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Skagit River Basin Climate Science Report

Executive Summary

Chapter 1. Skagit Basin Overview

The Skagit River basin in the northwestern Cascades extends from headwaters in southwestern
British Columbia to the mouth of the river in the Puget Sound lowlands. The basin drains an area
of about 3,115 square miles. There are three major tributaries to the Skagit River: the Sauk,
Cascade and Baker Rivers. The Sauk and Cascade Rivers are largely undeveloped. Native
American tribes have inhabited the basin for millennia, however since European-American
settlement began in the mid-19" century, the Skagit River basin has been extensively altered by
human activities such as logging and conversion of floodplain areas for agriculture and urban
development (Figure ES.1). These activities continued through the early 20" century, resulting
in the Skagit Valley including some of the richest farmland in the world as well as a number of
small cities. In the second half of the 20" century, and particularly since the completion of
Interstate-5 in the mid-1960s, urban/suburban development in the Puget Sound lowlands has led
to continuing development in the basin. Figure ES.1 shows an aerial view of the extensive
development in the lower basin. The construction of dikes, levees, and tide gates protect farm
land and small cities such as Mount Vernon, Burlington, and Sedro Woolley from flooding, but
failures often occur during a current 30-year flood event. Thus flooding and floodplain
management are major issues in the basin. Five major dams were constructed in the Upper Skagit
River and the Baker River in the 20" century. These projects generate hydropower and provide
flood control, recreation opportunities, and diverse ecosystem services. Human development in
the basin has created a strong local economy, but has also dramatically impacted the hydrology
of the basin as a whole, the geomorphology of the Skagit Valley, and ecosystems, primarily in
the lower basin. Headwater areas of the basin, although they have been logged and developed for
water resources management in the past are relatively pristine, and provide many ecosystem

services and recreation opportunities which also support the local economy.
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Figure ES.1 An aerial view of the extensive development in the lower Skagit River basin.

Chapter 2. Climate Variability

The decade-to-decade and year-to-year variability of climate and hydrology in the Pacific
Northwest (PNW) and the Skagit River basin is strongly influenced by the El Nifio-Southern
Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). Warm phases of the PDO and
ENSO generally produce warmer and drier winter/spring weather while cool phases of the PDO
and ENSO produce cooler and wetter conditions. These variations in temperature and
precipitation influence important hydrologic variables such as April 1 snow water equivalent
(SWE), annual and seasonal streamflow, and hydrologic extremes (floods and low flows). For
example, warm phases of the PDO and ENSO produce lower April 1 SWE and summer
streamflows than cool phases of the PDO and ENSO (Figure ES.2). Flood risks are higher in
cool ENSO years than in warm ENSO years. Variations in air temperature associated with the
PDO and ENSO have also affected water temperature for the Skagit River basin. The patterns of
climate variability and associated hydrologic variables and extremes are intensified when the
PDO and ENSO are in phase (i.e. warm ENSO/warm PDO or cool ENSO/cool PDO). The
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impacts of the PDO and ENSO on climatological and hydrological variables in the Skagit River
basin are consistent with those experienced over the PNW as a whole, but because the hydrologic
cycle in the Skagit is sensitive to temperature variations, the PDO and ENSO have a more
pronounced influence on hydrologic variables such as snowpack and seasonal streamflow timing

for the Skagit River in comparison with the region as a whole.
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Figure ES.2 Composite monthly average simulated streamflow for the Skagit River near Mount
Vernon (water years 1916 -2006) for the PDO phases based on the PDO index (top), ENSO
phases based on Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase
(bottom) (see Chapter 2).



Chapter 3. Climate Change Scenarios

Human caused climate change is projected to substantially influence the climate of the PNW and
Skagit basin in the 21% century. Based on currently available climate change scenarios from the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report downscaled to
the PNW, average temperatures for the PNW by the 2080s for the B1 and A1B emissions
scenario are projected to be 4.7 - 7.0 °F warmer than a late 20" century baseline (see Figure
ES.3). These changes are very large in comparison with year to year natural variability. Even by
the mid-21% century, projected 5" percentile temperatures are larger than the 95™ percentile
temperatures for the 20™ century baseline as shown in Figure ES.3. A smaller increase in
temperature is expected for the Skagit basin in comparison with the PNW as a whole, partly
because of the Skagit’s proximity to the coast. For example, the temperature increase for the
Skagit basin by the end of the 21 century is about 4.0 °F for B1 and 5.8 °F for A1B in

comparison to historical average temperature (see Table ES.1).
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Figure ES.3 Summary of 20" and 21 century annual average temperature simulations from 20
GCMs over the PNW, relative to the 1970-99 mean, for two greenhouse gas emissions scenarios.
Solid lines show the mean. The grey bands show the range (5th to 95th percentile) for the
historical simulations, the colored bands show the range of future projections for each emissions
scenario (Source: Mote and Salathe, 2010, see Chapter 3).



Table ES.1 Summaries of the 20" and 21% century annual and seasonal mean temperatures (in °F)
for the A1B and B1 scenarios for the entire Skagit River basin upstream of Mount VVernon.
(DJF=winter, MAM=spring, JJA=summer, and SON=fall, see Chapter 3).

Scenarios Annual DJF MAM JIA SON
Historical 40.8 28.3 38.4 54.6 41.9
2020 A1B 42.6 29.9 40.0 57.0 43.4
2020 B1 425 29.8 40.0 56.6 43.4
2040 A1B 441 31.0 41.0 59.1 45.2
2040 B1 43.2 30.5 40.4 57.8 44.2
2080 A1B 46.6 32.9 43.4 62.3 47.7
2080 B1 44.8 31.7 41.9 59.6 45.8

By comparison, projected systematic changes in annual mean precipitation are relatively small in
comparison with natural variability from year to year, and will therefore be difficult to detect in
observations (see Figure ES.4). Projected seasonal changes in precipitation are substantial,
however. By the end of the 21* century, for example, average precipitation changes for the
Skagit River basin are projected to increase by 9.8 % in winter, 8.0 % in spring and 19.2 % in
fall but decrease by 27.6 % in summer (see Table ES.2). As discussed in subsequent sections,

these projected changes in climate have major implications for long-term planning in the basin.
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Figure ES.4 Summary of 20" and 21 century annual precipitation simulations from 20 GCMs
for the PNW, relative to the 1970-99 mean, for two greenhouse gas emissions scenarios. Solid
lines show the mean. The grey bands show the range (5th to 95th percentile) for the historical
simulations and the colored bands show the range of future projections for each emissions
scenario (Source: Mote and Salathé, 2010, see Chapter 3).
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Table ES.2 Summaries of 20™ and 21 century annual and seasonal precipitation (in inches) for
A1B and B1 scenarios for the entire Skagit River basin upstream of Mount Vernon. (DJF=winter,
MAM-=spring, JJA=summer, and SON=fall, see Chapter 3).

Scenarios Annual DJF MAM JIA SON
Historical 91.8 38.9 18.5 7.3 27.2
2020 A1B 95.2 40.9 18.9 6.0 29.4
2020 B1 94.8 39.6 19.3 6.8 29.2
2040 A1B 97.4 41.5 19.6 5.8 30.5
2040 B1 95.3 40.0 19.3 6.2 29.7
2080 A1B 100.3 42.7 19.9 53 324
2080 B1 99.0 42.2 19.4 5.8 316

Sea level rise is also an important concern for the Skagit River basin because the majority of
human development is located in low-lying areas near sea level. Global sea level has risen
through the 20™ century and is currently rising at an increasing rate, though sea level at local to
regional scales can differ substantially from global changes over the short-term due to normal
short-term fluctuations in global circulation patterns (e.g. changes in wind patterns). Sea level is
projected to increase substantially by the end of the 21 century; global sea level rise projections
reported by the IPCC’s Fourth Assessment Report are between 18 and 38 cm (7.1 and 15.0
inches) for the lowest emissions scenario (B1) and between 26 to 59 cm (10.2 and 23.2 inches)
for the highest emissions scenario (A1FI). The science behind sea level rise projections is
progressing rapidly, and more recent global studies suggest much higher rates of sea level rise.
For example, more recent projections from published studies suggest that global sea level is
likely to rise by as much as 59 cm (23.2 inches), and could be as high as 179 cm (5.87 ft), by
2100 for the highest emissions scenario (A1FI) (see Figure ES.5). Projection of local sea level
rise is affected by multiple factors such as atmospheric circulation and vertical land movement.
For Puget Sound, sea level rise (SLR) by 2100 (based on the earlier IPCC projections) is
estimated to range from about 16 cm (6 inches) for the B1 emissions scenario, to as much as
128cm (50 inches) for A1FI emissions scenario. Vertical land motion is also believed to be a

significant factor contributing to relative sea level rise in the near coastal environment of Puget



Sound such as the low-lying areas of the Skagit basin, but more detailed monitoring is needed to
more accurately estimate the importance of these changes. No detailed estimates of relative SLR

for the Skagit lowlands are currently available, for example.
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Figure ES.5 Global mean sea level evolution over the 20" and 21% centuries. The red curve is
based on tide gauge measurements. The black curve is the altimetry record (zoomed over the
1993-2009 time span). Projections for the 21 century are also shown. The shaded light blue
zone represents IPCC AR4 projections for the ALFI greenhouse gas emissions scenario. Bars are
semi-empirical projections [red bar: (Rahmstorf, 2007); dark blue bar: (Vermeer and Rahmstorf,
2009); green bar: (Grinsted et al., 2010)] (Source: Nicholls and Cazenave, 2010, see Chapter 3).

For both the PNW and the Skagit River basin, projections of temperature and related variables
such as sea level rise are higher for higher emissions scenarios (e.g. A1B or A1FI) than for a low
emissions scenario (e.g. B1), showing that regional impacts of climate change on long time
scales could be mitigated by reducing the concentration of greenhouse gases. The amount of

warming over the next several decades, however, is insensitive to the emissions scenario,



supporting the argument that adaptation may be the only viable approach to avoiding impacts in

the next several decades.

Chapter 4. Glaciers

Glaciers are an important natural resource in the Skagit basin, providing an additional supply of
cold water in the warmest part of the summer to support low flows. Glacier fed streams and
lakes also provide important habitat for cold water fish species such as bull trout. At both
regional and global scales, many glaciers have been retreating since the end of the Little Ice Age
(~1550-1850). While a few specific glaciers have advanced during intervening relatively cool
and wet periods, glacier retreat and mass losses have generally accelerated in response to post-
1970 global warming.

These same patterns of glacial retreat are evident in the Skagit basin. For example, Figure ES.6
shows the retreat of Silver Glacier in the Upper Skagit River near Ross Lake. In comparison with
the photo taken in 1958, the glacier feeding the head of the lake has completely disappeared by
2006, and the ice mass in the higher elevation areas is dramatically reduced. (Figure ES.6). The
glacial area in North Cascades National Park Complex is estimated to have decreased by
approximately 7 % between 1958 and 1998. Ongoing losses of glacial ice and ice caps are
projected to continue in response to the regional expressions of global climate change. The
disappearance or shrinkage of glaciers is expected to exacerbate summer low flow (particularly
during droughts) and result in warmer water temperatures in watersheds with significant glacial
coverage, impacting cold-water fish in the Skagit basin such as salmon, steelhead, and bull trout
in headwater streams. The changes in summer melt in the Skagit basin are also likely to
influence water resources management via reduced hydropower generation and instream flow in

the late summer.



Figure ES.6 View to the west of Silver Glacier in 1958 (left, by Post) and 2006 (right, by
Scurlock) (Source: http://northcascadia.org/workshops/noca/0955_Riedel CC_Glaciers_0217.pdf,
see Chapter 4).

Chapter 5. Hydrology

Changes in temperature and precipitation, as simulated by global climate models for future
greenhouse gas emissions scenarios (discussed above), are projected to significantly influence
the hydrology of the PNW and Washington State (WA) as a whole. Despite increasing cool
season (Oct-Mar) precipitation in many climate change scenarios, reductions in April 1 snow
water equivalent (SWE) are projected over the PNW and WA. These reductions in natural
storage are largest in the simulations for moderate elevation areas that are near freezing in mid-
winter. Hydrologic model simulations show that warmer temperatures, more precipitation
falling as rain in winter, and the resulting loss of snowpack will cause substantial shifts in
streamflow timing and changes in flood and low flow risk. For the Skagit basin, these changes in
streamflow timing are projected to be relatively small in the colder headwater areas (e.g. Skagit
River at Ross Dam), and larger for sites in the lower river (e.g. Skagit River at Mt Vernon).
Watershed characteristics for all sites in the Skagit River are likely to shift toward more rain
dominant behavior by the end of the 21% century. In the lower basin, the changes in streamflow

timing are very large, with peak flows shifting from June to December in the simulations (Figure
9
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ES.7). Anexamination of the sensitivity of changes in SWE to projected temperature and
precipitation changes shows that temperature plays a dominant role in comparison with

precipitation in producing changes in SWE throughout the 21% century.
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Figure ES.7 Simulated composite monthly average streamflow (in cfs) for the lower Skagit River
near Mount Vernon. The blue line represents the historical mean (water years 1916-2006), while
the red line represents projected monthly average streamflow across ~ 10 Hybrid Delta
simulations. The red band represents the range of individual Hybrid Delta method scenario
(Source: http://www.hydro.washington.edu/2860/, see Chapter 5).

More severe hydrologic extreme events (floods and low flows) are projected for the Skagit River

basin. Floods are shown to become more intense due to increasing winter precipitation and
10
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higher freezing elevations during winter storms that increase runoff production in moderate
elevation areas. Estimates of flood risk under natural (i.e. unmanaged or unregulated) conditions
at Mount Vernon averaged over 10 climate change scenarios, for example, show about a 30%
increase in the 100-year flood by the 2040s (Figure ES.8). Low flow risks also increase in
intensity in the simulations, due to loss of snowpack, drier summers, and resulting reduced late
summer soil moisture that supplies baseflows. Projected loss of glaciers (which were not
included in the analysis discussed above) is expected to result in even greater impacts to low
flows in sub-basins with significant glacial coverage.
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Figure ES.8 20-year, 50-year and 100-year flood statistics for the Skagit River near Mount
Vernon under natural (i.e. unmanaged or unregulated) conditions for the historical(blue), Hybrid
Delta runs (red), Hybrid Delta mean (horizontal tick) and Composite Delta(orange) runs (Source:
http://www.hydro.washington.edu/2860/, see Chapter 5).
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Chapter 6. Geomorphology

The Skagit River delta has evolved over time due to both human and natural processes. Human
activities such as construction of dikes and levees have influenced the formation of distributaries
(dominant flow paths) that deliver most of the sediments and river flow to the delta, isolating
numerous large historical distributaries in the Skagit River from riverine and tidal influence. As a
result, more than 90 % of the Skagit delta has been isolated from riverine and tidal influence and
the remaining distributaries are located at the outlet of the North and South Forks of the Skagit
River. Sediment transported to the outlet of the North and South Forks has resulted in marsh
accretion and the development of new (or altered) distributaries (see Figure ES.9). Marsh
accretion has shifted to the North Fork after the dominant flow was shifted from the South Fork
to the North Fork around 1937. Sediment supply to the basin has also been influenced by human
activities: clearing of log jams, logging and road construction have increased sediment loads in
the Skagit River while dams have trapped sediments originating in the headwaters, reducing
overall sediment supply and transport to the basin from these areas. Human modification of the
river channel has also altered sediment transport to the delta. Sediment reaching the delta largely
bypasses the shoreline and tidal flats and accumulates on the face of the delta in deeper waters.
Fine sediments mostly bypass the delta and are transported offshore (predominantly to the north)
by surface currents. The offshore transport of fine sediments impacts important nearshore
habitats through abrasion, fragmentation, substrate burial, and the effects of increased turbidity
in the water column. Sediment loads would be expected to increase in the Skagit River due to
climate change-related changes in glacier retreat, loss of interannual snowpack, projected
increases in flooding, and increased coastal erosion due to sea level rise. A key uncertainty in
projecting future conditions is whether expected increases in sediment loads and resulting marsh
accretion will be able to keep pace with projected sea level rise, or whether sea level rise will
ultimately result in a net loss of tidal marsh. Initial studies estimating net loss of salt marsh and

estuarine beaches due to several competing factors suggest net losses in these near shore features.
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Figure ES.9 Planforms of the North Fork marsh/distributary system. Cross-hatched areas are
farmland, checked areas are bedrock outcrops, light gray is tidal marsh, showing expansion from
1937 (left panel) to 2004 (right penal); gray outline in left panel indicates 1956 tidal marsh.
White areas are channels and bay (Source: Hood, 2010a, see Chapter 5).

Chapter 7. Ecosystems

Climate change is likely to result in profound impacts to terrestrial, freshwater, and marine
ecosystems in the Skagit basin. Hydrologic changes such as increasing water temperature and
hydrologic extreme events (floods and low flows) are likely to cause changes in water quantity
(timing) and decreases in water quality, disturbing food webs and preventing access to habitat.
Increased forest disturbance (e.g. from fire and insect impacts) is projected for a warmer 21%
century climate, which often provides a competitive advantage for invasive species after
disturbance. There are many uncertainties about the projection of sea level rise and its impacts on
coastal habitats but there is little doubt that coastal habitat will be profoundly influenced by sea
level rise. Such changes in fish and wildlife habitat are expected to have significant impacts on
cold water fish such as salmon, steelhead, and bull trout (Figure ES.10), migratory birds, and

other species.
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Fure ES.10 Cold water fish species in the Skagit basin likely to be impacted by climate change
include bull trout (top), Chinook salmon (middle), steelhead (bottom) (Source: Ed Conner,
Seattle City Light, northcascadia.org/workshops/noca/1110 Connor_CC_Fish_0217.ppt).

Climate change and its consequences are likely to alter the species composition in the Skagit’s
forests. Drier and warmer summers would cause decreases in drought-susceptible species such as
western red cedar and even drought-tolerant species such as Douglas fir, which is an
economically important species in the Skagit basin. It is difficult to translate the potential habitat
changes into specific impacts on individual species, but generally these changes are likely to
have negative impacts on terrestrial and aquatic species in the Skagit River basin, exacerbating

impacts relating to human activities. Potential declines of economically valuable fish species
14



such as salmon and steelhead, and tree species such as Douglas fir would likely have negative

impacts on the Skagit’s current economy.

Chapter 8. Human Systems

Climate change is likely to substantially impact human systems and many elements of the local
economy in the Skagit basin. As mentioned above, warmer temperatures and changes in the
seasonality of precipitation are projected to significantly alter the hydrology of the Skagit River
on which water resources systems depend. Due to the altered hydrology of the Skagit basin, the
seasonality of hydropower production is projected to change, increasing in winter and decreasing
in summer. For the projected 2040s climate, for example, a 20% increase in winter power
generation was simulated for the Seattle City Light (SCL) hydropower projects in the upper
Skagit River. By the 2080s, peak hydropower generation in the SCL system shifts from July to
January. The seasonal timing of peak flows in the Skagit River is also projected to shift from
spring to fall/winter due to a warmer climate and associated rise in freezing level, increasing the
risk of flooding in the Skagit basin. Dams in the upper Skagit River basin and Baker River can
only impound the relatively small fraction of total flow from the headwaters above Ross Dam
and Upper Baker Dam. Preliminary results from daily time step reservoir operations modeling
(based on a single climate change scenario) suggest that the regulated 100-year flood will
increase substantially in the future in comparison with historical baselines (20% by the 2040s
and 24% by the 2080s). Proposed increases in flood storage are simulated to decrease the
magnitude of the regulated 100-year flood by a small amount in comparison with current
operations (3% reduction in the 100-year flood by the 2040s, and 7% reduction by the 2080s).
Increasing flood storage would also likely result in important tradeoffs with other system
objectives such as hydropower production and instream flow. Thus potential increases in flood
storage would ultimately need to be weighed in the context of tradeoffs with other system
objectives. Increasing winter precipitation will likely impact urban stormwater management
systems, increase landslide risks, and impact public safety in the transportation sector.
Decreasing mountain snowpack will likely impact both winter recreation opportunities such as

skiing and white water recreation opportunities that depend on summer flow in rivers. These
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combined impacts are likely to pose formidable challenges for water resources managers,

utilities, and municipalities, particularly in the context of floodplain management.

Increased flood risks from the combination of sea level rise and projected increases in river
flooding has the potential to cause major damage to low-lying farms and urban development in
the floodplain, impacting homes, businesses, water treatment plants, and transportation
infrastructure such as bridges and roads. For example, Figures ES.11 shows inundation of roads
near La Conner during the flood of February 2006, impacting homes and businesses. Estimates
of flood inundation based on combined sea level rise and increased river flows are needed to
better quantify these impacts. Sea level rise may also impact the ability to drain low-lying
farmland using traditional tide gates. Warmer water temperatures, more severe and prolonged
low summer flows, and potential habitat loss associated with projected sea level rise are

projected to negatively impact coldwater fish species such as salmon, steelhead, and trout.

Figure ES.11 Inundation of roads near La Conner due to storm/tidal surge of February 2006
(Source: Donatuto, 2010, see Chapter 8).
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Agriculture is the leading industry in Skagit County. About $300 million worth of crops,
livestock, and dairy products are produced in approximately 100,000 acres of Skagit County (see
Figure ES.12) Agriculture in Skagit County is expected to be influenced by climate change via
longer growing seasons, warmer, drier summers, wetter winters, warmer temperatures, and
changing risks for pests, invasive plants (weeds), and diseases. Warmer temperatures (in
isolation) are expected to result in degraded quality and/or decreased productivity of some crops
such as spinach seeds, raspberries, blueberries and potatoes. Elevated carbon dioxide levels,
however, may compensate for these impacts by increasing net productivity in some crops in a

warmer climate.

_— ‘ ——t |

Figure ES.12 Major crops, livestock and dairy products produced in Skagit County (Source:
Washington State University, 2007).
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1. Skagit Basin Overview

Abstract

Since the 1850s, the Skagit River basin has been altered by human activities such as logging,
diking, and the construction of dams, roads, levees, and tide gates. Logging and construction of
levees and dikes converted coniferous forest and wetlands to farmland, industrial, and
urban/suburban residential development. Dams constructed in the Skagit River not only generate
hydropower but also provide flood control, recreation opportunities, and diverse ecosystem
services. Major highways constructed through Skagit County promoted both economic and
population growth in Skagit County. These human developments have dramatically impacted
the hydrology and geomorphology of the basin and have impacted or reduced habitat for a wide
range of species, including multiple species of native anadromous fish historically reliant on
Skagit River Basin tributaries. Low-lying farms, urban development, and other lands in the
floodplain are currently vulnerable to river flooding and sea level rise. The economy of the
Skagit River basin in the 19" and early 20™ centuries was focused primarily on logging, mining,
and agriculture, but has diversified through the second half of the 20" century. Rapid increases
in population in the 21* century are projected for Skagit Co., which, under the Growth
Management Act and the Skagit County Comprehensive Plan, will direct future growth primarily

in urban areas.

1.1 Overview of the Skagit River Basin

The Skagit River basin is located in southwestern British Columbia in Canada and northwestern
Washington in the United States (Figure 1.1) and drains an area of 3,115 square miles (Pacific
International Engineering, 2008). Major tributaries in the basin are the Baker River, Cascade
River, and Sauk River. The Skagit River basin is approximately 110 miles long and 90 miles
wide (Pacific International Engineering, 2008). Downstream of the town of Mount Vernon, the
river splits into the North Fork and the South Fork before entering Skagit Bay in Puget Sound
(Figure 1.1). Under low to moderate flow conditions, about 60 % and 40 % of the Skagit River
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flows are carried out by the North and South Forks, respectively, while at higher flows, this ratio
is closer to a 50-50 split (Curran et al., in review; Pacific International Engineering, 2008).
Although not considered in detail in this report, other local rivers such as the Samish and
Stillaquamish also materially affect the local economy and natural resources of Skagit Co, and
the ecology of the Puget Sound lowlands and Skagit Bay.
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Flgure 1.1 Key Geographlc features of the Skagit River basin. Note that only the largest glaciers
are shown on the figure (see Chapter 4 for details).

1.2 Geology and Land Cover

1.2.1 Geology

The eastern mountainous region of the basin consists of ancient metamorphic rocks, together
with granitic rocks and volcanic deposits associated with Mount Baker and Glacier Peak (Pacific
International Engineering, 2008). The two highest points in the basin are Mount Baker on the
northern side of the basin at an elevation of 10,778 ft and Glacier Peak in the southern portion of
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the basin at an elevation of 10,568 ft (Pacific International Engineering, 2008). Most of the
eastern portion of the basin is above an elevation of 6,000 feet (Pacific International Engineering,
2008), where nearly all winter precipitation currently falls as snow. From Rockport to Sedro
Woolley, the Skagit River flows in a 1-mile to 3-mile-wide valley that was largely formed by
Alpine glaciers (Waitte, 1977; Pacific International Engineering, 2008). The valley walls are
moderately steep, timbered hillsides with few developments (Pacific International Engineering,
2008). Below Sedro Woolley, the valley falls to nearly sea level and widens to a flat, fertile
floodplain formed by continual river sediment transport and also by historic lahars from Glacier
Peak - most notably an event about 5,900 years ago, which is estimated to have deposited
between 0.5 and 0.7 cubic miles of sediment extending to the present location of Samish Bay to
the northeast and La Conner and Stanwood to the southeast (Pacific International Engineering,
2008). Another study also identified a large lahar event approximately 1800 years ago that

deposited large amounts of material to an overlapping area (Dragovich et al., 2000).

Prior to the late 19" century diking, floodwaters from the Skagit and Samish River basins and
their associated suspended sediment commonly flowed across this entire geomorphic delta
comprised of the modern Samish, Padilla and Skagit floodplains (Collins, 1998). Because of
their different geological origins, the lower substrate of most deep valleys in the headwaters and
middle basin consists of glacial deposits and/or moraines, while that of the floodplain in the
lower basin is composed of volcanic sands and laharic deposits such as muddy, gravelly volcanic
rock debris. The fertile upper layers of soil in the floodplain are composed primarily of finer
sediments deposited by the river such as sands, silts, and clays (Collins, 1998; Pringle and Scott,
2001; Pacific International Engineering, 2008; Haugerud and Tabor, 2009).

Under current conditions the Skagit River has been estimated to transport between 1.7 million
and 4.5 million tons of sediment annually (Collins, 1998, Curran and others, in review; Pacific
International Engineering, 2008). In water year 1991, which included two major floods (Pacific
International Engineering, 2008), the river transported 4.4 million tons of sediment (Collins,
1998). Recent studies present evidence that sediment delivery has increased dramatically since

1850 due to a combination of land use change (e.g. logging and road building), clearing and



dredging in the lower river, and channelization of flow, which reduced connectivity between

river and floodplain (Grossman et al., in press) (See also chapter 6).

Largely as a consequence of these changes the Skagit River delta is currently prograding
(increasing in area) (Beamer et al., 2005a). Extensive diking of the lower river has also
dramatically changed where sediment is deposited, concentrating it at the mouths of the South
and North Forks and on the outer face of the delta (Hood, 2004; Collins, 1998; Grossman et al.,
in press). Fine sediments, however, primarily bypass the delta, shoreline and tidal flats and are

transported offshore (Grossman and others, 2007) (See Chapter 6 for more details).

Recent studies provide evidence that the entire Skagit tidal flats have been converted from a
mud-rich system to a sand-dominated system since about 1850, which has led to habitat impacts
and lost marine resources. For example, the Swinomish Tribe used to harvest soft shell clam in
the delta, but this species is no longer viable in areas now dominated by sand deposition.
Similarly the Swinomish Tribe used to harvest oysters in the area north of the current Jetty, but
oysters are no longer viable in this area because of extensive mud accumulation since the 1940s

when the jetty was emplaced ( Grossman et al., in press and review; Grossman et al. 2007).

1.2.2 Land Cover

Since settlement by non-Native Americans began in the 1850s, the land cover of the Skagit River
Valley (and adjoining areas in the Puget Sound Lowlands in the Samish and Stillaquamish River
basins) has been changed from mostly coniferous forest and wetlands to farmland and urban or
rural residential areas (Beechie et al., 2001; Cuo et al., 2009). Outside of national park and
wilderness areas, forested foothills and mountains have been converted from old growth to
commercial tree farms or second growth forest (Skagit County, 2007). Based on 2007 satellite
images, land cover in Skagit County is 65.5% forest, 15.5% grassland or scrub/shrub (including
recently cut forest), 7.3% agriculture, 3,5% developed, and 5.2% ice and rock (J. Greenberg,
personal communication; see Figure 1.2). Based on current Skagit Co. zoning designations land
use are classified as 48% public, 29% industrial forest, 12% secondary forest or rural, 8%
agriculture, and 4% urban, including the cities of Mount Vernon, Burlington, and Sedro Woolley

and the towns of Concrete, Hamilton, Lyman, and La Conner (J. Greenberg, personal
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communication; see Figure 1.3). The basin also includes the reservations of the Sauk-Suiattle
Indian Tribe and the Upper Skagit Indian Tribe. The City of Anacortes and the Swinomish
Indian Tribal Community are on Fidalgo Island, just outside of the Skagit River basin boundary
(Figure 1.1). The federally recognized Samish Indian Nation is currently headquartered in
Anacortes, but does not have a reservation of its own. Although the reservation is outside the
basin boundary, the Swinomish Tribe maintains significant treaty interests in the Skagit River

and Skagit River delta, as does the Samish Tribe.
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Figure 1.2 Land cover of Skagit County.
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Figure 1.3 Major land use zones based on Skagit County designations. “IF-Nrl” is Industrial
Forest, and “SF-Nrl” is Secondary Forest, “RR” is Rural Reserve, “RR-Nrl” is Rural Resource
and “Ag-Nrl” is Agriculture. (Map produced by Skagit County GIS 2011.)
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Prior to non-native settlement, at least one half of what is now the Skagit River delta was
composed of perennial wetlands, including tidal marsh, freshwater marsh, or open channels
(Collins, 1998). Historically, the lower Skagit River likely moved across the entire Skagit Flats,
including the current Samish River Valley out to Samish Bay (Collins, 1998). A former channel
of the river that led to Padilla Bay was clearly detectable in a U.S. Army Corps of Engineers

analysis in 1881, for example (Kunzler, 2005).

1.3 Human Settlement of the Skagit Basin

Native Americans occupied lands within the Skagit River Basin for uncounted centuries prior to
non-native settlement. Within a few years following the Oregon Treaty of 1846, which
established American sovereignty below the 49" parallel, European-Americans and other ethnic
groups began moving to the Puget Sound area. The first continuous non-native settlement in
Skagit County was on the prairies of March Point in 1853 (Easton, 1976). The cession of tribal
lands through the Point Elliott Treaty of 1855 provided the basis for granting land titles and
encouraged more extensive settlement (Skagit County, 2007). The first dikes along the Skagit
River are believed to have been constructed in 1863 (Breslow, 2011). La Conner was the first
town established in the county. It began as a trading post in the early 1860s, benefitting from its
location on a protected waterway (Easton, 1976). As was the case throughout western North
America in the 18" and 19™ century, ships, canoes, and other watercraft were the primary means
of early transportation until clearing of upland forests made overland travel more feasible. Thus
early settlement was typically near major water bodies such as the Skagit River and Puget Sound.
Early agriculture in the delta focused on oats and barley, which did well in salty soils
(Econorthwest, 2010). As early as 1873, the temperate microclimate of the Skagit Valley was
found to be well-suited for growing cabbage and brassica seeds, which grew to be an

economically important industry in the 20" century (Breslow, 2011; Econorthwest, 2010).

Before the early 1880s, two huge log jams blocked passage of steamer ships at Mount VVernon
(Breslow, 2011). Until the jams were removed, they caused spring snow melt to flood across the

valley downstream (Kunzler, 2005). Removal of the jams allowed Mount VVernon to grow; it



became the county seat in 1884 (Easton, 1976). Logging on the delta and along the river was the
county’s first major industry (Kunzler, 2005). Logging advanced upriver, along with early
mining operations, after the U.S. Army Corps of Engineers completed removal of the log jams at
Mount Vernon and cleared additional snags and jams further upriver to improve navigation
(Breslow, 2011). Railroad connections cemented Mount Vernon’s role as the leading city in the
county in the late 19™ century. Spur lines led to the growth of Anacortes and upriver towns.
Most of these towns were established in association with nearby mines (Breslow, 2011). By the
early 20" century, upriver floodplains had been extensively converted to agricultural use and the
riparian forest had been logged from as far upstream as the Sauk River (Beechie et al., 2001).
After timber near the river was cut, railroads supported logging operations as they moved up the
hillsides (Kunzler, 2005; Easton, 1976).

In the 1950s, the county economy diversified its industrial base from its historic dependence on
the agricultural and forestry industries, adding two petroleum refineries on Fidalgo Island near
Anacortes and establishing a pleasure boat building industry (Hovee and Company, 2003). In the
1970s and 1980s, downturns in the lumber, wood, and food processing industries led to higher
unemployment in Skagit County than elsewhere in Washington. The county has broadened its
employment base since then. Today, services and retail are the county’s two largest economic

sectors (Hovee and Company, 2003).

1.3.1 Drainage Infrastructure

By the late 19" century, an extensive system of dikes had transformed the delta into some of the
richest farmland in the state (Kunzler, 2005). The growing cities of Skagit County depended on
agriculture as the basis for the local economy. However, the delta remained subject to
catastrophic flooding, which was exacerbated by logging, the channelization of streams and
rivers, and the dike and drainage system itself, which increased the severity of downstream
flooding by channeling the river’s force and removing the absorptive capacity of trees and
wetlands (Breslow, 2011). Much of the land surface in the delta protected by dikes is currently

below the mean higher high tide (J. Greenberg, personal communication; see Figure 1.4, making



it vulnerable to projected sea level rise, especially in combination with increased river flooding

projected for a warmer future climate (see Chapters 5 and 8).
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Figure 1.4 Predicted inundation extent at higher high tide in the Skagit Flats if tide gates were
removed from existing dikes (J. Greenberg, personal communication). (Map produced by Skagit
County GIS 2011.)

Tide gates and flood gates have been installed in low-lying land in the Skagit delta to protect
against flooding and to provide adequate drainage for farming (Mitchell et al., 2005; WWAA et
al., 2007). Tide gates are essentially one-way valves that allow drainage water to flow to marine
waters during a low tide cycle. At high tide, tide gates close to keep saltwater out of the drainage
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system (WWAA et al., 2007). Flood gates also prevent water in the Skagit River from back-
flowing into a drainage system when the river is at flood stage (WWAA et al., 2007). These two
types of drainage infrastructure are essential for the long-term sustainability of agriculture in the
Skagit delta. They have also caused declines in salmonid productivity by blocking fish passage,
and have reduced sediment transport to the Skagit delta. The performance of tide gates and flood
gates is likely to be influenced by sea level rise, especially in combination with increased river
flooding (Chapter 8).

1.3.2 Dams

Five major hydroelectric dams were constructed in the basin between 1924 and 1959: Gorge

Dam (completed as a wooden structure in 1924, then replaced with a concrete dam in 1950),
Diablo Dam (completed in 1931), and Ross Dam (first completed in 1940, then raised in 1949)
on the upper Skagit River and, on the Baker River, Lower Baker Dam (completed in 1925) and
Upper Baker Dam (completed in 1959). The three Seattle City Light dams on the upper Skagit
River produce 805 megawatts (MW) of power: 460-MW Ross, 168-MW Diablo, and 177-MW
Gorge. The two Puget Sound Energy dams on the Baker River generate 170 MW of hydropower:
91-MW Upper Baker and 79-MW Lower Baker (URLs 1 & 2).

The three storage dams (Ross, Upper Baker, and Lower Baker) significantly reduced natural
spring river flows originating as snowmelt and also augment summer low flows (Pacific
International Engineering, 2008). Since 1954, Ross Dam has provided 120,000 acre-feet of
flood control storage. Since 1980, Upper Baker Dam has provided 74,000 acre-feet of additional
storage (Pacific International Engineering, 2008). During a flood event when forecasted natural
flow at Concrete is above 90,000 cfs, the U.S. Army Corps of Engineers operates Ross Dam in
coordination with Upper Baker Dam to reduce flood peaks in the lower Skagit River valley
(Puget Sound Energy, 2006). Collectively, Ross and Upper Baker Dams control runoff from
about 39 percent of the drainage area of the Skagit River basin upstream of the Skagit River near
Mount Vernon (Puget Sound Energy, 2006). Nevertheless, the five dams in the basin were not

built primarily for flood control and provide only limited relief from the worst river flooding,



which generally occurs in late fall when warm storm systems bring heavy rainfall, which can

also melt early snowpack (Kunzler, 2005).

1.3.3 Highways

Interstate 5 (1-5) was constructed through Skagit County in the 1960s. The final portion of I-5,
between Everett and Marysville, opened in May 1969, connecting the county to the Seattle area
and points south. This was a turning point for the local agricultural industry, cutting several
hours from the time needed to move inputs, products, and labor between farms and markets, and
also attracting new suppliers, processors, and resellers to the valley (Breslow, 2011). It also
made commuting between Skagit County and the fast-growing central Puget Sound area much
more feasible, leading to a significant and sustained increase in Skagit County’s population

growth rate, as discussed further in the section 1.5.

In summer 1972, the North Cascades Highway was completed, connecting the Skagit Valley to
the Methow Valley east of the mountains. Combined with the creation of North Cascades
National Park in 1968, this transformed Skagit County into a gateway to popular recreational
areas in the mountains. The county was already a gateway to the San Juan Islands through a spur
of State Routes (SR) 20 to the ferry terminal at Anacortes. Other major highways in the basin
include SR 9, 538 and 536. Highways lying in the floodplain such as SR 20, 9, and 536 are

susceptible to flooding and are closed during extreme high flows.

1.4 Ecological Change

The transformation of the Skagit River and its basin over the final decades of the 19" century
and early decades of the 20" century involved dramatic changes to the basin’s ecosystems.
Figure 1.5 identifies changes just in estuarine habitat zones between the 1860s and 1991. Most
of these changes had already taken place by the early 20" century (Collins, 1998). Snag removal
and logging in the floodplain not only removed complex habitats used extensively by salmon and
other species, they eliminated dynamic processes through which the river created and maintained

habitats over time (Collins, 1998). Diking isolated more than 90% of the delta from riverine and
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tidal influence (Hood, 2004), leading to dramatic losses in freshwater wetlands and estuarine
habitats (see Figure 1.6). Beamer et al. (2005b) calculated a net loss of 98% of freshwater
wetlands and floodplain forest in the non-tidal delta to Sedro Woolley (see Figure 1.7).
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Figure 1.5 Changes to the estuarine habitat zones within the Skagit delta (Source: Beamer et al.,
2005a).
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Figure 1.6 Historical and current vegetated tidal wetlands in the Skagit Estuary, Washington
(Source: Dean et al., 2000)
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Figure 1.7 Floodplain areas for the non-tidal delta portion of the Skagit River. The map shows
changes to floodplain and mainstream habitats (Source: Skagit River System Cooperative and
Washington Department of Fish and Wildlife, 2005).
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Diking also dramatically changed the processes that created and maintained remaining habitats.
Blind tidal channels, which receive freshwater flow during floods but which regularly receive
inflows from marine waters during high tides, were reduced in area by 94.6% between southern
Padilla Bay and Camano Island (Beamer et al., 2005a). Distributary channels, which delivered
water and sediment crucial to estuarine habitats, were cut off from the area between the North
and South Forks of the river on lower Fir Island. Including other diked areas to the North,
Beamer et al. (2005a) calculated a net loss of 74.6% of tidal estuarine area across the entire
geomorphic Skagit delta, from Camano Island to Samish Bay. In addition to losses in total area,
estuarine habitats also were disconnected from one another, becoming concentrated at the
mouths of the North and South Forks of the river. These changes affected a wide range of
species, including Chinook salmon, which particularly rely on estuarine habitats and which are
currently listed as threatened under the Endangered Species Act. Beamer et al. (2005a)
calculated that the area preferred by delta-rearing Chinook salmon has been reduced 87.9%
compared to historic conditions. Upriver, dikes and roads have also dramatically reduced
floodplain habitats and limited the processes that create and maintain them. Floodplains provide
complex and dynamic habitats important to a wide range of species, including fish, birds,
mammals, and amphibians. Between Sedro Woolley and Rockport, Beamer et al. (2005b) found
that 31% of the floodplain had been isolated from hydrologic processes by dikes and roads.
They found a similar amount of the floodplain was “shadowed” from river hydrology through
bank hardening or roads, although these areas were not completely disconnected from the river.
As discussed above, these same processes have also dramatically altered the sediment transport

processes that create and maintain habitat in the delta (Chapter 6).

1.5 Population Growth and Future Projections

Skagit County’s population grew rapidly during the first half of the twentieth century, from
14,292 in 1900 to 43,273 in 1950. This approximately tripling of the population was, however,
slower than average for the Puget Sound area, where the human population more than quintupled
over that time (Office of Financial Management, 2007). The pace of Skagit County’s growth
slowed significantly between 1950 and 1975, with population increasing less than 25% to 54,100

13



in 1975. With the completion of Interstate 5, the county’s population increased much faster,
nearly doubling to 102,979 by 2000 (Office of Financial Management, 2007). The pace of
growth has slowed somewhat since then. The Envision Skagit 2060 project estimates that the
county’s 2010 population was probably slightly below 120,000 (K. Johnson, personal
communication). The Envision Skagit 2060 project is considering low, high, and “most likely”
projections for the county’s population in 2060 of 192,412, 237,352 and 217,578, respectively.
The high projection used by the project is an extension of the “medium” projection for the
county in 2025 developed by the state Office of Financial Management. City and County
planners working with Envision Skagit believed that extending the state’s “high” projection for
2025 would be unrealistic over a 50-year time period. The “most likely” projection extends the
2025 planning target being used by the Skagit Council of Governments. These projections are
also reasonably well aligned with currently observed growth rates. (K. Johnson, personal

communication).

Under the Growth Management Act and the Skagit County Comprehensive Plan, the large
majority of growth in the county’s population is being directed to urban areas. While the county
as a whole is projected to grow 44.8% between 2000 and 2025, the City of Mount Vernon is
projected to grow 69.1%, from 28,332 to 47,900. Some urban areas are growing even faster,
such as the Bayview urban growth area near the Skagit County Airport, which is projected to
more than triple its population over the same period, from 1,700 in 2000 to 5,600 in 2025.

1.6 Summary and Conclusions

The Skagit River basin, which is located in northwestern Washington in the United States, drains
an area of 3,115 square miles. Since European-American settlement around the 1850s, the Skagit

River basin has been extensively developed. Key findings include the following:

e The formation of valleys, mountains and floodplains of the Skagit River basin has been
influenced by both glaciers and volcanic activity. Therefore, geology of different areas of

the Skagit River basin varies with its geological origin; the headwaters and middle basin
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consist of glacial deposits and/or moraines while lowlands of the Skagit River are
composed of volcanic sands and laharic deposits.

The Skagit River basin has been extensively transformed since early European-American
settlement in the 19" century by logging, agriculture, urbanization and the construction
of dams, dikes, levees, tide gates, channels, roads, and railroads. These human
developments have dramatically affected the hydrology, geomorphology, and ecosystems
of the basin (discussed in more detail in Chapters 5, 6,7).

Levees and dikes constrain river flows, facilitating agricultural development and urban
and suburban development. This infrastructure reduces flood risk, but does not eliminate
the threat of catastrophic floods (discussed in more detail in Chapter 8). Levees and
dikes also constrain and redirect the river’s transport of sediment, which now
concentrates at the mouths of the North and South Forks of the river. Most of the
sediment, however, actually bypasses the delta, shore and tidal flats. Sands accumulate
mostly on the delta front, while fine sediments that once accumulated in the delta as mud
are now exported to distant parts of Skagit Bay and outside Deception Pass. This
represents a lost resource to the delta.

Five dams were built in the Skagit River basin primarily for hydropower generation:
Ross, Diablo, and Gorge Dams on the upper Skagit River and Upper and Lower Baker
Dams on the Baker River. These dams provide also flood control, recreation
opportunities, and diverse ecosystem services.

Major highways such as I-5 and SR 20 were constructed through Skagit County during
the 1960s and the early 1970s and promoted economic and population growth in Skagit
County.

The location of cities in the floodplain increases their vulnerability to projected increases
in river flooding due to climate change. Agricultural land and associated drainage
infrastructure are vulnerable to sea level rise, especially in combination with projected
increases in river flooding (discussed in more detail in Chapter 8).

Euro-American settlement has dramatically reduced habitat for a wide range of species.
As discussed in more detail in Chapter 7, these species are vulnerable to additional
stresses imposed by the effects of climate change and population growth.
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2. Climate Variability

Abstract

Long historical records of flow in the Columbia River back to about 1860 show that Pacific
Northwest (PNW) climate has varied considerably on centennial (century-to-century), decadal
(decade-to-decade), and interannual (year-to-year) time scales. Two large scale climate
phenomena, the EI Nifio-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO), explain the broad features of PNW climate variability in the 20" century (e.g. cool
season temperature and precipitation variations) along with associated variations in hydrologic
variables (snowpack and streamflow) and hydrologic extremes (floods and droughts) in the PNW.
The patterns of climate variability, climate extremes, and associated hydrologic variables are
likely to be intensified when the PDO and ENSO are in phase (i.e. warm ENSO/warm PDO or
cool ENSO/cool PDO). Similarly, the PDO and ENSO strongly influence the climate and
hydrology of the Skagit River basin. Variations in air temperature associated with the PDO and
ENSO also affect water temperature for the Skagit River.

2.1 Overview of Historical Variations in Pacific Northwest Climate

The impacts of climate variability on hydrologic systems in the Pacific Northwest (PNW) are
dominated by cool season (October to March) precipitation, which effectively “recharges” the
region’s water systems each year. PNW cool season precipitation and annual river flow have
varied considerably on centennial (century-to-century), decadal (decade-to-decade), and
interannual (year-to-year) time scales (Mote et al., 2003; Hamlet, 2011). Figure 2.1 shows
reconstructed annual flow in the Columbia River at The Dalles from 1958-1998. Annual flow in
the Columbia is a good proxy for cool precipitation over the region as a whole (cool season
precipitation explains more than 80% of the variance in annual flow), and this relationship is
very insensitive to temperature variations (Bumbaco and Mote, 2010). Although trends in
annual flow and cool season precipitation in the 20™ century (when most observed streamflow

and climate records are available) have been relatively small, Figure 2.1 shows that the second
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half of the 19" century was much wetter than the 20" century in the PNW. In the last 40 years of
the 19" century, for example, there were five annual high flow events that were comparable to or
larger than the two wettest years on record in the Columbia basin (1974 and 1997). Water year
(Oct-Sept) 1894 stands out as an extreme wet year, and produced an instantaneous peak flow in
June, 1894 of 1.24 million cfs (USGS peak flow records), almost 25% higher than the highest
natural peak flows observed for the Columbia River in the 20™ century (May, 1948, 1.01 million
cfs). For comparison, the two wettest annual water years in the 20" century, 1974 and 1997,
produced estimated natural spring peak flows of about 800,000 cfs, more than 50% below the
1894 peak flow.
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Figure 2.1 Naturalized annual flow in the Columbia River at The Dalles, OR from water years
1858-1998. Flows from water years (Oct-Sept) 1858-1877 are reconstructed from estimates of
peak stage from railroad records. Flows from water years 1878-1998 are naturalized data
extracted from daily gage records. Magenta and yellow traces show temporally smoothed traces
using a five and ten year moving window average respectively (Source: Hamlet, 2011).

Regional summaries of observed precipitation and temperature data show strong 20" century
trends in some cases (Figure 2.2). Maximum and minimum daily temperatures in cool season,
for example, have exhibited relatively strong warming trends throughout the 20" century. Cool
season precipitation, by comparison, has shown relatively little trend. Warm season daily

maximum and minimum temperatures show similar patterns to cool season, although minimum
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temperatures in warm season show stronger trends. Warm season precipitation in the PNW has

exhibited strong upward trends over the 20" century. Changes in temperature before about 1970

are believed to be largely related to natural climate variability, whereas changes after 1970 are a

mixture of natural (40-65%) and anthropogenic (35-60%) causes (Barnett et al., 2008) (See also

Chapter 3). Changes in precipitation over the 20" century have so far not been attributed to

anthropogenic climate change, and the dominant hypothesis is that the observed changes are

related mostly to climate variability.
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Figure 2.2 A temporally smoothed 20" century time series (1915-2003) of regionally averaged
precipitation, maximum temperature, and minimum temperature for the warm and cool season
over the western U.S. (Pacific Northwest, California, Colorado River Basin, and Great Basin)
(units: standard deviations from the mean) (Source: Hamlet et al., 2007).
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2.2 Global Climate Patterns Affecting Pacific Northwest Climate

Two global-scale patterns of climate variability, the EI Nifio-Southern Oscillation (ENSO)
(Battisti and Sarachik, 1995) and the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997),
are strongly related to variations in PNW climatological and hydrological variables such as
precipitation, temperature, snowpack, and streamflow in the PNW (Piechota et al., 1997; Cayan
et al., 1998; Livezey and Smith, 1999; Hamlet and Lettenmaier, 1999; Mote et al., 2003). In this
section, we discuss these global climate phenomena and their observed variability over the last
100-150 years.

2.2.1 The El Nino-Southern Oscillation

ENSO is a climate phenomenon directly affecting the tropical Pacific Ocean which impacts
regional climate throughout the globe. ENSO is usually defined as a function of wind and sea
surface temperatures (SSTs) anomalies (changes from normal conditions) in the tropical Pacific
Ocean (Wallace et al., 1998; Battisti and Sarachik, 1995). El Nifio (commonly referred to as the
warm phase of ENSO), refers to the climate conditions characterized by weakened easterly trade
winds and unusually warm SSTs in the central and eastern parts of the tropical Pacific. La Nifia
(commonly referred to as the cool phase of ENSO) is essentially the opposite of El Nifio and is
characterized by warm surface waters pushed far to the west by stronger easterly trade winds and
anomalously cold SSTs in the central and easterly parts of the tropical Pacific Ocean (Vecchi and
Wittenberg, 2010; Miles et al., 2000). ENSO variations are typically measured via numerical
indices such as the Southern Oscillation Index (SOI), which is based on long records of the
observed difference in pressure between Tahiti and Darwin, or the Nino3.4 Index (Trenberth,
1997), which is based on SST anomalies in a specific area of the tropical Pacific (covering parts
of the Nino3 and Nino4 regions). It is worth noting that although these two indices are broadly
equivalent in terms of characterizing historical ENSO events, they are opposite in sign, which
sometimes causes confusion. A positive Nino3.4 value corresponds to a negative value of the
SOI. For the Nino3.4 index an official definition of ENSO is an anomaly of plus or minus 0.5 °C
(warm or cool respectively) persisting for at least five consecutive and overlapping three month

periods. Years which are neither warm nor cool are considered to be ENSO neutral.
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ENSO events typically persist for 6 to 18 months and peak in mid-winter (most often in January),
when they typically have the greatest effect on regional climate. Warm or cool events have a
return interval between two to seven years. ENSO has global impacts, although its effects are
regionally specific (Hamlet and Lettenmaier, 1999; Trenberth and Jones, 2007). For instance,
ENSO variations (as measured by the Nino3.4 index) are positively correlated with precipitation
and streamflow in the U.S. Southwest and Central America and negatively correlated with
precipitation and streamflow in the Northwestern U.S. and tropical South America (Gershunov
and Barnett, 1998; Hamlet and Lettenmaier, 1999; Cayan et al., 1999; Dettinger et al., 2001;
Barton and Ramirez, 2004).

The frequency and amplitude of ENSO have varied considerably over the past 130 years
(Folland et al., 2001; Trenberth and Jones, 2007; Wang and Picaut, 2004; Vecchi and Wittenberg,
2010). As shown in Figure 2.3, strong warm and cool ENSO events (measured here by long
records of the SOI) occurred about equally often from 1866 to 1925. Strong cool phase events
dominate from the mid-1940s to the mid-1970s, after which strong warm phase events have
dominated (Folland et al., 2001; Trenberth and Jones, 2007; Wang and Picaut, 2004; Vecchi and
Wittenberg, 2010). Since 1976, there was an apparent climate shift to warmer conditions and
strong warm ENSO events occurred more persistently (Folland et al., 2001; Trenberth and Jones,
2007; Wang and Picaut, 2004; Vecchi and Wittenberg, 2010), especially from 1990 to 1995,
when several weak to moderate EI Nifio events occurred without alternating with La Nifia events
(Goddard and Graham, 1997). ENSO variability observed at the end of the 20" century is
unprecedented in the record back to 1866. The causes of this unusual variability in ENSO in the
last 25 years of the 20™ century, including the exceptionally strong EI Nino events of 1982/83
and 1997/98, and whether this unusual variability is linked to global warming remains key

research questions as noted by Folland et al. (2001) and Trenberth and Jones (2007).
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Figure 2.3 The Darwin-based SOI, in normalized units of standard deviation, from 1866 to 2005.
The smooth black curve shows decadal variations. Red values indicate positive sea level pressure
anomalies at Darwin and thus EI Nifio conditions (Source: Trenberth and Jones, 2007).

2.2.2 The Pacific Decadal Oscillation (PDO)

The PDO has been described as a long-lived ENSO like pattern of climate variability in the
Pacific Basin and North America (Mantua et al., 1997; Miles et al., 2000; Trenberth and Jones,
2007) or as a low-frequency residual of ENSO variability expressing itself on multi-decadal time
scales (Trenberth and Jones, 2007; Newman et al., 2003). Newman et al. (2003), for example,
demonstrated that simple statistical models representing the persistence of the PDO from year to
year combined with an ENSO forcing term could very closely reproduce the variability of the
PDO index from one year to the next. In terms of its effects on regional climate, the PDO is
different from ENSO in three ways (Miles et al., 2000; Mote et al., 2003; Moore et al., 2008).
First, warm and cool PDO events show much longer temporal persistence in comparison with
ENSO events. Warm or cool PDO events typically persist for 20 to 30 years while ENSO events
persist for 6-18 months. Secondly, the PDO has its most pronounced climatic influence in the
central and North Pacific with a more secondary climatic influence in the tropics, while the
opposite is true for ENSO. Finally, the observed time series behavior of the PDO is much less
well understood than ENSO in part because only a few cycles of the PDO are represented in the

relatively short observed climate records available.
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The PDO index is based on the Empirical Orthogonal Function (EOF) analysis, a statistical
technique which decomposes the spatial and temporal patterns of SST for the Pacific basin north
of 20 ° N into a single time series which explains most of the variance in these patterns (Mantua
etal., 1997). The PDO index is used in this report primarily to characterize decadal climate
variability in the PNW (Hamlet and Lettenmaier, 1999). The PDO had five phases during the
20™ century (Figure 2.4): weak warm (positive index values) and cool (negative index values)
excursions were present from 1900 to 1924 then predominantly in the warm phase from 1925 to
1946, in the cool phase from 1947 to 1976, and again in the warm phase with several relatively
brief excursions to the cool phase (URL 1) from 1977 to the present. It is worth noting that
estimates of the PDO in the early 20" century (prior to about 1950) are more uncertain than at

the end of the record due to relatively few SST measurements in the early record.
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Figure 2.4 Annual time series Pacific Decadal Oscillation (updated from Mantua et al., 1997).
The smooth black curve shows decadal variations (Source: Trenberth and Jones, 2007)

2.3 Impacts of ENSO and the PDO on Pacific Northwest Climate and Hydrology

In this section, we discuss regional-scale variations in climatological and hydrological variables
associated with ENSO and the PDO. These relationships were created based on the PDO and

ENSO definitions defined in Table 2.1. For example, in estimating temperature anomalies
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associated with warm ENSO vyears, temperature data from all the warm ENSO years (as defined
in the table) were averaged and compared to the same quantities for cool ENSO and ENSO

neutral years.

Table 2.1 Retrospective Definitions of Warm, Neutral, and Cool ENSO and PDO Years (Source:
Hamlet and Lettenmaier, 2007).

Climate Category | Index Used Definition

Warm ENSO NINO 3.4 | > 0.5 std. deviations above the mean for DJF mean
ENSO neutral NINO 3.4 | Neither warm nor cool

Cool ENSO NINO 3.4 | <-0.5 std. deviations above the mean for DJF mean
Warm PDO PDO > 0.5 std. deviations above the mean for ONDJFM mean
PDO neutral PDO Neither warm nor cool

Cool PDO PDO < -0.5 std. deviations above the mean for ONDJFM mean

2.3.1 PNW Temperature and Precipitation

Warm ENSO (EI Nifio) events generally produce warmer and drier winter/spring weather in the
PNW (Hamlet and Lettenmaier, 1999; Miles et al., 2000; Mote et al., 2003; Moore et al., 2008),
whereas cool ENSO (La Nifa) events produce cooler and wetter conditions. As shown in Figure
2.5, warm ENSO years are likely to have higher cool season (Oct-Mar) temperature (about 1°C
(1.8 °F) warmer) and lower cool season precipitation (by about 10%) in comparison with cool
ENSO years. Cool season temperature and precipitation anomalies (i.e. changes from the mean)
associated with the PDO are broadly similar to those shown for ENSO (Figure 2.5). Warm phase
PDO shows higher temperature and lower precipitation than cool phase PDO in the cool season
(see Figure 2.5). When the PDO and ENSO are in phase (e.g. warm ENSO/warm PDO or cool
ENSO/cool PDO), these patterns of climate variability positively reinforce each other. That is,
the likelihood of unusually warm and dry winter/spring weather is especially high in years when
a warm ENSO event coincides with warm PDO (Gershunov and Barnett, 1998; Miles et al., 2000;
Mote et al. 2003). Conversely, cool ENSO/cool PDO years are strongly associated with

unusually cool and wet conditions.
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Figure 2.5 Box-and-whisker plots showing the influence of ENSO (top) and the PDO (bottom)
on October-March temperature and precipitation (1899-2000) for the PNW. For each plot, years
are categorized as cool, neutral, or warm phases. For each climate category, the distribution of
the variable is indicated as follows: range of values (whiskers); mean value for the phase
category (solid horizontal line); regional mean for all categories combined (dashed horizontal
line); 75th and 25th percentiles (top and bottom of box). Area-averaged Climate Division data
are used for temperature and precipitation (Source: URL 2).

2.3.2 Effects of the PDO and ENSO on PNW Hydrology

The PDO and ENSO influence temperature and precipitation patterns in the PNW (warm and dry
or cool and wet) as mentioned above, and thus these patterns of climate variability also influence
hydrologic variables such as snowpack and streamflow in the PNW (Piechota et al., 1997; Cayan
et al., 1998; Hamlet and Lettenmaier, 1999; Livezey and Smith, 1999). The effects of climate
variability on April 1 snow water equivalent (SWE) in the Western United States have been well
documented in previous work (Clark et al., 2001; Hamlet et al., 2005; Mote, 2006). Hamlet et al.
(2005) and Mote (2006) examined the separate roles of precipitation and temperature in
producing the trends in SWE. They found that the April 1 SWE was negatively correlated with
cool season temperature and positively correlated with cool season precipitation in the PNW.

Because warm (cool) phases of ENSO and the PDO produce warmer and drier (colder and wetter)
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winters in the PNW, warm (cool) phases of ENSO and the PDO are associated with lower
(higher) SWE as shown in Figure 2.6.

When the PDO and ENSO are in phase (i.e. warm PDO/ El Nifio), these April 1 SWE anomalies
tend to be enhanced (see Figure 2.6 right). These effects are more pronounced in relatively
warm areas in the PNW such as the western slopes of the Cascades because spring snowpack in
near-coastal mountain ranges is strongly affected by cool season temperature (Hamlet et al.,
2005; Mote et al., 2005; Mote et al., 2007).
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Figure 2.6 Anomalies (i.e. changes from the mean) in April 1 SWE over the 1916-2003 period of
record for the Columbia River basin for the PDO phases based on historical epochs (left), for
ENSO phases based on Dec-Feb averaged Nino3.4 Index (middle) and for the PDO and ENSO in
phase (right). Top panels show warm phase signals, lower panels show cool phase signals
(Source: URL 3).
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The correlation between streamflow and the PDO and ENSO in the PNW is also well-established
(Hamlet and Lettenmaier, 1999; Gershunov and Barnett, 1998; Cayan et al., 1999; Dettinger et
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al., 2001; Barton and Ramirez, 2004; Miles et al., 2000; Mote et al., 2003). Monthly naturalized
streamflow at The Dalles, for example, shows that warm phases of the PDO and ENSO produce
lower monthly streamflow in comparison with cool phases of the PDO and ENSO, with the
largest response in June (see in Figure 2.7) (Hamlet and Lettenmaier, 1999; Miles et al., 2000;
Mote et al., 2003). Coincidence of warm (cool) phases of ENSO and the PDO tends to enhance
these streamflow anomalies: cool ENSO/cool PDO produces much higher streamflow in June in

comparison with warm ENSO/warm PDO (see lower panel in Figure 2.7).
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Figure 2.7 Composite monthly naturalized hydrographs for the Columbia River at The Dalles
(water years 1931 -1989) for the PDO phases based on the PDO index (top), ENSO phases based
on Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase (bottom).
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Figure 2.8 Spatial plots of change in s flood risk simulated by a hydrologic model for medium
sized river basins (~1700 km?) across the western U.S. showing the ratio of the estimated 100-
year flood for the PDO (top), ENSO (middle) and combined the PDO and ENSO (bottom) to the
estimated 100 year flood for all years. (Source: Hamlet and Lettenmaier, 2007).
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The incidence of hydrologic extremes such as droughts and floods in the PNW is also influenced
by the PDO and ENSO. For example, flood risks are generally higher in the PNW during cool
phases of the PDO and ENSO and lower during warm phases of the PDO and ENSO, with large
impacts in coastal area (Figure 2.8) (Hamlet and Lettenmaier, 2007). When the PDO and ENSO
are in phase, the impacts on changes in flood risks are intensified as shown in the bottom panels
in Figure 2.8. Since 1900, five of the six extreme multi-year droughts occurred during the warm
phase of the PDO and four of the five highest flow years happened during the cool phase of the
PDO (three of them when ENSO was also in its cool phase) (Mote et al., 2003). When these two
oscillations are out of phase, observed streamflow tends to vary near the long-term mean
(Hamlet and Lettenmaier, 1999; Miles et al., 2000; Mote et al., 2003).

2.4 ENSO and PDO Impacts on the Skagit River Basin’s Climate and Hydrology

In this section, we extend the regional analysis presented above to discuss the effects of the PDO
and ENSO on the climate and hydrology of the Skagit River basin alone.

2.4.1 Skagit Basin Temperature and Precipitation

Impacts of natural climate variability on temperature and precipitation for the Skagit River are
shown in Figure 2.9. Following similar trends over the PNW, warm (cool) phases of ENSO and
the PDO produce warmer and drier (cooler and wetter) winter in the Skagit River. When ENSO
and the PDO are in phase, the climate anomalies are intensified. Averaged Oct-Mar temperature
is 1.4 °F and 1.7 °F higher for warm phases of the PDO and ENSO in comparison with cool
phases of the PDO and ENSO, respectively. When the PDO and ENSO are in phase, the
difference of Oct-Mar temperature between warm and cool phases is significantly increased to
2.8 °F. Precipitation anomalies are also increased by about a factor of two when the PDO and
ENSO are in phase.

33



Oct-Mar temperature - ENSO Oct-Mar precipitaion - ENSO

. e
| TT e

Cool Netural ‘Warm Cool Netural Warm

cm

Oct-Mar temperature - PDO Oct-Mar precipitaion - PDO
40 45

i éi? %

25

20

|
I

Oct-Mar temperature - PDO/ENSO Oct-Mar precipitaion - PDO/ENSO
40 45

o S g =

35

20 . . 15
Cool Netural Warm Cool Netural

cm

Y
% @ % I
25
25 7
20

Cool Warm Cool Netural

Figure 2.9 Same as Figure 2.5 but the influence of ENSO (top), the PDO (middle) and combined
the PDO and ENSO (bottom) on October-March temperature and precipitation (1916-2006) for
the Skagit River.

2.4.2 Skagit Basin Snowpack

As mentioned above, the PDO and ENSO have a pronounced influence on snowpack variability
in the relatively warm mountain areas on the western slopes of the Cascades (see Figure 2.6).
This enhanced sensitivity to both temperature and precipitation is shown in simulations of SWE
for the Skagit River basin (Figure 2.10). On average, Aprill SWE during warm phases of ENSO
and PDO years is 42 % and 58 % lower than those associated with cool phases of ENSO and the
PDO, respectively. When the PDO and ENSO are in phase (i.e. warm ENSO/warm PDO or cool
ENSO/cool PDO), average April 1 SWE is 86% lower in warm ENSO/warm PDO phase than
cool ENSO/cool PDO phase (Figure 2.10). Minor timing shifts in the date of peak SWE are also

apparent for warm phase years.
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Figure 2.10 Composite monthly simulated snow water equivalent (SWE) for the Skagit River
(water years 1916 -2006) for the PDO phases based on the PDO index (top), ENSO phases based
on Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase (bottom).

2.4.3 Skagit Basin Streamflow

The PDO and ENSO impacts on streamflow for the Skagit River are illustrated by composite

average monthly hydrographs for Ross reservoir near Newhalem (Figure 2.11), for the Sauk
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River near Sauk (Figure 2.12) and for the Skagit River near Mount Vernon (Figure 2.13).
Monthly naturalized flows for water years 1916-2006 and 1929 -2006 are used for Ross reservoir
and for the Sauk River, respectively. Naturalized streamflows are not available for the Skagit
River near Mount Vernon, thus streamflows simulated by the Variable Infiltration Capacity
hydrologic simulation model (Liang et al., 1994) for water year 1916-2006 are used for the
Skagit River near Mount Vernon (URL 4). As shown in Figures 2.11 to 2.13, the responses of
annual streamflow to the PDO and ENSO in the Skagit River basin are similar to those
experienced in the Columbia River basin, but seasonal responses are somewhat different between
the two basins. For both the Columbia River basin and the Skagit River basin, a strong
hydrologic response to the PDO and ENSO is observed during summer. In comparison with the
Columbia River basin (see Figure 2.7), the Skagit River streamflows show a larger hydrologic
response during wintertime (see Figures 2.11 through 2.13). These differences reflect the fact
that the Columbia River basin is a strongly snowmelt dominant watershed, whereas the Skagit
River basin is warmer and has more temperature sensitive snowpack, which results in a larger
streamflow response to precipitation falling as rain in the fall and early winter and a somewhat
less pronounced snowmelt peak in spring (Elsner et al., 2010). Thus, winter precipitation
anomalies in the Skagit associated with the PDO and ENSO produce a greater streamflow
response in the Skagit in the fall and early winter, and warm season flow in the Skagit is more
strongly coupled to temperature in cool season. Correlations between Apr-Sep streamflow and
Oct-Mar temperature are helpful in quantifying the relationship between cool season temperature
and warm season flow. The correlation coefficient between these two variables for the Columbia
River at The Dalles is -0.09. By contrast, the correlations for the Skagit River Ross Dam, the
Sauk River, and Mount Vernon are -0.38, -0.49 and -0.39 respectively. In other words, Apr-Sep
streamflows for the Skagit River are more strongly correlated with cool season temperature in
comparison with the Columbia River basin. (Similar relationships between cool season
temperature and April 1 SWE are also present in the North Cascades (see Mote, 2006) and, in
fact, the sensitivity of SWE to temperature is one of the primary causes of the warm season
streamflow anomalies discussed above.) Note also that hydrographs associated with ENSO

neutral and cool ENSO years are quite similar to each other.
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Figure 2.11 Composite monthly naturalized streamflow for Ross reservoir near Newhalem (water
years 1916 -2006) for the PDO phases based on the PDO index (top), ENSO phases based on
Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase (bottom).
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Figure 2.12 Composite monthly naturalized streamflow for the Sauk River near Sauk (water
years 1929 -2006) for the PDO phases based on the PDO index (top), ENSO phases based on
Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase (bottom).
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Figure 2.13 Composite monthly raw VIC simulated streamflow for the Skagit River near Mount
Vernon (water years 1916 -2006) for the PDO phases based on the PDO index (top), ENSO
phases based on Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase
(bottom).
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2.4.4 Skagit Basin Flood Risk

Retrospective hydrologic modeling studies show that the North Cascades area typically
experiences the highest flood risk in cool PDO epochs and ENSO-neutral years in (Figure 2.8)
(Hamlet and Lettenmaier, 2007). The same study showed that twentieth century warming trends
and increases in cool season precipitation variability that have occurred across the West since
about 1975 have strongly increased flood risk in western Washington State. A long unregulated
peak flow record is available for the Sauk River near Sauk, WA (a tributary to the Skagit), which
shows the expanding variance of peak flows since the mid-1970s associated with the increasing
cool season precipitation variance (Figure 2.14). Note also that the four highest peak flow events

have all occurred in the last 30 years or so.
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Figure 2.14 Observed instantaneous peak flow in the unregulated Sauk River near Sauk from
1928-2009 (Source: USGS).

The observed increases in precipitation variability, and the associated recent increases in flood
risk are currently hypothesized to be related primarily to climate variability, but the observed
changes in flood risk may also be related to changing intensity of atmospheric rivers (also called
“pineapple express” storms) and warmer temperatures that may have some connection to global
climate change (Chapter 3). Neiman et al. (2010), for example, show that many of the largest
flood events in western WA in recent decades have been caused by intense atmospheric rivers
that deliver both warm temperatures and intense precipitation to the PNW coast. Such storms
are hypothesized to increase in intensity with the increased sea surface temperatures in the
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tropics (the primary source of moisture) and the moisture holding capacity of a warmer
atmosphere.

2.4.5 Skagit Basin Water Temperature

The composite weekly water temperature for the Skagit River above Sedro Woolley is shown in
Figure 2.15.
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Figure 2.15 Composite weekly water temperature for the Skagit River above Sedro Woolley
(water years 1916 -2006) for the PDO phases based on the PDO index (top), ENSO phases based

on Dec-Feb averaged Nino3.4 Index (middle) and the PDO and ENSO in phase (bottom) (data
source: Hamlet et al., 2010 a).
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The warm phase of PDO and ENSO are typically associated with warmer water temperature for
the Skagit River. When the PDO and ENSO are in phase, the impacts on water temperature tend
to be enhanced.

2.4.6 Heating and Cooling Energy Demand

A heating (cooling) degree day is a measurement which relates a daily average temperature to an
index value that is approximately proportional to the energy needed to heat (cool) a home or
business (the actual energy use is a function of insulation values, etc.). Heating degree days
(HDD) and cooling degree days (CDD) are calculated from the difference between a daily

average temperature and a base temperature as follows:
CDD = max (0, tayg -23.89) 2)

where t,q is a daily average temperature in degrees Celsius, and 18.33 °C (65 °F) and 23.89 °C
(75 °F) are base temperatures for HDD and CDD, respectively (Hamlet et al., 2010 b). The long
term annual average HDD and CDD calculated for historical data (water years 1916 to 2006) for
western WA are 3730 °C (6746 °F) and 28 °C (82 °F), respectively. Figure 2.16 shows special
patterns of HDD and CDD in western WA, which vary according to proximity to the coast and
elevation. For comparison, observed long-term average heating degree days at Mount VVernon
are about 5330 (°F) and cooling degree days (based on the 75° F threshold above) are essentially
zero. Thus, energy demand for space heating in the Skagit basin is dominated by heating degree
days. Heating degree days are only moderately affected by temperature variability associated
with the PDO and ENSO. A warming of 1° C (1.8° F) associated with ENSO, for example,

results in about a 10% decrease in heating degree days in the Puget Sound lowlands.
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Figure 2.16 Long-term average annual total heating degree days (HDD)(right panel) and cooling
degree days (CDD) (left panel) (in °F) for west Washington (1916-2006). HDD are based on a
threshold of 18.33 °C (65 °F). CDD are based on a threshold of 23.89 °C (75 °F) (Adapted from
HDD and CDD databases produced by Hamlet et al., 2010 b).

2.5 Summary and Conclusions

Two large-scale climate phenomena, the El Nifio-Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO), influence temperature and precipitation patterns in the PNW. These
patterns of climate variability also influence hydrologic variables such as April 1 SWE,
streamflow, and hydrologic extreme such as droughts and floods in the PNW. Coincidence of
warm (cool) phases of the PDO and ENSO tends to enhance the patterns of climate variability
and associated anomalies in hydrologic variables and hydrologic extremes. Similarly, the PDO
and ENSO have influenced climatological and hydrological variables in the Skagit River basin.

Key findings include the following:

e Observed variations in temperature and precipitation in the PNW over the 20" century
are mostly related to natural climate variability, although anthropogenic climate change

has substantially influenced changes in temperature after 1970 (see also Chapter 3).
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Warm phases of the PDO and ENSO generally produce warmer and drier winter/spring
weather over the PNW while cool phases of the PDO and ENSO produce cooler and
wetter conditions.

April 1 SWE is negatively correlated with cool season temperature and positively
correlated with cool season precipitation. Therefore, warm phases of the PDO and ENSO
are associated with lower April 1 SWE but cool phases of the PDO and ENSO are
associated with higher April 1 SWE. The impacts of climate variability on April 1 SWE
are pronounced in coastal Washington State which is a relatively warm area.

Similar to the impacts of climate variability on SWE, warm phases of the PDO and
ENSO produce lower streamflows than cool phases of the PDO and ENSO, with largest
response in June.

Coincidence of warm/cool phases of the PDO and ENSO tends to enhance the patterns of
climate variability and subsequently the anomalies in hydrologic variables such as SWE
and streamflow and the incidence of hydrologic extremes such as floods and droughts.
Consistent with the impacts of the PDO and ENSO on climate over the PNW as a whole,
temperature and precipitation along with associated hydrologic variables and hydrologic
extremes for the Skagit River are strongly influenced by the PDO and ENSO.
Hydrologic variables in the Skagit River correlate better with cool season temperature in
comparison with the PNW as a whole. As a result, the PDO and ENSO have a more
pronounced influence on snowpack and streamflow for the Skagit River basin in
comparison with the PNW as a whole.

The water temperature for the Skagit River above Sedro Woolley is higher for warm
phases of the PDO and ENSO in comparison with cool phases of the PDO and ENSO.
The coincidence of warm phases of the PDO and ENSO increases the likelihood of
unfavorable summer water temperatures for cold water fish.

Energy demand for the Skagit River basin is dominated by heating degree days. Heating
degree days are only moderately affected by temperature variability associated with the
PDO and ENSO.
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URL 1: http://cses.washington.edu/cig/pnwc/compensopdo.shtml

URL 2: http://cses.washingto