand alone. This stress on the
system is exacerbated by the impacts of climate on hydrology and demand in the future,
decreasing the average storage by 8 billion in 2020 and 9.6 billion in 2040.

Table 4 presents the average of the seven years, the number of days of drawdown and the
loss in yield. Remaining yield is the annual minimum storage value divided by the
number of days of drawdown, and it represents the volumetric rate of water that could
have been used or that is still remaining. Loss in yield is the difference between the
remaining yield of the alternative (2040 climate change impacts on hydrology and
demand and regional growth impact on demand) and the base case (current climate / 2000
demands).
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Figure 64 — Impacts of Climate Change (ECHAM4 2040) and Regional Growth (2040) as Measured
as the Difference in Annual Minimum Storage less Shortfalls from Current Climate / 2000 Demands

Table 4 - Impacts of Climate Change (ECHAM4 2040) and Regional Growth (2040) Measured as the
Difference in Annual Minimum Storage less Shortfalls from Current Climate / 2000 Demands (values
from Figure 64, million gallons).

Impact of | Impact of Loss in Yield
Climate Impact of | Impact of climate climate - Impact of
Climate | Climate |impacton pact o pact o change on | change on | Number of climate
. . growth on | growth on
Year |impacton |impacton| demand 2020 2040 days of change on
demand | demand
hydrology | demand and 2020 2040 demand | demand | drawdown 2040
hydrology and and demand and
hydrology | hydrology hydrology
1952 629 1,200 1,859 4,127 5,562 6,627 8,657 149 12
1966| 3,598 1,232 5,366 3,943 5,633 10,491 12,225 167 32
1968 431 892 1,255 2,334 3,251 4,921 6,034 54 23
1982| 2,363 1,512 4,003 4,393 5,449 8,762 10,303 134 30
1987 49 1,135 1,188 4,361 6,141 7,547 9,532 176 7
1992 1,208 2,339 3,476 4,697 6,106 8,800 10,327 141 25
1994 911 2,166 2,748 4,794 6,485 8,713 10,419 172 16
Average | 1,313 1,497 2,842 4,093 5,518 7,980 9,643 142 21
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The average loss of yield for the seven years is 21 mgd during drawdown. For years like
1968, the yield of the system is large and losing 23 mgd does not compromise system
reliability. For drought years, this is a significant problem. For those years whose
ranking changes due to significant climate impacts on hydrology, the loss of yield is an
emerging and potentially significant problem. Figure 65 compares the loss in yield to the
actual remaining yield.

O Annual Remaining Yield for Current
Climate / 2000 Demands

H | oss in Yield from Current Climate / 2000
Demands

Comparison of Remaining Yield and Loss in Yield
due to Climate Impacts on Hydrology and Demand

300
264

200 T

100 78

59

32

Million Gallons per Day During Drawdown Period

1952 1966 1968 1982 1987 1992 1994

Figure 65 - Comparison of Remaining Yield and Loss in Yield due to Climate Impacts on Hydrology
and Demand

The evaluation of the seven featured years highlights several conclusions about the
impacts of climate change. First, the average impact of climate change on hydrology is a
1 billion gallon reduction in storage, but can be as great as 3.6 billion gallon (1966
hydrology). Second, the impact of climate change on demand results in an 8% demand
increase during the peak season which results in an average 1.5 billion gallon reduction in
storage and as much as 2.3 billion gallons (1992). The average combined impact of
climate (on both demand and hydrology) is 2.8 billion gallon reduction in storage with
the largest impact from 1966 hydrology of a 5.4 billion gallon storage reduction. The
impacts on the system of climate change exacerbate the impacts of regional growth,
creating an average of 9.6 billion gallons of reduction in storage and can be as great as a
12.2 billion gallon reduction for the 1966 hydrology.

The final evaluation compares two existing planning scenarios with the overall impacts of

climate change (demand and hydrology) and the growth impact on demand. The
evaluation uses the seven featured years and the concept of remaining yield. The two
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planning scenarios are compared for the 49 year period with exceedance probability
curves.

6.3.  Evaluation 3: Comparing Two Planning Scenarios, SC2 and SC3

Evaluation 3 uses two planning scenarios to demonstrate how existing and viable
planning strategies will perform under the stresses of climate and growth impacts. The
planning strategies or scenarios implement infrastructure changes to the system to
maintain system reliability as demand increases with population. The scenarios
considered here are SC2 - System Expansion and Reliance on Groundwater and SC3 -
Build Dam 3. The seven featured years (1952, 1966, 1968, 1982, 1987, 1992, and 1994)
are assessed with five demand/climate combinations for the two planning scenarios:

1) current climate / 2000 demands (base case),

2) current climate / 2020 demands (impact of growth in 2020),

3) current climate / 2040 demands (impact of growth by 2040),

4) ECHAM4 2020 hydrology / ECHAM 4 2020 demands (c/imate impact on
hydrology and demand by 2020), and

5) ECHAM4 2040 hydrology / ECHAM4 2040 demands (climate impact on
hydrology and demand by 2040).

The STM assessments for the 70 model runs evaluate annual performance and metrics
specifically for the drawdown period. Some of these metrics include total annual storage
used, average annual demand, average demand during the drawdown cycle, annual
minimum storage and the volume of groundwater pumped during drawdown. The
metrics for each run are tabulated in Appendix B: Figures and Tables. The metrics
reported here are annual minimum storage, volume of groundwater pumped during
drawdown and the number of days of drawdown (for the 2040 climate and demand
scenarios). Two additional metrics are used in this evaluation, remaining yield
(previously discussed) and the drawdown groundwater pumped. This metric is the daily
rate of groundwater pumped during the drawdown period and is derived by dividing the
total amount of groundwater pumped during the drawdown cycle by the number of days
of drawdown.

Both of the planning scenarios are viable planning options taken from the PWB’s
Infrastructure Master Plan. As such, the scenarios meet instream flow requirements and
municipal and industrial demands for all growth and climate scenarios assessed. The
comparison of the planning scenarios reveals vulnerability and resilience of the system
for specific planning scenario alternatives in terms of the amount of storage remaining
and the amount of groundwater pumped.

Figure 66 compares the minimum storages of the two planning scenarios as well as the
volume of groundwater pumped in SC2. The minimum storages for SC2 remain
relatively constant between current and changed climate since the groundwater meets the
additional demand and compensates for the climate impacted flows. SC3, which relies
solely on surface water provided by Dam 3, experiences a decrease in storage ranging
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from 8.3 billion for 1966 and 2.3 billion gallons for the wet year, 1968. Another
comparison between the two scenarios is that the minimum storage in SC2 for the wettest
year analyzed (1968) is only 1.7 billion gallons greater than the minimum storage in SC3
for the driest year analyzed (1987).

Combined Bull Run Reservoirs @O SC2 - Min Storage, 2040 Current Climate
Annual Minimum Storage and Groundwater Pumped | ®SC2 - Min Storage, 2040 Climate Change

. 0OSC2 - GW Pumped, 2040 Current Climate
ECHAM4 2040 Climate Change 0SC2 - GW Pumped, 2040 Climate Change

B SC3 - Min Storage, 2040 Current Climate

25’000 O SC3 - Min Storage, 2040 Climate Change

20,000 -

15,000 -

10,000 -

Million Gallons

5,000

1952 1966 1968 1982 1987 1992 1994

Figure 66 - Annual Minimum Storage, Combined Bull Run Reservoirs,
Scenario 2 and 3 for Current and Changed Climate

The remaining yield and drawdown groundwater pumped values are presented in Figure
67 and summarized in Table 5. For both planning scenarios, there is more remaining
yield and less groundwater pumped for the current climate runs than for the climate
change runs. Also, there is more remaining yield for SC3 than there is for SC2 even
though SC2 pumps groundwater heavily. For SC3, no groundwater is pumped and the
remaining yield is 52 mgd on average. SC2 pumps an average of 38 mgd of groundwater
during the drawdown period and has an average remaining yield of 20 mgd. For the
current climate and 2000 demands, the average remaining yield for the six driest years of
the seven is 41 mgd with an average drawdown groundwater pumped of 13 mgd
(calculated with values from Appendix B). SC2, although meeting instream flow
requirements and M&I demand, has half the remaining storage and pumps three times the
groundwater of the current climate / 2000 demand system configuration.

SC3 results in large amounts of unused storage for most of the years. SC2 relies heavily
on groundwater and represents the system completely expanded with the exception of
Dam 3. SC2 is more vulnerable to the possible changes in system constraints, such as
increased instream flow requirements, expansion of the service area or the
implementation of a surface to groundwater ratio.
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Figure 67 - Remaining Yield and Drawdown Groundwater Pumped, Combined Bull Run Reservoirs,
Scenario 2 and 3 for Current and ECHAM4 2040 Climates

Table S - Remaining Yield and Drawdown Groundwater Pumped for SC2 and SC3.

Average

1952{1966(1968(1982({1987(1992{1994| excluding

1968

o oemaining Yield, 19|46 (167 35|24 |45 17 31
§0C420'C1}f;1“;‘tie“ic"l§a§ig‘;"" 18 | 11 116/ 31|17 130 | 17| 20
oD WP § o 25 45 3623
§§420'C‘i{;:;"g;‘afgv§ Pumped,| 5 1 23 | 14 | 40 | 54 | 48 | 43| 38
o emaining Yield, 86 1128 /323|138 43 106/ 67 | 95
§0C430'C1}f;1“;‘tie“ic"l§a§;"" 48 160 270 69 |29 | 61 |47 52
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The two planning scenarios are also assessed over the entire record for impacts of climate
on hydrology and demand. The impact of climate change on demand is estimated as 8%
during the peak season and 4% for the entire year. To apply a climate impact on demand
for the 49 year period of record, the annual demand was increased by 10% with the
assumption that the over estimation in the non-peak season would not greatly impact
annual and drawdown metrics.

The annual minimum storage and volume of groundwater pumped during drawdown are
calculated for each year in the period of record and presented in an exceedance
probability plot, Figure 68. Several key features of the this plot are:

1) the range of minimum storages for SC2 is about half the range of minimum
storages for SC3, 7.4 billion gallons vs. 16.4 gallons,

2) the range of groundwater pumped in SC2 is approximately equal to the difference
of the range of minimum storages between the scenario, 14.1 billion gallons,

3) 50% of the time SC2 results in a minimum storage of 3.1 billion gallons and SC3
results in a minimum storage of 14 billion gallons,

4) 50% of the time, SC2 requires 5.3 billion gallons pumped during the drawdown
period (37 mgd for 142 day average drawdown period),

5) 20% of the time, SC2 and SC3 retain 17.3 and 8.9 billion gallons of storage,
respectively, and

6) 20% of the time, SC2 requires 2.6 billion gallons pumped during the drawdown
(18 mgd for 142 day average drawdown period).

The sustainability of the two planning scenarios is based on management decisions about
surface and groundwater use. Questions about what is sustainable with regard to
groundwater use are important to address. Under SC2, for 50% of the years, groundwater
pumped would average 37 mgd for 142 days. Also, for the SC2 case, the usable annual
minimum storage is less than 3 billion gallons for 50% of the years. This is a much lower
value of active storage than is experienced and leaves a small factor of safety for
droughts more extreme than those experienced in the past. For current climate and 2000
demands, the remaining usable storage is 5.4 billion gallons for 50% of the years of
record (Figure 63) and is 14 billion gallons for 50% of the time for SC3.

62



Exceedance Probability for Annual —*—Minimum Storage - SC3 (Dam 3 Scenario)
Minimum Storage and Groundwater Pumped
for 2040 Climate Change on Hydrology and
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Figure 68 - Exceedance Probability for Annual Minimum Storage and Groundwater for 2040
Climate Change on Hydrology and 10% Increase in Demand.

These evaluations of the existing system and planning scenarios have demonstrated the
response of the system’s supply and demand to climate change and how this response can
be shaped according to infrastructure decisions. The first evaluation demonstrates the
magnitude of the different impacts on the system, showing on average a 2.8 billion gallon
impact due to 2040 climate change and a 5.5 billion gallon impact due projected growth
in 2040. Climate change therefore increases the constraints on the system in 2040 by
50% than attributed to growth alone. The joint impacts of the climate and growth on two
viable Infrastructure Master Plan scenarios were tested and found reliable, although the
sustainability of the scenarios depends upon the levels of remaining storage or the
amount of groundwater pumped and the possible future constraints on the system. In one
planning scenario, the system reliability for 50 % of the years relies on pumping 37
million gallons of groundwater daily during the drawdown period.
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7. Conclusions

This study evaluates the potential impact of climate change on the Bull Run watershed
and the performance of the Portland Water Bureau's water supply system. The study
examines these impacts using a series of linked models that evaluate the climate change
signal from four GCMs, the impacts of these climate signals on streamflows, and the
impacts of these climate-altered streamflows on water supply performance.

The primary conclusion of this study is that climate change will have a significant impact
on the hydrology of the Bull Run watershed and will impact the safe yield of the Portland
water system. For seven typical dry years, climate change will reduce the amount of
water that can be used to meet water demands by an average of 1.5 billion gallons and
increase demand during the drawdown period by 2.8 billion gallons, resulting in 4.3
billion gallons of reduced minimum storage. This change will reduce the current safe
yield of the years investigated by 21 mgd. These climate impacts exacerbate the need
that exists to provide some 9.6 billion gallons of increased demands due to regional
growth by 2040. This primary conclusion is based upon the following:

e Past streamflows in the Bull Run watershed are controlled predominantly by rainfall
rather than snowpack. Snowpack does provide additional flows in the early spring
(April), but these are typically exhausted before the supply system begins it
drawdown in late June.

e The average climate change signal from the four general circulation models result in
increased temperatures (1.5 - 2.0 °C) and slightly increased precipitation.

e The trend in the decade 2020 and decade 2040 is for wetter and warmer winters and
drier and warmer summers. The Bull Run watershed responds to the climate change
signals as higher flows in the winter, lower spring-time flows and an earlier spring
recession.

e The impacts of climate change are not uniform from year to year. The years for
which climate change will have the greatest impacts are those with high winter
precipitation, cool winter and spring temperatures, and/or warm summer
temperatures.

e The shift in the timing and volume of spring runoff in the Bull Run basin associated
with climate change, particularly by 2040, will decrease the average maximum
winter snowpack. This will result in an increase in the frequency of low flow in
early summer. This shift will result in a number of droughts as extreme as 1992.

e In approximately 50% of all years, climate change impacts by the year 2040 would
decrease minimum system storage by more than 1 billion gallons each year. This
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decrease results from earlier spring runoff that cannot be captured in the reservoirs
and lower summer flows due to the earlier streamflow recessions.

An analysis of the 7 featured years reveals an average loss in annual minimum
storage of 2.8 billion gallons due to the impacts of climate change on hydrology and
demand. Although, continued growth in the M&I demand will have