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III. MAJOR CLIMATE IMPACTS ON HYDROLOGY IN THE NPLCC REGION 

The hydrologic cycle – the pathway of water movement on Earth and in the atmosphere – is strongly coupled to 

the climate system.
192

 The distribution of water on the Earth’s surface plays a central role in governing 

temperature and precipitation patterns.
193

 It is also controlled by those patterns.
194

 As a result, hydrologic changes, 

particularly the changes in snowpacks and runoff patterns described herein, are among the most prominent and 

important consequences of climate change.
195

  

Regional patterns of warming-induced changes in surface hydroclimate are complex and less certain than those in 

temperature, with both regional increases and decreases expected in precipitation and runoff.
196

 Continued 

warming and changing precipitation patterns will have a large effect on the hydrology of western North America, 

with significant implications for water resources, the economy, infrastructure, and ecosystems.
197

 Based on a 

search of peer-reviewed studies, government reports, and publications from non-governmental organizations 

including global and regional synthesis reports (see PREFACE), the following major climate change effects on 

hydrology in the NPLCC region have been identified (Figure 6): 

1. Changes in snowpack, runoff, and streamflow regimes 

2. Reduced glacier size and abundance 

3. Increased flooding and extreme flow 

4. Increased water temperature 

5. Changes in water quality 

6. Altered groundwater levels, recharge, and salinity 

The following structure will be used to present information on climate change effects on hydrology in the NPLCC 

region: 

 Section summary box – summary of the section’s key points 

 Dynamic interactions influencing impact – definition and description of physical, chemical, and/or 

biological dynamics and processes contributing to each impact 

 Observed trends –observed changes, compared to the historical baseline, for southcentral and southeast 

Alaska, British Columbia, Washington, Oregon, and northwestern California. Section 1 also includes 

information on changes observed across the NPLCC region.  

 Future projections – projected direction and/or magnitude of future change for southcentral and 

southeast Alaska, British Columbia, Washington, Oregon, and northwestern California. Sections 1and 4 

also include information on future projections across the NPLCC region. 

 Information gaps – information and research needs identified by reviewers and literature searches.  

                                                      
192

 Verbatim or nearly verbatim from Furniss et al. Water, climate change, and forests: watershed stewardship for a changing 

climate. (2010, p. 19) 
193

 Verbatim or nearly verbatim from Furniss et al. (2010, p. 19) 
194

 Verbatim or nearly verbatim from Furniss et al. (2010, p. 19) 
195

 Verbatim or nearly verbatim from Furniss et al. (2010, p. 19) 
196

 Verbatim or nearly verbatim from Milly, Dunne and Vecchia. Global pattern of trends in streamflow and water 

availability in a changing climate. (2005, p. 347) 
197

 Verbatim or nearly verbatim from Schnorbus et al. Hydrologic impacts of climate change in the Peace, Campbell and 

Columbia watersheds, British Columbia, Canada. (2011, p. 1) 
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Figure 6. Examples 

of potential direct and 

indirect effects of 

climate change on the 

hydrologic cycle. 

Most components are 

intensified by climate 

warming. Base image 

from the COMET 

program, used by 

permission by 

Furniss et al. (2010). 

Figure reproduced 

from Furniss et al. 

(2010, Fig. 16, p. 23) 

by authors of this 

report. 
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1. CHANGES IN SNOWPACK, RUNOFF, AND STREAMFLOW REGIMES  

 

Box 5. Summary of observed trends and future projections for changes in snowpack, runoff, and 
streamflow regimes. 

Observed Trends  

The dominant trends across the NPLCC region over the 20th century are reduced snowpack, earlier spring 
runoff, and decreased summer flows:198  

 British Columbia’s coastal watersheds are shifting towards increased winter rainfall and flow, 
declining snow accumulation, decreased summer flow, and an earlier spring freshet.199  

 In the Pacific Northwest, significant reductions in snowpack over the 20th century have been 
observed, runoff timing has shifted earlier in the spring, and strong and significant declines in annual 
runoff have been observed in many locations.200  

 In the Klamath Basin (OR and CA), April 1 snowpack decreased significantly at most snow courses 
lower than 5,905 feet (1,800 m) and increased slightly at higher elevations (comparing 1977-2005  to 
1942-1976).201  

Future Projections  

 Overall, the dominant future trend is one of transition: glacier-augmented regimes shift to snow-
dominant regimes, snow-dominant regimes shift toward mixed rain-snow regimes, and mixed rain-
snow regimes shift toward rain-dominant regimes.202  

 From 1995 to 2009 under a Business as Usual scenario, the date of the center of mass of annual flow 
is projected to shift 10 to 40 days earlier across western North America: 30 to 40 days earlier in the 
contiguous U.S. and 10 to 20 days earlier in Alaska and western Canada.203 

 Near Juneau (AK), runoff is projected to increase and snowpack is projected to decrease.204  

 Throughout the rest of the NPLCC region, the largest changes are projected for mixed rain-snow 
regimes: reduced April 1 snowpack, increased winter runoff, and decreased summer runoff.205   

 Projected loss of interannual snowpack and ongoing glacial recession would reduce late summer soil 
moisture and streamflow and increase water temperature.206  

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 

                                                      
198

 Pike et al. (2010); Luce & Holden. (2009); Pelto. (2006); Snover et al. (2005) 
199

 Pike et al. (2010) 
200

 Luce & Holden. (2009); Pelto. (2006); Snover et al. (2005) 
201

 Van Kirk & Naman.  (2008) 
202

 Pike et al. (2010); Mantua, Tohver and Hamlet. (2010); Chang and Jones. (2010) 
203

 Stewart, Cayan and Dettinger. (2004, p. 225) 
204

 Kelly et al. (2007) 
205

 Chang and Jones. (2010); Elsner et al. (2010); Hamlet and Lettenmaier. (2007); Mantua, Tohver and Hamlet. (2010); Pike 

et al. (2010); Stewart. (2009) 
206

 Pike et al. (2010); Chang and Jones. (2010); Hamlet et al. (2007) 
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Relationship between temperature, precipitation, snowpack, runoff, and streamflow  

The role of snow in the climate system includes strong positive feedbacks related to albedo (i.e., reflectivity; 

higher values are more reflective) and other, weaker feedbacks related to moisture storage, latent heat and 

insulation of the underlying surface, which vary with latitude and season.
207

 In the 

temperature-albedo positive feedback loop, rising temperatures increase melting of 

snow and sea ice, reducing surface reflectance, thereby increasing solar 

absorption, which raises temperatures, and so on.
208

 The feedback loop can also 

work in reverse.
209

 Feedbacks between temperature, cloud cover and radiation are 

also potentially important agents of climate change.
210

 It is thought that if climate 

warms, evaporation will also increase, in turn increasing cloud cover.
211

 Because 

clouds have high albedo, more cloud cover will increase the earth's albedo and 

reduce the amount of solar radiation absorbed at the surface.
212

 Clouds should 

therefore inhibit further rises in temperature.
213

 However, cloud cover also acts as 

a blanket to inhibit loss of longwave radiation from the earth's atmosphere.
214

 By 

this process, an increase in temperature leading to an increase in cloud cover could 

lead to a further increase in temperature – a positive feedback.
215

 Knowing which 

process dominates is a complex issue.
216

 As reported in the IPCC AR4, the 

radiative forcing due to the cloud albedo effect, in the context of liquid water 

clouds, is estimated to be –0.7 (range: –1.1 to +0.4) W/m
2
, with a low level of 

scientific understanding (emphasis in original).
217

 

The timing, volume, and extent of mountain snowpack, and the associated 

snowmelt runoff, are intrinsically linked to seasonal climate variability and change 

(see Box 8).
218

 Trends in April 1 snow-water equivalent (SWE, the liquid water 

content of the snowpack
219

) appear to be driven primarily by temperature, which, 

along the Pacific Coast, is a function of elevation and latitude,
220

 and secondarily 

                                                      
207

 Verbatim or nearly verbatim from Lemke et al. Climate Change 2007: The Physical Science Basis: Observations: 

Changes in Snow, Ice and Frozen Ground. (2007, p. 342). The authors cite M. P. Clark et al. (1999) for information on latent 

heat and insulation of the underlying surface. 
208

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). Arctic Climatology and Meteorology: 

Feedback Loops: Interactions that Influence Arctic Climate (website). (2011) 
209

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
210

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
211

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
212

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
213

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
214

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
215

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
216

 Verbatim or nearly verbatim from National Snow and Ice Data Center (NSIDC). (2011) 
217

 Verbatim or nearly verbatim from Forster et al. Climate Change 2007: The Physical Science Basis: Changes in 

Atmospheric Constituents and in Radiative Forcing. (2007, p. 132) 
218

 Verbatim or nearly verbatim from Stewart. Changes in snowpack and snowmelt runoff for key mountain regions. (2009, p. 

78) 
219

 Verbatim or nearly verbatim from Elsner et al. Implications of 21st century climate change for the hydrology of 

Washington State. (2010, p. 228) 
220

 Verbatim or nearly verbatim from Van Kirk and Naman. Relative effects of climate and water use on base-flow trends in 

the lower Klamath Basin. (2008, p. 1036). The authors cite Knowles and Cayan (2004) and Mote (2006) for this information. 

Box 6. Why are changes in 
snowpack, runoff, and 
streamflow regimes 
projected? 

Warmer air holds more 
water  vapor  and air 
temperature affects the 
timing of key hydrologic 
events.  Projected increases 
in cold season temperatures 
will reduce snow 
accumulation, because a 
greater fraction of 
precipitation will fall as rain, 
while warmer spring 
temperatures would hasten 
snowmelt, thereby shifting 
runoff timing earlier in the 
season and reducing the 
amount of summer and fall 
streamflows. 

Sources: Hamlet et al. (2007); 
Trenberth et al. (2007); Stewart 
(2009). 
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by precipitation.
221

 Warmer cold season temperatures reduce snow accumulation, because a greater fraction of the 

precipitation is rain (lower snow to total precipitation ratio), while warmer spring temperatures hasten snowmelt, 

thereby shifting the timing of runoff to earlier in the season and reducing the amount of summer and fall flows.
222

  

Variations in precipitation quantity determine the total runoff volume, while the seasonality of precipitation 

affects the fraction stored as snow and therefore the volume of the spring snowmelt.
223

  

Streamflow regimes are controlled primarily by seasonal patterns of temperature and precipitation, as well as 

watershed characteristics such as glacier cover, lake cover, and geology.
224

 Streamflow analyses can be strongly 

affected by the date metrics used to identify trends.
225

 For example, analyses of changes in the date of the center 

of volume (i.e. the date by which half of the volume of annual total streamflow has occurred) gave varying results 

when computed for the calendar year and water year (generally, October 1 to September 30 in the Northern 

Hemisphere).
226

 More recent studies have found the continuation of streamflow timing trends through 2009; 

however, in spite of the recent very warm decade, an acceleration of streamflow timing changes is not clearly 

indicated.
227

  

The hydrologic effects of climate change will have an important influence on all types of watersheds, not just 

those with cold-season precipitation storage as snowpack (see Box 7).
228

 For example, if glaciers are initially in 

equilibrium with current climatic conditions (i.e., if snow accumulation balances ablation of snow and ice), then 

the onset of climatic warming will produce an initial increase in glacial melt and runoff contributions to 

streamflow.
229

 Eventually, however, the loss of glacier area will reduce total meltwater generation, resulting in a 

decrease in glacier runoff contributions to streamflow.
230

 Glaciers are key sources of alpine summer 

streamflow.
231

 Four types of runoff regimes are found in the NPLCC region: glacier-dominant, snow-melt 

dominant, mixed-rain-and-snow/hybrid/transient, and rain-dominant (see Box 7). For consistency, this report uses 

“transient rain-snow” to refer to the transient/mixed/hybrid regimes.  

  

                                                      
221

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1036). The authors cite Hamlet et al. (2005), Mote et al. 

(2005) and Stewart et al. (2005) for this information. 
222

 Verbatim or nearly verbatim from Stewart. (2009, p. 78-79). The authors cite Mote et al. (2005) and Stewart et al. (2005) 

as examples. 
223

 Verbatim or nearly verbatim from Stewart. (2009, p. 79) 
224

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718) 
225

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705) 
226

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705). The authors cite Déry et al. (2009) for this information. 
227

 Verbatim or nearly verbatim from Fritze, Stewart and Pebesma. Shifts in western North American snowmelt runoff 

regimes for the recent warm decades. (2011) 
228

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
229

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717). The authors cite Hock et al. (2005) and Moore et al. (2009) 

for this information. 
230

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 
231

 Verbatim or nearly verbatim from Pelto. Impact of climate change on North Cascades alpine glaciers, and alpine runoff. 

(2008, p. 72). The authors cite Bach (2002) for this information. 
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232

 Verbatim or nearly verbatim from Eaton and Moore. Compendium of forest hydrology and geomorphology in British 

Columbia: Chapter 4: Regional Hydrology (pdf). (2010, p. 86) 
233

 Verbatim or nearly verbatim from Eaton and Moore. (2010, p. 86) 
234

 Verbatim or nearly verbatim from Elsner et al. (2010, p. 226) 
235

 Verbatim or nearly verbatim from Eaton and Moore. (2010, p. 86) 
236

 Verbatim or nearly verbatim from Eaton and Moore. (2010, p. 86) 
237

 Verbatim or nearly verbatim from Elsner et al. (2010, p. 226) 
238

 Verbatim or nearly verbatim from Elsner et al. (2010, p. 226) 
239

 Verbatim or nearly verbatim from Eaton and Moore. (2010, p. 86) 
240

 Verbatim or nearly verbatim from Elsner et al. (2010, p. 226-227) 
241

 Elsner et al. (2010, p. 226) 
242

 Verbatim or nearly verbatim from Elsner et al. (2010, p. 226) 

Box 7. Characteristics of the four runoff regimes found in the NPLCC region. 

Glacier-dominant: In British Columbia, drainage basins with more than two to five percent of the area covered by 

glaciers have regimes similar to snow-dominant regimes, except that the period of high flows extends from about 

May to August or September, and low-flow conditions occur only when precipitation is accumulating in the 

snowpack, usually from December to March (e.g. Lillooet River Basin).232 The extended melt freshet is partly 

associated with the higher elevations typical of glacierized drainage basins that hold snow later into the summer, but 

is primarily associated with the presence of glaciers which, during the melt season, act as reservoirs of water.233 

Snow-melt dominant: In snowmelt-dominant watersheds (e.g. Columbia River Basin), much of the winter 

precipitation is stored in the snowpack, which melts in the spring and early summer resulting in low streamflow in 

the cool season and peak streamflow in late spring or early summer (May-July).234 Low flows may also occur during 

the late summer and fall as a result of low precipitation inputs and the exhaustion of the water supply from 

snowmelt.235 

Mixed/hybrid/transient: These watersheds exhibit characteristics of both rain- and melt-dominated streamflow 

regimes (e.g. Willamette River Basin),236 and are termed mixed rain-snow, hybrid, or transient rain-snow regimes 

depending on the cited source. For consistency, this report uses “mixed rain-snow” to refer to these watersheds. 

They are characterized as mixed rain-snow due to their mid-range elevation and where winter temperatures 

fluctuate around freezing.237  Mixed rain-snow watersheds receive some snowfall, some of which melts in the cool 

season and some of which is stored over winter and melts as seasonal temperatures increase.238 The relative 

importance of the rainfall influence decreases inland from the coast or northwards up the coast; in both cases, the 

mean temperature tends to decrease, promoting the occurrence of snow rather than rain during the winter.239 Rivers 

draining these watersheds typically experience two streamflow peaks: one in winter coinciding with seasonal 

maximum precipitation, and another in late spring or early summer when water stored in snowpack melts.240 

Rain dominant: Rain-dominant watersheds are typically lower in elevation, receive little snowfall, and occur mostly 

on the west side of the mountain ranges such as the Cascade Mountains (e.g. Chehalis River Basin).241 Streamflow 

peaks in the cool season, roughly in phase with peak precipitation (usually November through January).242 
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Observed Trends  

Regional 

Widespread and regionally coherent trends toward earlier onsets of springtime snowmelt and streamflow have 

taken place across most of western North America, affecting an area that is much larger than previously 

recognized (encompasses half a continent, see Table 7).
243

 In general (66% of all gauges), a consistent one to four 

week earlier shift in streamflow in recent decades compared with the 1950s to 1970s was observed throughout the 

West (Figure 7).
244

 These trends were found to be strongest in the interior Pacific Northwest, western Canada and 

coastal Alaska for mid-elevation gauges.
245

 By contrast, for non-snowmelt-dominated streams from 1948 to 2000, 

the date of center of mass of annual flow at most gauges are trending in the opposite direction, toward later 

snowmelt timing, with shifts five to twenty-five days later.
246

 

There is also evidence, that a set of vulnerable basins throughout western North America experienced runoff 

regime changes, such that basins that were snowmelt dominated at the beginning of the observational period 

shifted to mostly rain dominated in later years.
247

 The most vulnerable regions for regime shifts are in the 

California Sierra Nevada, eastern Washington, Idaho, and north-eastern Mexico (i.e., outside NPLCC region).
248

 

Table 7. Summary of observed changes in snow cover and snowmelt-derived streamflow for the western 

North American mountain ranges            *Note: This table is reproduced from Stewart (2009, Table V, p. 89) by 

authors of this report. The references listed are those from the cited publication. 

Findings Study Period References 

General decline of SWE and snowpack, especially 

in spring, except for cold high elevations or where 

precipitation increased 

1916-2002; 

1950-2000 

Mote, 2003b; Mote et al., 2005; 

Regonda et al., 2005; Earman and 

Dettinger, 2006; Kalra et al., 2006 

Reduced and earlier peak snowpack; greatest SWE 

changes in coastal areas where winter temperatures 

remain close to freezing (Oregon, California); more 

winter runoff, earlier spring peak flows by up to 45 

days; no consistent precipitation trends 

1916-2003 Hamlet et al. (2007) 

Reduction in the snow to precipitation ratio 

connected to temperature increases, largest for sites 

that remain close to freezing in winter; less 

groundwater recharge 

1949-2004 
Earman and Dettinger (2006); 

Knowles et al. (2006) 

Earlier start of the snowmelt runoff (i.e. spring pulse 

onset); earlier timing of the center of mass by one to 

four weeks; increasing March flow; decreasing 

April-June flows 

1948-2002 

Cayan et al, 2001; McCabe and 

Clark, 2005; Regonda et al., 2005; 

Stewart et al., 2005; Kalra et al., 

2006; Hamlet et al., 2007 

                                                      
243

 Stewart, Cayan and Dettinger. Changes toward earlier streamflow timing across western North America. (2005, p. 1136) 
244

 Verbatim or nearly verbatim from Udall and Bates. Climatic and hydrologic trends in the western U.S.: A review of recent 

peer-reviewed research (pdf). (2007, p. 4) 
245

 Verbatim or nearly verbatim from Udall and Bates. (2007, p. 4) 
246

 Verbatim or nearly verbatim from Stewart, Cayan and Dettinger. (2005, p. 1142) 
247

 Verbatim or nearly verbatim from Fritze, Stewart and Pebesma. Shifts in western North American snowmelt runoff 

regimes for the recent warm decades.  (2011, p. 1) 
248

 Verbatim or nearly verbatim from Fritze, Stewart and Pebesma.  (2011, p. 1) 



 
34 

Southcentral and Southeast Alaska   

In southcentral and southeast Alaska over 1948 to 2002, the timing of the center of mass of annual flow has 

shifted at least ten days earlier, while the timing of the spring pulse onset has shifted five to fifteen days earlier in 

some locations and up to five days later in others (see Figure 7).
249

 Information on snowfall and snow cover trends 

for the City and Borough of Juneau are summarized in a report to the Mayor produced by a Scientific Panel on 

Climate Change:  

 Snowfall has been consistently below average since the mid-1970s with the exception of a period in the 

early 1990s.
250

 Average winter snowfall at the airport decreased by almost 1.5 feet (~0.45 m), from 109 

inches to 93 inches (~277 cm to ~236 cm) between 1943 and 2005.
251

  

 The trends in climate appear to affect late winter and early spring snowfalls in Juneau most strongly.
252

 

Since 1975, average snowfall in March and April in Juneau has decreased significantly; however, there 

has not been a significant change in average snowfall in other months in which snow typically falls at sea 

level.
 253

 

 The decrease in snowfall at sea level appears to be driven by climate warming rather than a decrease in 

winter precipitation.
254

   

 The negative mass balance for most local glaciers suggests that snowfall at higher elevations is also 

decreasing.
255

 It is possible, however, that a warmer, wetter climate will result in an increase in snowfall 

at the highest elevations within the City and Borough of Juneau (such as the upper reaches of the Juneau 

Icefield) where winter temperatures are consistently well below the freezing point of water.
256

 

 

                                                      
249

 Stewart, Cayan and Dettinger. (2005, Fig. 2, p. 1141) 
250

 Verbatim or nearly verbatim from Kelly et al. Climate Change: Predicted impacts on Juneau. Report to: Mayor Bruce 

Botelho and the City and Borough of Juneau Assembly (pdf). (2007, p. 37) 
251

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 36) 
252

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 39-40) 
253

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 40) 
254

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 36) 
255

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 40) 
256

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 40) 
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Box 8. The role of the Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation 
(ENSO) in regional climate. 

ENSO and PDO are major sources of climate variability in the NPLCC region. The PDO is often described 

as a long-lived, El Niño-like pattern of climate variability in the Pacific. Two main characteristics distinguish 

the Pacific Decadal Oscillations (PDO) from El Niño/Southern Oscillation (ENSO): first, 20th century PDO 

"events" persisted for 20-to-30 years, while typical ENSO events persisted for 6 to 18 months; second, the 

climatic fingerprints of the PDO are most visible in the North Pacific/North American sector, while 

secondary signatures exist in the tropics - the opposite is true for ENSO. For example, on B.C.’s South Coast, 

some streams that are normally rainfall-dominated have snowmelt runoff in the spring during cool La Niña years. 

This can result in years with two streamflow peaks in watersheds where normally only one would occur (e.g., 

Chemainus River). In areas that typically flood in January or February in the simulations (i.e., coastal areas), when 

precipitation signals are most pronounced, changes in floods associated with ENSO and PDO may be unusually 

large. This can be seen in the effects of ENSO on flood risks in basins in western Washington and Oregon. The 

potential for precipitation and temperature extremes is higher when ENSO and PDO are in the same phase. 

 A warm ENSO (i.e. El Niño) is characterized by December-January-February sea-surface temperatures 

>0.5 standard deviations above the mean and has been associated with: 

o Warmer than average sea-surface temperatures in the central and eastern equatorial Pacific Ocean   

o Reduced strength of easterly trade winds in the Tropical Pacific 

o Flood risks generally lower in PNW and northern CA. 

 A neutral ENSO is neither warm nor cool. There are no statistically significant deviations from average 

conditions at the equator. 

 A cool ENSO (i.e., La Niña) is characterized by December-January-February mean sea-surface 

temperatures <-0.5 standard deviations and has been associated with: 

o Cooler than average sea-surface temperatures in the central and eastern equatorial Pacific Ocean   

o Stronger than normal easterly trade winds in the Tropical Pacific  

o Flood risks generally higher in PNW and northern CA.  

o Some rainfall-dominated streams in B.C. have snowmelt runoff in the spring. 

 A warm PDO is characterized by sea-surface temperatures >0.5 standard deviations above the mean 

for the October-November-December-January-February-March mean and has been associated with:  

o Negative upwelling in winter-spring  

o Warm and fresh continental shelf water  

o Advance spring or summer freshet, lower peak flows, cause drier summer periods in B.C.  

o Flood risks generally lower in PNW and northern CA. 

 A neutral PDO is neither warm nor cool. 

 A cool PDO is characterized by sea-surface temperatures <-0.5 standard deviations for the October-

November-December-January-February-March mean and has been associated with:  

o Positive upwelling in winter-spring  

o Cold and salty continental shelf water  

o Flood risks generally higher in PNW and northern CA. 

 

Sources:  CIG. http://cses.washington.edu/cig/pnwc/ci.shtml#anchor2 (accessed 8.14.2011); Hamlet & Lettenmaier. (2007, 

Table 1, p. 6); Independent Scientific Advisory Board. (2007, Table 4, p. 61); Mantua. (2000). 

http://www.jisao.washington.edu/pdo/ (accessed 8.14.2011); Pike et al. (2010, p. 708). Pike cites Fleming et al. (2007) and 

Zhange et al. (2000). 

http://cses.washington.edu/cig/pnwc/ci.shtml#anchor2
http://www.jisao.washington.edu/pdo/
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Figure 7. Trends in (a) spring pulse onset and (b) date of center of mass of annual flow (CT) for snowmelt- and (inset) non-

snowmelt-dominated gauges across western North America. Shading indicates magnitude of the trend expressed as the 

change (days) in timing over the 1948-2000 period. Larger symbols indicate statistically significant trends at the 90% 

confidence interval. Note that spring pulse onset dates could not be calculated for Canadian gauges. Source: Reproduced 

from Stewart, Cayan and Dettinger. (2005, Fig. 2, p. 1141) by authors of this report. 



 
37 

British Columbia 

The Ministry of Environment reported overall decreasing trends in April 1
st
 SWE from 1956 to 2005 based on 

data from 73 long-term snow courses (63 decreased, 10 increased).
257

 The largest decreases occurred in the mid-

Fraser Basin, whereas the Peace (northeast B.C.), Skeena (west-central B.C.), and Nechako (south-central B.C.) 

Basins had no notable change over the 50-year study period, and the provincial average SWE decreased eighteen 

percent.
258

 

The dominant trend of glacier retreat has influenced streamflow volumes:
259

 negative trends have been 

documented for summer streamflow in glacier-fed catchments in British Columbia, with the exception of the 

northwest, where streamflow has been increasing in glacier-fed catchments.
260

 Thus, it appears that the initial 

phase of streamflow increases associated with accelerated glacier melt has already passed for most of the 

province, whereas the northwest is still experiencing augmented streamflow.
261

  In B.C.’s coastal watersheds, 

regimes are shifting towards increased winter rainfall, and declining snow accumulation, with subsequent changes 

in the timing and amount of runoff (i.e., weakened snowmelt component).
262

 Pike et al. (2010) notes that this, 

coupled with decreased summer precipitation, is shifting the streamflow pattern in coastal watersheds:
263

  

 Over the last fifteen years (specific date range not provided), the Fraser River (snow-glacial system near 

Vancouver) shows increased peak flows and lower recessional flows, illustrating changes in the 

associated watersheds, perhaps away from a glacier-dominated regime towards a snow-dominated regime 

with an earlier freshet and faster recessional period.
264

  

 The Chemainus River showed predominantly increased flow in winter and decreased flow during May, 

although the response varied over the record (1956-2006).
265

 This is a snow-supported but rainfall 

dominant system located on south Vancouver Island.
266

 

 The Swift River showed increased winter and spring flows and decreased summer flow (1956-2006).
267

 

This is a snow-dominant system located in northwest B.C.
268

 

 On the Chemainus and Swift Rivers, increased streamflow from November to April and decreased 

streamflow from June to September was observed (1973-2006).
269

 

                                                      
257

 Verbatim or nearly verbatim from Pike et al. (2010, p. 703) 
258

 Verbatim or nearly verbatim from Pike et al. (2010, p. 703). The authors cite B.C. Ministry of Environment (2007) for this 

information. 
259

 Verbatim or nearly verbatim from Pike et al. (2010, p. 703). The authors cite Moore et al. (2009) for this information. 
260

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 
261

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 
262

 Verbatim or nearly verbatim from Pike et al. (2010, p. 706) 
263

 Verbatim or nearly verbatim from Pike et al. (2010, p. 706) 
264

 Verbatim or nearly verbatim from Pike et al. (2010, p. 706) 
265

 Verbatim or nearly verbatim from Pike et al. (2010, p. 706). The Chemainus River’s basin size is 355 km
2
. 

266
 Verbatim or nearly verbatim from Pike et al. (2010, p. 706) 

267
 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 

268
 Verbatim or nearly verbatim from Pike et al. (2010, p. 706) 

269
 Verbatim or nearly verbatim from Pike et al. (2010, p. 706). Note that results for the Chemainus and Swift Rivers are a 

trend analysis of sequential 5-day average runoff values. 
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Pacific Northwest  

April 1 snowpack, a key, temperature-sensitive indicator of natural water storage available for the warm season, 

has already declined substantially throughout the region:
270

  

 Snover et al. (2005) report that April 1 snowpack (measured as SWE) has declined markedly almost 

everywhere in the Cascade Mountains (OR and WA) since 1950 (no end date provided).
271

 These declines 

exceeded twenty-five percent at most study locations, and tended to be largest at lower elevations.
272

   

 Stoelinga et al. (2010) examined snowpack data in the Cascade Mountains over a longer time period 

(1930-2007) and concluded that snowpack loss occurred at a relatively steady rate of two percent per 

decade (after Pacific variability is removed), yielding a sixteen percent loss.
273

  

 Pelto (2008) find the increase in winter temperature has led to a twenty-five percent decline in April 1 

SWE at eight USDA snow course sites since 1946 (no end date provided).
274

 This decline occurred 

despite an increase in winter precipitation (e.g., Nov-March precipitation increased 3% at Concrete and 

Diablo Dam from 1946-2005
275

).
276

 The declining ratio between winter precipitation (Nov-March) and 

April 1 SWE demonstrates that reduced April 1 SWE is not due to precipitation decline, but to reduced 

accumulation of snowpack and winter ablation of existing snowpack.
277

 This reflects warmer conditions, 

yielding more rainfall events, leading to more winter melt and less snowpack accumulation.
278

 Specific 

observed trends in April 1 SWE (1946-2005) include: 

o -1.2 feet (-0.37 m) at Lyman Lake (mean: 5.31 ft., or 1.62 m) 

o -0.95 feet (-0.29 m) at Rainy Pass (mean: 3.31 ft., or 1.01 m) 

o -2.5 feet (-.075 m) at Stevens Pass (mean: 3.94 ft., or 1.20 m) 

o -1.3 feet (-0.40 m) at Fish Lake (mean: 2.9 ft., or 0.89 m) 

o -0.95 feet (-0.29 m) at Miners Ridge (mean: 4.33 ft., or 1.32 m) 

Changes in the timing, amount, and frequency of runoff and streamflow have also been found, though results vary 

by study (Table 8). While factors such as land use practices and natural cycles of ocean-atmospheric change (e.g., 

PDO) may play a role in observed changes, the changes are consistent with climate change.
279

 For example, in a 

study investigating the detection and attribution of streamflow timing changes to climate change, Hidalgo et al. 

(2009) concluded the observed trends (1950-1999) toward earlier center timing of snowmelt-driven streamflows 

in the western United States are detectably different from natural variability.
280

 With very high confidence, recent 

                                                      
270

 Verbatim or nearly verbatim from Karl, Melillo and Peterson. (2009, p. 135).  
271

 Verbatim or nearly verbatim from Snover et al. Uncertain Future: Climate Change and its Effects on Puget Sound. (2005, 

p. 16-17) 
272

 Verbatim or nearly verbatim from Snover et al. (2005, p. 17)  
273

 Stoelinga, Albright and Mass. A new look at snowpack trends in the Cascade Mountains. (2010, p. 2473). This loss is very 

nearly statistically significant and includes the possible impacts of anthropogenic global warming. It is also calculated with 

Pacific climate variability removed. 
274

 Verbatim or nearly verbatim from Pelto. (2008, p. 73) 
275

 Verbatim or nearly verbatim from Pelto. (2008, p. 71) 
276

 Verbatim or nearly verbatim from Pelto. (2008, p. 73) 
277

 Verbatim or nearly verbatim from Pelto. (2008, p. 72) 
278

 Verbatim or nearly verbatim from Pelto. (2008, p. 73) 
279

 Snover et al. (2005, p. 17). The authors note “a portion of the observed trends is probably due to reservoir management 

and changing land use, which were not corrected for in this analysis.”  
280

 Verbatim or nearly verbatim from Hidalgo et al. Detection and attribution of streamflow timing changes to climate change 

in the western United States. (2009, p. 3838). They are significant at the p < 0.05 level. 
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trends toward earlier streamflows in the Columbia River basin are in part due to anthropogenic climate change.
281

 

Similarly, Barnett et al. (2008) find that up to sixty percent of the climate-related trends of river flow (center 

timing: 0.3 to 1.7 days per decade earlier
282

), winter air temperature (Jan-March: +0.50-0.77 °F/decade, -+0.28-

0.43 °C/decade), and snowpack (SWE to precipitation rato: -2.4 to -7.9%) between 1950 and 1999 are human-

induced.
283

  

Northwestern California 

Climate has been proposed as the primary cause of base-flow decline in the Scott River, an important coho 

salmon rearing tributary in the Klamath Basin.
284

 Based on comparison with a neighboring stream that drains 

wilderness, Van Kirk and Naman (2008) estimate that thirty-nine percent of the observed 10 million cubic meters 

(Mm
3
) decline in July 1-October 22 discharge over 1977-2005 (as compared to 1942-1976) in the Scott River is 

explained by regional-scale climatic factors.
285

 The remainder of the decline is attributable to local factors, which 

include an increase in irrigation withdrawal from 48 to 103 Mm
3
 per year since the 1950s.

286
 Van Kirk and Naman 

also found that: 

 Of eighteen snow courses studied in the lower Klamath Basin, April 1 SWE decreased significantly at 

most snow courses lower than 5,905 feet (1,800 m) and increased slightly at higher elevations.
287

 Mean 

April 1 SWE was lower in the 1977-2005 period at all seven snow courses below 1,800 meters, and these 

differences were significant at four of these courses and marginally significant at a fifth.
288

 Mean April 1 

SWE was higher in the 1977-2005 period at five of the nine courses with elevations above 1,800 meters, 

but none of these differences were significant.
289

  

 Base flow decreased significantly in the two streams with the lowest latitude-adjusted elevation and 

increased slightly in two higher-elevation streams:
290

 base-flow decline in the Scott River was larger than 

that in all other streams and larger than predicted by elevation.
291

 Five streams were studied.
292

 

 Van Kirk and Naman note: our estimate that thirty-nine percent of the decrease in Scott River base-flow 

is due to climatic factors is contrary to that of Drake et al. (2000), who concluded that seventy-eight 

percent of the decrease is due to decline in April 1 SWE.
293

 The disparity in these conclusions is easily 

explained by analysis methods.
294

 

  

                                                      
281

 Verbatim or nearly verbatim from Hidalgo et al. (2009, p. 3838). The authors cite Solomon et al. (2007a; box TS.1.1) for 

the term “very high confidence.” 
282

 Verbatim or nearly verbatim from Barnett et al. Human-induced changes in the hydrology of the western United States. 

(2008, p. 1080-1081) 
283

 Verbatim or nearly verbatim from Barnett et al. (2008, p. 1080) 
284

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035) 
285

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035) 
286

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035) 
287

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035) 
288

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1042). The authors cite Table 2 in the cited publication. 
289

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1042) 
290

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035) 
291

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035) 
292

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1035). The five basins studied are listed in Table 1 

(pp.1039) as the Scott River, Indian Creek, Salmon River, South Fork Trinity River, and Trinity River. 
293

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1047)  
294

 Verbatim or nearly verbatim from Van Kirk and Naman. (2008, p. 1047). The authors explain the discrepancy on p. 1047. 



 
40 

Table 8. Observed trends in the timing, amount, and frequency of runoff and streamflow, NPLCC region. 
Note: Table created by authors of this report. Table continues on next page. 

Observed Trends Location Study Period Citation 

TIMING 

 The peak of spring runoff shifted from a few days to as 

many as thirty days earlier.
295

  

NPLCC 

region 
1950-2000 

Karl et al. 

(2009) 

 The dates of maximum snowpack and 90% melt-out 

have shifted five days earlier.
296

 

Cascade 

Mountains 
1930-2007 

Stoelinga et 

al (2010) 

 Summer melt events in Thunder Creek accounted for 17 

of the 26 (65%) highest peak flows from 1950-1975, but 

from 1984 to 2004, 8 of 13 (62%) yearly peak flow 

events resulted from winter rain on snow melt events, 

the other five (38%) occurring in summer.297 

 The earlier release of meltwater has become more 

pronounced since 1990.298 

North 

Cascade 

Mountains, 

WA 

1950-2004 
Pelto 

(2008) 

 A twelve day shift toward earlier onset of snowmelt 
Puget Sound 

WA 
1948-2003 

Snover et 

al. (2005) 

AMOUNT 

 Trends in the lower part of the distribution of annual 

streamflow show strong and significant declines at a 

large majority (72%) of gauging stations.
299

  

 In addition, the driest 25% of years are becoming 

substantially drier.
300

  

Pacific 

Northwest 
1948-2006 

Luce and 

Holden 

(2009) 

 An 18% decline in the fraction of annual river flow 

entering Puget Sound between June and September.301 

 A 13% decline in total inflow due to changes in 

precipitation in Puget Sound.302 

Puget Sound 

WA 
1948-2003 

Snover et 

al. (2005) 

 Increased mean winter (Nov-March) streamflow: +17% 

in Newhalem Creek, +20% in Thunder Creek, +13.8% 

in all six basins studied,303 and +0.344%/year (range: 

0.01%/yr to 0.55%/yr) across all six basins studied.304 

North 

Cascade 

Mountains, 

WA 

1963-2003 
Pelto 

(2008) 

                                                      
295

 Verbatim or nearly verbatim from Karl, Melillo and Peterson. (2009, p. 135). The authors cite Stewart, Cayan and 

Dettinger (2004) for this information. 
296

 Verbatim or nearly verbatim from Stoelinga, Albright and Mass. (2010, p. 2473). Both shifts are statistically insignificant. 
297

 Pelto. (2008, p. 73) 
298

 Verbatim or nearly verbatim from Pelto. (2008, p. 73) 
299

 Verbatim or nearly verbatim from Luce and Holden. Declining annual streamflow distributions in the Pacific Northwest 

United States, 1948-2006. (2009, p. 5) 
300

 Verbatim or nearly verbatim from Luce and Holden. (2009, p. 5) 
301

 Verbatim or nearly verbatim from Snover et al. (2005, p. 17) 
302

 Verbatim or nearly verbatim from Snover et al. (2005, p. 17) 
303

 Pelto. (2008, p. 73) 
304

 Pelto. (2008, Table 5, p. 72) 
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 Declining mean summer streamflow: -28% in 

Newhalem Creek, -3% in Thunder Creek,305 and 

-0.48%/yr (range: -0.04%/yr to -1.11%/yr) in all six 

basins studied.306 

 Mean spring streamflow was nearly unchanged: 

+0.0233%/yr (range: -0.01%/yr to +0.31%/yr)307 

 Depending on the basin, glacial contribution to summer 

streamflow was 1-12% above normal.308 

North 

Cascades, 

WA 

1993-2009 

Riedel & 

Larrabee 

(2011) 

 In the Cascade Range of western Oregon, relative 

streamflow in August decreased significantly in two 

snow-dominated basins, but not in two rain-dominated 

basins.
309

 

Cascade 

Mountains, 

western OR 

20
th

 century 

Chang and 

Jones 

(2010) 

citing 

Jefferson et 

al. (2006) 

 Runoff ratios and baseflow have declined significantly 

during spring, but they have not changed during 

summer or winter.
310

 

H.J. 

Andrews 

Experimental 

Forest, OR 

1952-2006 

Chang and 

Jones 

(2010) 

FREQUENCY 

 An increase in the likelihood of both low and unusually 

high daily flow events. 

Puget Sound 

WA 
1948-2003 

Snover et 

al. (2005) 

 

  

                                                      
305

 Pelto. (2008, p. 73) 
306

 Pelto. (2008, Table 5, p. 72) 
307

 Pelto. (2008, Table 5, p. 72) 
308

 Verbatim or nearly verbatim from Riedel & Larrabee. North Cascades National Park Complex glacier mass balance 

monitoring annual report, Water year 2009: North Coast and Cascades Network. (2011, p. 9) 
309

 Verbatim or nearly verbatim from Chang and Jones. Climate change and freshwater resources in Oregon. (2010, p. 80). 

The authors cite Jefferson et al. (2006) for this information. 
310

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 80). The authors cite Moore (2010), Figure 3.10, for this 

information. 
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Future Projections 

Regional 

Across western North America, Stewart et al. (2004) project earlier streamflow timing by thirty to forty days from 

1995 to 2099 using a statistical model and assuming that observed trends of streamflow timing continue.
316

 Most 

strongly impacted by this projected shift in the date of the center of mass of annual flow (CT) are the Pacific 

Northwest, the Sierra Nevada, and the Rocky Mountains.
317

 Somewhat less impacted are the Alaskan, and western 

Canadian rivers, where shifts of ten to twenty days are predicted by the end of the century, despite the fact that 

temperatures, and local temperature indices (TI), trends increase poleward in the climate projection (using a 

Parallel Climate Model Business as Usual scenario).
318

  The weakening of the CTTI trends in Canada and Alaska 

reflects the historical tendency for the CT of northern rivers to be less sensitive to temperature fluctuations, at 

least in part because the basins are so cold that ‘normal’ temperature fluctuations have less influence on snowmelt 

                                                      
311

 Verbatim or nearly verbatim from Brooks et al. Hydrological Processes and Land Use. (2003) 
312

 Brooks et al. (2003) 
313

 Allan, Palmer and Poff. Climate change and freshwater ecosystems. (2005) 
314

 Hamlet et al. (2007) 
315

 Karl, Melillo and Peterson. (2009). The authors cite Meehl et al. (2007) for this information. 
316

 Stewart. (2009, Table V, p. 89). Stewart is summarizing the results of Stewart et al. (2004). 
317

 Verbatim or nearly verbatim from Stewart, Cayan and Dettinger. Changes in snowmelt runoff timing in western North 

America under a ‘Business as Usual’ climate change scenario. (2004, p. 225) 
318

 Verbatim or nearly verbatim from Stewart, Cayan and Dettinger. (2004, p. 225) 

Box 9. Trends and projections for evapotranspiration in the western United States, southcentral 
British Columbia, and Alaska. 

Definition of evapotranspiration: Evapotranspiration refers to water evaporation from soils, plant surfaces, and 
water bodies and water losses through plant leaves.311  

Role of evapotranspiration in the watershed: Evapotranspiration affects water yield, largely determines what 
proportion of precipitation input to a watershed becomes streamflow, and is influenced by forest, range, and 
agricultural management practices that alter vegetation.312 Surface waters will decline even if precipitation increases, 
if evapotranspiration increases by a greater amount.313 

Observed trends: Hamlet et al. (2007) found that throughout the western United States and southcentral British 
Columbia from 1916 to 2003, trends in simulated warm season evapotranspiration as a whole have followed trends 
in precipitation; however, in areas with substantial snow accumulation in spring, some systematic changes 
associated with temperature are also apparent: 

 In early spring, water availability from snowmelt has generally increased due to earlier snowmelt, and 
evapotranspiration during April–June has followed these upward trends.  

 In late summer, simulated increases in temperature result in decreasing trends in water availability from 
snowmelt, which has tended to reduce evapotranspiration during July–September.  

 Changes in the seasonal timing of evapotranspiration in summer in coastal areas of the Pacific Northwest 
and California are much more clearly related to temperature changes, because there is relatively little 
precipitation in summer to offset losses of water availability due to earlier snowmelt.314     

Future projections: In Alaska, increases in evaporation due to higher air temperatures are expected to lead to drier 
conditions overall, with reduced soil moisture.315  

Sources: Allan, Palmer & Poff. (2005); Brooks et al. (2003); Hamlet et al. (2007); Karl, Melillo & Peterson. (2009). 
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timing than in basins nearer the freezing point (emphasis in original).
319

 Data analyzed by Milly (see Figure 8) 

projects: 

 a twenty to forty percent increase in runoff in Alaska (more than 90% of models in agreement)  

 a ten to twenty percent decrease in runoff in California (more than 90% of models in agreement), and  

 in Washington and Oregon, the range of projected runoff changes is -2 to +2 percent (more than 66% of 

models in agreement).   

 

Figure 8. Median, over 12 climate models, of the percent changes in runoff from United States water resources regions for 

2041-2060 relative to 1901-1970. More than 66% of models agree on the sign of change for areas shown in color; diagonal 

hatching indicates greater than 90% agreement. Recomputed from data of Milly, Dunne, and Vecchia (2005) by Dr. P.C.D. 

Milly, USGS. Source: Reproduced from Palmer et al.  (2008, Fig. 6.14, p. 25) by authors of this report. 

Southcentral and Southeast Alaska 

Increases in winter precipitation could lead to increased snowpack, however, winter melting events and a 

shortening of the period of snow accumulation could have the opposite effect.
320

 If the latter conditions dominate 

and overall snowpack decreases, Alaska could expect a shorter spring melting period with lower runoff intensity 

and generally lower summer baseflows.
321

 As precipitation in southeastern Alaska shifts toward increased rain and 

                                                      
319

 Verbatim or nearly verbatim from Stewart, Cayan and Dettinger. (2004, p. 225) 
320

 Verbatim or nearly verbatim from AK Department of Environmental Conservation (DEC). Final Report Submitted by the 

Adaptation Advisory Group to the Alaska Climate Change Sub-Cabinet (pdf). (2010, p. 2-2 to 2-3). The authors cite Serreze 

et al. (2000) for information on precipitation and snowpack. 
321

 Verbatim or nearly verbatim from AK-DEC. (2010, p. 2-3) 
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less snow, more water will run off the landscape rather than being stored.
322

 While effects will vary regionally, 

impacts to Alaska’s freshwater ecosystems are generally expected to include reduced summer and fall stream 

flows.
323

 

British Columbia 

By the 2050s (2041–2070) increased air temperatures will lead to a continued decrease in snow accumulation, 

earlier melt, and less water storage for either spring freshet or groundwater storage.
324

 Projected declines in snow 

are most notable on the central and north coast of British Columbia and at high-elevation sites along the south 

coast.
325

 Watersheds that may be the most sensitive to change are those occupying the boundary between rainfall 

and snow deposition in the winter (transient rain-snow regimes).
326

 Overall, Pike et al. (2010) describe the 

following projected changes to B.C.’s hydrologic regimes: 

 The response of rain-dominated regimes will likely follow predicted changes in precipitation.
327

 For 

example, increased magnitude and more numerous storm events will result in increasingly frequent and 

larger stormdriven streamflow (including peaks) in the winter.
328

 Projected warmer and drier summers 

also raise concerns about a possible increase in the number and magnitude of low flow days.
329

 

 Snow-melt dominated watersheds might exhibit characteristics of transient regimes.
330

 With 

projected elevated temperatures, the snow accumulation season will shorten and an earlier start to the 

spring freshet will likely occur, which may lengthen the period of late-summer and early-autumn low 

flows, especially in southern British Columbia.
331

 Where snow is the primary source of a watershed’s 

summer streamflow, loss of winter snowpack may reduce the late-summer drainage network, 

transforming once perennial streams into intermittent streams.
332

  

 Transient rain-snow regimes might transition to rain-dominated regimes through the weakening or 

elimination of the snowmelt component.
333

 In the Coast’s transient regimes, snowpacks are normally deep 

enough to absorb and store a significant amount of rain, thus dampening the response of watersheds to 

large midwinter rain events.
334

 If these snowpacks no longer form or are very shallow, and increases in 

temperature and wind speeds occur, large midwinter snowfall events will become large rain or melt 

events, and thereby increase the frequency of high flows occurring throughout the winter in these 

watersheds.
335

 Subsequently, spring peak flow volumes will decrease and occur earlier because less 

                                                      
322

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 53) 
323

 Verbatim or nearly verbatim from AK-DEC. (2010, p. 5-2) 
324

 Verbatim or nearly verbatim from Pike et al. (2010, p. 713). The authors cite Rodenhuis et al. (2007) and Casola et al. 

(2009) for information on snow accumulation; Mote et al. (2003) for information on earlier melt; Stewart et al. (2004) for 

information on the spring freshet. 
325

 Verbatim or nearly verbatim from Pike et al. (2010, p. 714). The authors cite Rodenhuis et al. (2007) for this information. 
326

 Verbatim or nearly verbatim from Pike et al. (2010, p. 714) 
327

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719). The authors cite Loukas et al. (2002) for this information. 
328

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
329

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
330

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
331

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719). The authors cite Loukas et al. (2002) and Merritt et al. (2006) 

for this information. The authors also refer the reader to Figure 19.8 (pp. 715) of the cited report, where southern B.C. is 

explicitly mentioned. 
332

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719). The authors cite Thompson (2007) for this information. 
333

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719). The authors cite Whitfield et al. (2002) for this information. 
334

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
335

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
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precipitation is stored as snow during the winter, and winter flows will increase because more 

precipitation will fall as rain instead of snow.
336

 

 Glacier-augmented systems might shift to a more snowmelt-dominated pattern in the timing and 

magnitude of annual peak flows and low flows.
337

 Peak flows would decrease and occur earlier in the 

year.
338

 In the long term, the reduction or elimination of the glacial meltwater component in summer to 

early fall would increase the frequency and duration of low flow days in these systems.
339

 

Specific changes to snowpack and streamflows are also projected, as described in Table 9. 

  

                                                      
336

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
337

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
338

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
339

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
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Table 9. Projected changes in SWE, snowpack, and streamflow in coastal B.C.  
Table created by authors of this report. 

Projected Changes Location 
Study Period 

(Baseline) 
Citation 

SNOWWATER EQUIVALENT & SNOWPACK 

 Some variation is evident in the spatial distribution of 

change but, on average, models project a 28% decline in 

SWE.
340

 

 Snowpack is projected to increase at high elevations in 

the Coast Mountain ranges.
341

 

Fraser 

River Basin 

2050s  

(1961-1990) 

*Six different 

GCM emissions 

scenarios were 

used. 

Pike et al. 

(2010) 

STREAMFLOWS 

 Peak flows are projected to occur eleven days earlier by 

2010-2039, eighteen days earlier by 2040-2069, and 

twenty-four days earlier by 2070-2099.
342

 

 Mean flows are projected to increase 1.8 to 5.1% over 

the 21
st
 century, while mean minimum flows are 

projected to increase 14 to 44% over the 21
st
 century.

343
 

 Mean peak flows are projected to decrease 4.7% by 

2010-2039, 11% by 2040-2069, and 18% by 2070-

2099.
344

 

Fraser 

River near 

Hope (east 

of 

Vancouver) 

2010-2039, 

2040-2069, 

2070-2099 

(1961-1990) 

 

*Two 

downscaled 

GCMs were 

used, HadCM2 

and CGCM1 

Morrison et 

al. (2002) 

 Future glacier retreat produced continuing declines in 

summer flows, particularly for July to September.
345

 

Bridge 

River 
Not provided 

Pike et al. 

(2010), 

citing Stahl 

et al. (2008) 

 Where groundwater is the primary source of a 

watershed’s summer streamflow, flows will still 

continue but with volume reductions in response to 

changes in the seasonal snowpack accumulation that 

recharges groundwater.
346

 

None stated Not provided 

Pike et al. 

(2010), 

citing 

Thompson 

(2007) 

  

                                                      
340

 Pike et al. (2010, p. 715) 
341

 Pike et al. (2010, p. 715). The authors refer to Figure 19.7, pp. 714. 
342

 Morrison, Quick and Foreman. Climate change in the Fraser River watershed: flow and temperature projections.  (2002, 

p. 237). See Table 2. 
343

 Morrison, Quick and Foreman. (2002, p. 237). See Table 2. 
344

 Morrison, Quick and Foreman. (2002, p. 237). See Table 2. 
345

 Pike et al. (2010, p. 706). The authors are summarizing the work of Stahl et al. (2008). 
346

 Pike et al. (2010, p. 719). The authors cite Thompson (2007) for this information. 
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Pacific Northwest 

The Columbia basin shifts towards more rain dominant 

behavior as the region’s temperatures warm, which creates 

changes in both flood and low flow statistics that vary with 

mid-winter temperatures and other factors.
347

 

These changes are related primarily to changes in snowpack 

and associated effective basin area during extreme 

precipitation events.
 348

 Figure 9 shows the maps of the 

shifting characterizations of these basins, measured as the 

ratio of April 1 snowpack to October-March total 

precipitation, as time progresses through the 21st century 

under the A1B and B1 scenarios.
349

 The topmost map 

illustrates the spatial distribution of basin types for the 

historical period (1970-1999).
350

  

In Tohver & Hamlet’s (2010) projections for the 21st century, 

future warming results in a progressive shift from snow 

dominant to transient basins and from transient basins to rain 

dominant basins (lower panels of Figure 9).
351

 Furthermore, 

this shift in basin characterization occurs at a faster rate for the 

A1B than for the B1 scenarios, because the rate of warming is 

faster.
352

 By the 2080s for the A1B scenario, there is a 

complete loss of snowmelt dominant basins in the Cascades 

and the Rockies in the U.S., and only a few transient basins 

remain at higher elevations.
353

 This shift in basin type has 

implications for the timing of peak flows since the mechanism 

driving the flows is changing under warmer conditions.
354

 

A study by Stoelinga et al. (2010) projects nine percent loss of 

Cascade Mountain spring snowpack due to anthropogenic 

climate change between 1985 and 2025.
355

 Another study by 

Elsner et al. (2010) finds April 1 SWE is projected to decrease 

by 28% to 30% across Washington State by the 2020s, 38% to 

46% by the 2040s, and 56% to 70% by the 2080s, based on 

                                                      
347

 Verbatim or nearly verbatim from Tohver and Hamlet. Impacts of 21st century climate change on hydrologic extremes in 

the Pacific Northwest region of North America. (2010, p. 5) 
348

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 5). The authors cite Hamlet and Lettenmaier (2007) for 

this information. 
349

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 5) 
350

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 5) 
351

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 5) 
352

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 5) 
353

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 5-6) 
354

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 6) 
355

 Verbatim or nearly verbatim from Stoelinga, Albright and Mass. A new look at snowpack trends in the Cascade 

Mountains. (2010, p. 2473) 

Figure 9. Watershed classification based on the ratio 

of April 1 SWE to total March-October precipitation 

for the historical period (1916-2006), for the A1B 

scenario (left panels), and for the B1 scenario (right 

panels) at three future time periods (2020s, 2040s, 

2080s).   

Source: Reproduced from Tohver and Hamlet. (2010, 

Fig. 2, p. 6) by authors of this report. 
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composite scenarios for the B1 and A1B scenarios, respectively (baseline: water years 1917-2006).
356

 Climate 

change effects on SWE are projected to vary by elevation: 

 The lowest elevations (below 3,280 feet; 1,000 meters) will experience the largest relative decreases in 

snowpack, with reductions of 38% to 40% by the 2020s to 68% to 80% by the 2080s.
357

 

 Mid-level elevations (3,280-6,558 feet; 1,000-2,000 meters) will experience relative decreases in 

snowpack of 25% to 27% by the 2020s and 53% to 67% by the 2080s.
358

 

 The highest elevations (above 6,558 feet; 2,000 meters) will experience the smallest relative decreases in 

snowpack of 15% to 17% by the 2020s and 39% to 55% by the 2080s.
359

 

 

Reductions in the magnitude of summer low flows are predicted to be widespread for Washington State’s rain-

dominant and transient runoff river basins in southwest Washington, the Olympic Peninsula, and Puget Sound.
360

 

For these locations, future estimates of the annual average low flow magnitude (7Q2, which is the seven-day 

average low flow magnitude with a two year return interval) and more extreme (7Q10) low flow periods are 

projected by Mantua, Tohver & Hamlet (2010) as follows: 

 7Q2: Projected decline by up to fifty percent by the 2080s under both the A1B and B1 emissions 

scenarios.
361

  

 7Q10: Projected decline in rain-dominant and transient runoff basins ranges from five to forty percent (no 

average provided).
362

  

In all watershed types, the duration of the summer low flow period is projected to expand significantly.
363

 For 

example, the loss of glacier area in the North Cascades will lead to further declines in summer runoff in glacier-

fed rivers as the glacier area available for melting in the summer declines.
364

 

Oregon  

In the Western Cascades of Oregon, Chang & Jones (2010) report SWE is predicted to decline and peak runoff is 

predicted to occur earlier by the 2080s.
365

  In the Willamette River basin in particular, the ratio of April 1st SWE 

to Precipitation (SWE/P) declined substantially from the reference period of 1970-1999 under two GHG emission 

scenarios with a greater reduction in the 2080s.
366

 The decline in the ratio is most pronounced under the A1B 

scenario.
367

 This is a combined result of increase in precipitation falling as rainfall in winter and earlier snowmelt 

caused by rising temperature.
368

  

                                                      
356

 Verbatim or nearly verbatim from Elsner et al. (2010, p. 244) 
357

 Elsner et al. (2010, Table 5, p. 244)  
358

 Elsner et al. (2010, Table 5, p. 244) 
359

 Elsner et al. (2010, Table 5, p. 244) 
360

 Verbatim or nearly verbatim from Mantua, Tohver and Hamlet. Climate change impacts on streamflow extremes and 

summertime stream temperature and their possible consequences for freshwater salmon habitat in Washington State. (2010, 

p. 204) 
361

 Verbatim or nearly verbatim from Mantua, Tohver and Hamlet. (2010, p. 204-205) 
362

 Verbatim or nearly verbatim from Mantua, Tohver and Hamlet. (2010, p. 205) 
363

 Verbatim or nearly verbatim from Mantua, Tohver and Hamlet. (2010, p. 206). The authors cite Elsner et al. (2010) for 

this information. 
364

 Verbatim or nearly verbatim from Pelto. (2008, p. 74) 
365

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 192) 
366

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 90) 
367

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 90) 
368

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 90) 



 
49 

Changes in streamflow across runoff regimes are also projected: 

 In snowmelt-dominated sites such as the Columbia River at the Dalles, flows are projected to increase in 

the winter months and decrease in the summer months through the 21st century.
369

 Peak flow shifts earlier 

into the spring at both sites in this scenario.
370

   

 At sites where the peak flows occur in the wetter winter months (Willamette and Calapooia), flows are 

projected to increase in the winter and decrease slightly in the summer.
371

  

 The High Cascade basins that are primarily fed by deep groundwater systems are expected to sustain low 

flow during summer months despite declining snowpacks, although the absolute amount of summer flow 

will decline.
372

 

 Models suggest that spring and summer streamflow in transient rain-snow basins, such as those in the 

Western Cascade basins, will be sensitive to changes in precipitation and temperature.
373

  

Northwestern California 

Studies by Miller et al. (2003) and Dettinger et al. (2004) project further declines in winter snowpack, earlier 

streamflow timing, and declines in summer low flows from 1900 to 2099 and from 2011 to 2100, respectively.
374

 

With a doubling of atmospheric CO2 concentrations, Snyder et al. (2004) project snow accumulation will decrease 

by seventy-three percent in the North Coast region of California.
375

 Projected reductions in monthly median snow 

heights from January to April ranged from 1.8 to 4.37 inches (46-111 mm).
376

 Cayan et al. (2008b) projected 

overall snowpack losses for San Joaquin, Sacramento, and parts of the Trinity drainages will range from about 

thirty-two to seventy-nine percent loss by the end of the century.
377

 Most of these changes are projected to occur 

because warming temperatures cause more precipitation to fall as rain, rather than snow.
378

 There do not appear to 

be any model projections of future streamflow patterns for Northwestern California.
379

 The reduction in snowpack 

in this region would suggest that snow-fed flows will decrease in duration and magnitude.
 380

 

Information Gaps 

While substantial information on observed trends and future projections is available for the NPLCC region, 

additional precipitation information, such as extreme precipitation projections, is needed for the region. In 

addition, projections for smaller geographic areas are also needed. 

 

 

                                                      
369

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 94). The authors note these results are obtained using VIC 

outputs (hybrid delta, ensemble mean of 10 GCMs, A1B scenario) and credit Hamlet et al. (2010) of the Climate Impacts 

Group. 
370

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 94) 
371

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 94) 
372

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 132) 
373

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 131) 
374

 Verbatim or nearly verbatim from Stewart. (2009, p. 89). Stewart is summarizing studies by Miller et al. (2003) and 

Dettinger et al. (2004). 
375

 Verbatim or nearly verbatim from PRBO. Projected effects of climate change in California: Ecoregional summaries 

emphasizing consequences for wildlife. Version 1.0 (pdf). (2011, p. 8) 
376

 Verbatim or nearly verbatim from PRBO. (2011, p. 8) 
377

 Verbatim or nearly verbatim from PRBO. (2011, p. 8) 
378

 Verbatim or nearly verbatim from PRBO. (2011, p. 8-9) 
379

 Verbatim or nearly verbatim from PRBO. (2011, p. 9) 
380

 Verbatim or nearly verbatim from PRBO. (2011, p. 9) 
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2. CHANGES IN GLACIER SIZE AND ABUNDANCE 

 

Box 10. Summary of observed trends & future projections for changes in glacier size & abundance. 

Observed Trends   

Over the 20th century, widespread volume losses and glacial retreat have been observed throughout the 
NPLCC region.381 In many areas, the rate of loss and/or retreat has increased in recent years:  

 From the mid-1950s to the mid-1990s, volume losses from 67 of Alaska’s glaciers were more than 
double the estimated annual losses from the entire Greenland Ice Sheet over the same time period.382  

 In the North Cascades (WA), 53 glaciers have disappeared since the 1950s.383 The remaining glaciers 
are in disequilibrium with the climate, with increasingly negative cumulative mass balance.384  

 Between 1900 and 2004, the glaciers in Oregon have lost about 40% of their area, while some have 
lost as much as 60%.385  

Mount Shasta’s glaciers (CA) are an exception to the trend. Despite the strong warming trend over the past 
20–30 years, ice volumes have changed little and the termini have continued to advance due to a concurrent 
increase in winter snow accumulation.386 

Future Projections   

 Alaska’s tidewater glaciers will grow more unstable, with increased calving and subsequent melting.387  

 Under the A2 and B1 scenarios, the Bridge Glacier (BC) is projected to continue its retreat, with a 
projected loss of over 30% of its current area by 2100.388  

 By about 2057, the estimated area of the Coe Glacier (OR) will be about 61% of its present-day 
area.389 

 Whitney Glacier (CA) would shrink by 65 to 75% percent by 2080, retreating to a terminus elevation 
of 11, 155 feet (3,400 m).390  

 The Hotlum Glacier would disappear entirely by 2065.391 

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 

 

 

                                                      
381

 Arendt et al. Rapid wastage of Alaska glaciers and their contribution to rising sea level. (2002); Chang & Jones (2010); 

Pelto (2006); WA-ECY. Facts about Washington's retreating glaciers and declining snow pack (pdf). (2007) 
382

 Arendt et al. (2002) 
383

 WA-ECY. (2007) 
384

 Pelto. (2006) 
385

 Chang & Jones. (2010) 
386

 Howat et al. A precipitation-dominated, mid-latitude glacier system: Mount Shasta, California. (2007, p. 96) 
387

 Motyka et al. Post Little Ice Age Glacial Rebound in Glacier Bay National Park and Surrounding Areas. (2007) 
388

 Pike et al. (2010), citing Stahl et al. (2008) 
389

 Chang & Jones. (2010) 
390

 Howat et al. (2007, p. 96) 
391

 Howat et al. (2007, p. 96) 
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Hydrologic dynamics of glaciers and climate change 

A glacier can be divided into two regions (Figure 10).
392

 At the high end of the glacier, more snow (mass) 

accumulates than is lost every year.
393

 This region is called the accumulation zone.
394

 The ice flows downhill into 

the lower region where more snow (mass) is annually lost than 

is gained through snowfall.
395

 The lower region is called the 

ablation zone (ablation means mass loss in all its forms, 

including melting, sublimation, and calving).
396

 The dividing 

line between the accumulation and ablation zones is the 

equilibrium line, for which the altitude changes on an annual 

basis because it is dependent on the amount of snowfall 

received during winter and the amount of snowmelt on the 

glacier during summer.
397 During glacial retreat, the rate of 

ablation exceeds the rate of accumulation for an extended 

period of time (the mass balance of the glacier is negative), 

and the position of the glacier terminus retreats toward the 

origin of the glacier.
398

 Note that the ice continues to flow 

downhill and that the glacier becomes thinner.
399

 Glacial 

advance occurs when the rate of accumulation exceeds the rate 

of ablation (ice also flows downhill).
400

  

Glaciers support a unique runoff regime and have been studied 

as sensitive indicators of climate for more than a century.
401

 

Glaciers respond to climate by advancing with climate cooling 

(because of increased snowfall and decreased summer melting) 

and snowfall increase and retreating with climate warming.
402

 

Tidewater glaciers that terminate in the ocean can be an 

exception to this rule because their advance and retreat is often 

controlled more by the morphology of the glacier terminus and 

receiving fjord than by climate forcings.
403

 The long-term 

trends that in particular affect glaciers are changes in mean 

ablation-season temperature (i.e., the warm summer season, 

                                                      
392

 Verbatim or nearly verbatim from Granshaw and Fountain. Glacier Change in the Upper Skagit River Basin: Questions 

about Glaciers, Climate and Streamflow (website).  (2003)  
393

 Verbatim or nearly verbatim from Granshaw and Fountain. (2003) 
394

 Verbatim or nearly verbatim from Granshaw and Fountain. (2003) 
395

 Verbatim or nearly verbatim from Granshaw and Fountain. (2003) 
396

 Verbatim or nearly verbatim from Granshaw and Fountain. (2003) 
397

 Comment from reviewer. (June 2011) 
398

 Verbatim or nearly verbatim from W. W. Norton and Company. Chapter 18: Amazing Ice: Glaciers and Ice Ages 

(website). (2011)  
399

 Verbatim or nearly verbatim from W. W. Norton and Company. (2011) 
400

 Verbatim or nearly verbatim from W. W. Norton and Company. (2011) 
401

 Verbatim or nearly verbatim from Pelto. (2008, p. 65) 
402

 Verbatim or nearly verbatim from Pelto. (2006, p. 769) 
403

 Comment from reviewer (June 2011); Personal communication with reviewers. (April, May, June 2011) 

Box 11. Surface mass balance and thinning: 
key indicators in the analysis of glaciers and 
climate change. 

 Measurements of surface mass balance (i.e., 
the difference between winter water 
accumulation and summer loss of water by 
ablation) are the most sensitive indicator of 
short-term glacier response to climate 
change because mass balance is a direct 
measure of annual climate conditions. It 
indicates whether the glacier is gaining or 
losing volume. Terminus behavior, on the 
other hand, is determined by cumulative, 
multi-year impacts of climate and other 
glaciologic factors. 

 Thinning in the accumulation zone indicates 
a glacier no longer has a substantial 
consistent accumulation zone. Thinning 
occurs when the rate of ice melt exceeds the 
rate of replacement through ice flow 
downward from the upper glacier. To 
maintain equilibrium in an average year, 
~65% of a glacier’s area needs to be in the 
accumulation zone at the end of the summer 
melt season. 

 The key indicator that a glacier is in 
disequilibrium is substantial thinning along 
the entire length of a glacier. 

Sources: Pelto (2006); Pelto (2008); Expert commentary 
(June 2011). 
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typically May-September) and winter-season snowfall.
404

  

Given future climate scenarios, glaciers will ultimately retreat under sustained conditions of negative net mass 

balance, although a lag is often associated with glacier dynamics (see Box 11).
405

 Glacier retreat will continue 

until the glacier loses enough of its lower-elevation ablation zone that total ablation matches total accumulation.
406

 

In some cases, climate warming can result in ablation exceeding accumulation over all elevations on a glacier, in 

which case the glacier would ultimately disappear.
407

 

 

Future glacier retreat will influence a range of aquatic habitat characteristics, including stream temperature, 

suspended sediment concentrations, and stream water chemistry.
408

 Physical considerations and empirical 

evidence consistently indicate that summer stream temperatures should increase as a result of glacier retreat; 

however, the magnitude of this change is difficult to predict.
409

 

  

                                                      
404

 Verbatim or nearly verbatim from Pelto. (2006, p. 771) 
405

 Verbatim or nearly verbatim from Pike et al. (2010, p. 716). The authors cite Arendt et al. (2002) as an example for this 

information. 
406

 Verbatim or nearly verbatim from Pike et al. (2010, p. 716) 
407

 Verbatim or nearly verbatim from Pike et al. (2010, p. 716) 
408

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 
409

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 

Figure 10. (TOP) Cross 

section of a typical alpine 

glacier showing the two 

major zones of a glacier and 

ice flow within the glacier. 

The blue arrows show the 

direction and speed of the 

moving ice. The longer the 

arrow, the faster that ice is 

moving. (BOTTOM)  A 

simplified diagram of a 

glacier mass budget, 

showing major mass input 

(snowfall) and outputs 

(melting, and runoff).  

Source: Reproduced from 

Granshaw and Fountain. 

(website). (2003, Fig. 2, Fig. 

6) by authors of this report. 
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Observed Trends 

Southcentral and Southeast Alaska 

Currently, the majority of glaciers in southeastern Alaska are thinning and retreating.
410

 Rates of glacier thinning 

now exceed ten feet (~3 meters) per year at lower elevations (Figure 11).
411

 Moreover, rates of glacial ice loss 

appear to be increasing in recent decades.
412

 

Arendt et al. (2002) studied sixty-seven 

glaciers and found that recent volume losses 

are nearly double the estimated annual losses 

from the entire Greenland Ice Sheet during 

the same time period (mid-1950s to mid-

1990s).
413

 Rapid glacier wastage in 

southeastern Alaska is reflected in extreme 

rates of glacio-isostatic rebound, a rising of 

the earth where it formerly was depressed by 

the mass of ice.
414

 Recent losses of glacier ice 

appear to be associated with climate warming 

rather than changes in precipitation 

regimes.
415

 Observed changes in specific 

glaciers include: 

 The most dramatic loss of glacial ice 

in Alaska since the end of the Little 

Ice Age occurred in Glacier Bay, near 

Juneau.
416

 Within the west arm of the 

bay, glaciers have retreated more than 

sixty miles and lost nearly one mile in 

thickness.
417

 As a result, less than 

thirty percent of Glacier Bay National 

Park is now covered by glaciers.
418

  

 The mass balance record for the Lemon Glacier near Juneau is one of the longest in North America, and it 

indicates a dramatic loss of volume in recent decades.419 During the period 1953-1998, the Lemon Glacier 

thinned nearly eighty-one feet (~25m) and retreated more than 2600 ft (~0.5 miles, 792m).420 

                                                      
410

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 34)  
411

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 34). The authors cite Larsen et al. (2005) and Larsen et al. (2007) 

for this information. 
412

 Verbatim or nearly verbatim from Kelly et al. (2007, p. 34). The authors cite Arendt et al. (2002) 
413

 Verbatim or nearly verbatim from Arendt et al. (2002, p. 382) 
414

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 36) 
415

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 34). The authors cite Arendt et al. (2002) and Motyka et al. 

(2002) for this information. 
416

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 33) 
417

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 33) 
418

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 33) 
419

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 33) 
420

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 33). The authors cite Miller and Pelto (1999) for this information. 

Figure 11. Current rates of glacier ice thinning in southeastern Alaska as 

measured by laser altimetry. Ice in lower elevations and around the 

Yakutat Icefield (YI) is thinning most rapidly. The Glacier Bay Little Ice 

Age Icefield (GB) is outlined. FWF depicts the location of the 

Fairweather Fault. Figure from Larsen et al., 2005.  

Source: Reproduced from Kelly et al. (2007, Fig. 21, p. 35-36) by authors 

of this report. 



 
54 

 Some southeastern Alaska glaciers, including the Carroll, Johns Hopkins, Lamplugh, Reid, Margerie, 

Brady, and Grand Pacific glaciers in Glacier Bay and the Taku glacier have shown periods of advance 

during the latter half of the 20th century.
421

  

 From the mid-1950s to the mid-1990s, the average rate of thickness change of sixty-seven glaciers was 

1.7 feet per year (ft/yr; -0.52 m/yr).
422

 Repeat measurements of twenty-eight glaciers from the mid-1990s 

to 2000-2001 suggest an increased average rate of thinning, equaling 5.9 ft/yr (-1.8 m/yr).
423

 

The effects of climate change on southeastern Alaska glaciers may be very different for tidewater glaciers in 

contrast to glaciers with grounded termini.
424

 Glaciers that terminate at tidewater typically follow their own cycles 

of advance and retreat – they are often independent of short-term changes in regional climate.
425

 For example, 

Hunter and Powell (1993) found that terminus dynamics at the Grand Pacific and Muir Glaciers in Glacier Bay 

are controlled by morainal bank (an accumulation of boulders, stones, and other debris deposited by a glacier) 

sediment dynamics and concluded that these tidewater glaciers are insensitive to climate forcing.
426

  

British Columbia 

Glaciers in British Columbia are out of equilibrium with the current climate and are adjusting to changes in 

seasonal precipitation and elevated temperatures, with widespread glacial volume loss and retreat in most 

regions.
427

 In general, glaciers have been retreating since the end of the Little Ice Age (mid-19th century), 

although some glaciers have exhibited periods of stability at the terminus and even advances.
428

 Specific changes 

to B.C. glaciers are reported by Pike et al. (2010) and include: 

 The Illecillewaet Glacier in Glacier National Park (located in eastern B.C., outside the NPLCC region) 

has receded over 0.62 miles (1 km) since measurements began in the 1880s.
429

 Moore et al. (2009) 

reported that the terminus of Illecillewaet Glacier remained stationary from 1960 until 1972, and then 

advanced until 1990.
430

 It has subsequently resumed its retreat.
431

 This behavior is consistent with the 

decadal time scale of glacier terminus response to climate variability.
432

  

 A compilation of glacier area changes in the period 1985–2005 indicates glacier retreat in all regions of 

the province, with an eleven percent loss in total glacier area over this period.
433

 On Vancouver Island, the 

central Coast Mountains, and the northern Interior ranges, ice-covered areas have declined by more than 

twenty percent over this period (1985-2005).
434

 

                                                      
421

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 35). The authors cite Pelto and Miller (1990) and Miller et al. 

(2003) for information on the Taku glacier. The authors cite Hall et al. (1995) for information on the remaining glaciers. 
422

 Verbatim or nearly verbatim from Arendt et al. (2002, p. 382) 
423

 Verbatim or nearly verbatim from Arendt et al. (2002, p. 382) 
424

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 35) 
425

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 35) 
426

 Verbatim or nearly verbatim from Kelly, et al. (2007, p. 35) 
427

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703) 
428

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703). The authors cite Moore et al. (2009) for this information. 
429

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703). The authors cite Parks Canada (2005) for this information. 
430

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703) 
431

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703) 
432

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703). The authors cite Oerlemans (2001) for this information. 
433

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703). The authors cite Bolch et al. (2010) for this information. 
434

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703). The authors cite Bolch et al. (2010) for this information. 



 
55 

 Schiefer et al. (2007) reported that the recent rate of glacier loss in the Coast Mountains is approximately 

double that observed for the previous two decades.
435  

Washington 

Monitoring has occurred on several glaciers in Washington, including the South Cascade Glacier (located in the 

North Cascades), Mount Rainier glaciers, and the Blue Glacier in the Olympic Mountains.
436

 Glaciers in the North 

Cascades exhibit consistent responses to climate from year to year.
437

 The response time is comparatively short: 

five to twenty years for the initial response to a climate change, and thirty to one hundred years for a response that 

begins to approach equilibrium.
438

  

Specific changes to the surface mass balance, thickness, and advance/retreat of North Cascades glaciers are 

summarized in Table 10. Overall, fifty-three glaciers in the North Cascade Mountains have disappeared since the 

1950s.
439

 Pelto (2008) note seventy-five percent (9 of 12) of the North Cascade glaciers observed are thinning 

appreciably in the accumulation zone and are in disequilibrium with current climate.
440

 

A progressive temperature rise from the 1880s to the 1940s led to a ubiquitous rapid retreat of North Cascade 

alpine glaciers from 1880 to 1944.
441

 From 1944 to 1975, all eleven Mt. Baker glaciers advanced (when 

conditions became cooler and precipitation increased
442

).
443

 By 1984, all Mt. Baker glaciers were again 

retreating.
444

 The glacier margin retreat has been as significant at the head of many glaciers as at the terminus.
445

 

This indicates thinning in the upper reaches of the glacier.
446

 If a glacier is thinning not just at its terminus, but 

also at its head then there is no point to which the glacier can retreat to achieve equilibrium.
447

  

In conclusion, the current climate change favors glacier retreat.
448

 Pelto (2006) notes cumulative mass balance for 

the North Cascade glaciers is becoming increasingly negative, indicating that, instead of approaching equilibrium 

as the glaciers retreat, they are experiencing increasing disequilibrium with current climate.
449

 The recent loss of 

several glaciers in the North Cascades raises the question as to whether glaciers can reach a new point of 

equilibrium with the current climate.
450

  

                                                      
435

 Verbatim or nearly verbatim from Pike, et al. (2010, p. 703) 
436

 Pelto. (2006) 
437

 Verbatim or nearly verbatim from Pelto. (2008, p. 68) 
438

 Verbatim or nearly verbatim from Pelto. (2006, p. 770). The authors cite Schwitter and Raymond (1993) and Pelto and 

Hedlund (2001) for this information. 
439

 Verbatim or nearly verbatim from WA Department of Ecology. (2007, p. 2)  
440

 Verbatim or nearly verbatim from Pelto. (2008, p. 71) 
441

 Verbatim or nearly verbatim from Pelto. (2008, p. 70). The authors cite Rusk (1924), Burbank (1981), Long (1955), and 

Hubley (1956) for information on glacial retreat. 
442

 Verbatim or nearly verbatim from Pelto. (2008, p. 70). The authors cite Hubley (1956) and Tangborn (1980) for this 

information. 
443

 Verbatim or nearly verbatim from Pelto. (2008, p. 70). The authors cite Pelto (1993) and Harper (1993) for this 

information. 
444

 Verbatim or nearly verbatim from Pelto. (2008, p. 70). The authors cite Pelto (1993) for this information. 
445

 Verbatim or nearly verbatim from Pelto. (2008, p. 70) 
446

 Verbatim or nearly verbatim from Pelto. (2008, p. 70) 
447

 Verbatim or nearly verbatim from Pelto. (2008, p. 70). The authors cite Pelto (2006) for this information. 
448

 Verbatim or nearly verbatim from Pelto. (2006, p. 770) 
449

 Verbatim or nearly verbatim from Pelto. (2006, p. 774). The authors refer the reader to Figure 4 in the cited report. 
450

 Verbatim or nearly verbatim from Pelto. (2006, p. 770). The authors cite Pelto and Hedlund (2001) for information on the 

recent loss of several glaciers. 
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Oregon  

Glaciers in Oregon, like much of the west have been receding since the start of the last century when observations 

first began.
451

 Chang and Jones (2010) report the glaciers rapidly retreated since about 1910, slowed and advanced 

during the 1960s to middle 1970s before retreating again in the early 1980s.
452

 Since the late 1990s glacier retreat 

has accelerated. Between 1900 and 2004, the glaciers in Oregon have lost about forty percent of their area.
453

 

Some glaciers have lost as much as sixty percent.
454

 No glaciers are advancing in Oregon,
455

 although the Ladd 

Glacier advanced ten meters from 1989 to 2000 and the summer terminus of the Eliot Glacier advanced eighteen 

meters downvalley from its summer 2000 terminus (which was at its farthest upvalley position in the past 

century).
456

 Lillquist and Walker (2006) document that the termini of Coe, Eliot, Ladd, Newton Clark, and White 

River glaciers, all on Mount Hood, have receded between 1901 and 2001; however, magnitude, timing, and rate 

of glacier terminus change varied considerably among these glaciers:
457

  

 Ladd Glacier: Despite a recent advance, the net 1901-2000 change in terminus was -3615 feet (-1102 

m), a sixty-one percent loss in length.
458

 These values are the highest of any of the five glaciers analyzed 

by Lillquist and Walker.
459

 

 Eliot Glacier: A net 1901-2001 change of -2542 feet (-775 m), representing a twenty-two percent loss in 

total length, was observed.
460

 

 White River Glacier: Despite the alternating nature of advances and retreats over at least the past sixty 

years, a net 1901-2000 change in terminus was -2024 feet (-617 m), a thirty percent decline in length.
461

 

 Coe Glacier: A net 1901-2001 change in the terminus of -1339 feet (-408 m), a twelve percent loss in 

glacier length, was recorded.
462

 

 Newton Clark Glacier: The net 1901-2000 change in the terminus was only -203 feet (-62 m), a five 

percent decline in length.
463

 This represents the least terminus retreat of any of the glaciers analyzed.464 

Lillquist and Walker conclude the similar pattern of Mount Hood’s northern glacier terminus fluctuations, 

combined with qualitative analysis of glacier terminus fluctuation and climate data, suggests that temperature and 

precipitation played a significant role in Mount Hood’s glacier terminus fluctuations during the past century.
465 

Other factors affecting glacier terminus fluctuations include the physical characteristics of each glacier; it is also 
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likely that volcanic and geothermal activity, subglacial topography, and debris cover have played an important 

local role in Mount Hood’s historical glacier termini fluctuations.466 

Northwestern California  

Howat et al. (2007) document observed trends in Mount Shasta’s Whitney and Hotlum Glaciers. Throughout the 

historical record, fluctuations in the size of Mount Shasta’s glaciers have been closely correlated with sustained 

periods of either high or low precipitation under increasing winter and summer temperatures.
467

 Total winter 

precipitation appears to be the dominant control on glacier volume at Mount Shasta on both inter-decadal and 

inter-annual scales.
468

 The period of most rapid wastage of the glaciers occurred during the drought conditions of 

the 1920s and early 1930s, concurrent with the lowest recorded monthly mean temperatures on record.
469

 

Subsequent glacier growth corresponded with an increase in both precipitation and temperatures.
470

  

Despite the strong warming trend over the past 20–30 years, ice volumes have changed little and the termini have 

continued to advance due to a concurrent increase in winter snow accumulation.
471

 A series of anomalously high 

precipitation years from the late 1960s until the early 1980s resulted in a highly positive transient balance state, 

resulting in no terminus retreat during the 1985–1991 drought period.
472

 These alternating periods of high and low 

total precipitation, and glacier expansion and retreat, are concurrent with shifts in the ocean-atmosphere state of 

the northern Pacific, as indexed by the PDO.
473

 Specific changes for the Hotlum and Whitney Glaciers include: 

 Hotlum Glacier: After a terminus retreat of over 2132 feet (650 m) and an increase in elevation of over 

656 feet (200m) between 1920 and 1944, the glacier stabilized between 1944 and 1955 and then 

advanced rapidly, forming a new end moraine.
474

 This new moraine advanced 560 m to a minimum 

elevation of 10,203 feet (3,110 m) between 1944 and 2003, with the greatest advance (820 feet; 250m) 

occurring between 1965 and 1975.
475

 Following a stall between 1985 and 1995, the terminus continued 

its advance in the most recent decade, and, in 2003, was less than 164 feet (50 m) above the 1920 

position.
476

 

 Whitney Glacier: Compared to a 1925 aerial photography and 1894 topographic map, in 1944 the 

terminus of the glacier was approximately 1640 feet (500 m) higher in elevation than in 1925 (8,530 feet 

above sea level, f.a.s.l.; 2,600 meters above sea level, m.a.s.l.), suggesting that this glacier underwent a 

similar wastage to that of the Hotlum Glacier.
477

 From 1944 to 1975, Whitney Glacier advanced 2198 

feet (670 m) down a elevation of 492 feet (150 m).
478

 Following this period, the glacier terminus split into 

two adjoining lobes of debris-covered ice.
479

 Advance of this eastern lobe stalled in the early 1970s, only 
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advancing 40m between 1975 and 2003.
480

 Over this period, the western lobe advanced another 935 feet 

(285 m), down 328 feet (100 m) in elevation to 9,121 f.a.s.l (2,780 m.a.s.l).
481

 

Future Projections 

Southcentral and Southeast Alaska 

In southeast Alaska, glacial melt is already occurring, and is likely to continue.
482

 

British Columbia 

Projections based on future climate scenarios indicate that a negative net balance will continue over at least the 

next few decades.
483

 Stahl et al. (2008) used three scenarios to model the response of the Bridge Glacier in the 

southern Coast Mountains: one was a continuation of current climatic conditions until 2150, and two others were 

based on the A2 and B1 emissions scenarios developed by the IPCC and simulated by the CGCM3.
484

 Even with 

no further climate warming, the Bridge Glacier is sufficiently out of equilibrium with current climatic conditions 

that it is projected to lose approximately twenty percent of its current area, reaching a new equilibrium by about 

2100.
485

 Under the two warming scenarios investigated, glacier net balance remained negative and the glacier 

continued to retreat over the next century, with a projected loss of over thirty percent of its current area by the end 

of this century.
486

 

Washington 

Seventy-five percent (9 of 12) of the North Cascades glaciers observed by Pelto (2008) are in disequilibrium and 

will melt away during the 21
st
 century with the current climate.

487
 

Oregon 

By about 2057, Chang and Jones (2010) estimate the Coe Glacier’s area will be about sixty-one percent of its 

present-day area.
488

 

Northwestern California 

A modeling study of Mount Shasta’s Whitney and Hotlum Glaciers by Howat et al. (2007) finds that the 

RegCM2.5 regional climate model estimates a large increase in summer temperatures relative to winter 

precipitation under greenhouse-driven warming that would result in the loss of most of Mount Shasta’s glacier 

volume over the next fifty years with near total loss by the end of the century:
489

 

 Whitney Glacier would shrink by sixty-five to seventy-five percent by 2080, retreating to a terminus 

elevation of 11, 155 feet (3,400 m).
490  
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 The Hotlum Glacier would disappear entirely by 2065.
491

 

 The 4.7°F (2.6°C) increase in temperature forecasted by RegCM2.5 for 2050 would require a concurrent 

fifty-two percent increase in precipitation to maintain steady-state compared to the predicted seventeen 

percent increase.
492

 

In contrast, under a historical trend scenario for the future, Whitney Glacier would likely remain within ±20% of 

its present volume until 2040 when it would begin to grow, reaching up to 140% of its present volume by 2100.
493

 

For this volume increase the glacier would expand to the outermost terminal moraines at 8530 feet above sea level 

(2,600 meters above sea level).
494

 The Hotlum Glacier would likely lose volume until 2040, at which time growth 

would begin.
495

 These variations correspond to a shift in the oscillatory components to greater precipitation and 

lower temperatures, resulting in rapid volume growth that is sustained through a second climate oscillation 

shift.
496

 

Information Gaps 

Information is needed on future projections of glacier size and abundance in all jurisdictions except British 

Columbia and California. 

 

Note to the reader regarding sea ice and permafrost thawing: While loss of sea ice and permafrost thaw are 

critical issues facing Alaska and British Columbia, they are not major issues within the areas of southcentral and 

southeast Alaska and coastal B.C. included in our study region. For this reason, we do not discuss these impacts in 

this report. A large map of the extent of permafrost in the Northern Hemisphere is available at 

http://www.climate4you.com/images/PermafrostDistributionIPA%20LARGE.gif (accessed 3.12.2011). It shows 

isolated patches of permafrost in the North Cascades (WA) and coastal B.C., and sporadic patches in southcentral 

and southeast Alaska. A map of the extent of sea ice in March and September 2009 is available at 

http://www.arctic.noaa.gov/report09/seaice.html (accessed 3.12.2011). March is typically the month of maximum 

extent of sea ice, September the minimum. 
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Table 10. Trends in glacial surface mass balance, loss, retreat, thinning, and ice thickness, North 

Cascades, WA, 1880-2007. Table created by authors of this report. Table continues on next page. 

REDUCED SURFACE MASS BALANCE 

Glacier(s) studied Years Findings Citation 

10 glaciers 1984-2006 

Mean loss of -12.4 meters of water equivalent (m w.e.), 

compared to the mean annual balance of -1.8 ft/year (-0.54 

m/yr).
497

  

Pelto 

(2008) 

Columbia Glacier 1984-2002 Cumulative change of -6.09 m w.e.
498

 
Pelto 

(2006) 

Lower Curtis 

Glacier 
1984-2002 Cumulative change of -6.26 m w.e.

499
 

Pelto 

(2006) 

North Klawatti, 

Silver, Noisy, 

Sandalee 

1993-2009 
Cumulative balance ranges from -16.67 m w.e. (North 

Klawatti) to -9.49 m w.e. (Silver)
500

 

Riedel & 

Larrabee 

(2011) 

LOSS AND RETREAT 

Glacier(s) studied Years Findings Citation 

47 glaciers
501

 

1979-1984 35 of 47 glaciers observed annually had begun retreating 
Pelto 

(2006) 
By 1992 All 47 glacier termini were retreating 

By 2004 Four glaciers disappeared 

North Klawatti, 

Silver, Noisy, 

Sandalee 

1996-2009 
Modest volume increases from 1996-2003 (negative long-

term trend resumed afterward)  
Riedel & 

Larrabee 

(2011) 2000-2009 
Average negative vertical change of 11.67 m w.e. 

Total volume loss of 32 Mm
3
 of w.e. 

Mt. Baker glaciers 1880-1950 
Average terminus retreat of 4724 feet (1440 m) from 

Little Ice Age moraines
502

 

Pelto 

(2008) 

38 North Cascades 

glaciers 
1880-1950 Retreat of 3986 feet (1215 m)

503
 

Pelto 

(2008) 

Mt. Baker 

glaciers
504

 
1984-2007 

Average retreat of 1115 feet (340 m), ranging from 951 to 

1509 feet (290-460 m). Note: all eleven Mt. Baker 

glaciers advanced from 1944-1975. 

Pelto 

(2008) 

Ice Worm Glacier 1984-2005 

Retreated 541 feet (165 m) at its head and 472 feet (144 

m) at its terminus.
505

 This corresponds to ~25 feet per year 

(ft/yr; 7.9 m/yr) and ~22 ft/yr (6.9 m/yr), respectively. 

Pelto 

(2008) 

Columbia Glacier 1984-2005 

Retreated 236 feet (72 m) at its head and 390 feet (119 m) 

at its terminus.
506

 This corresponds to ~11 ft/yr (3.4 m/yr) 

and 18.6 ft/yr (5.7 m/yr), respectively. 

Pelto 

(2008) 
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THINNING AND REDUCED ICE THICKNESS 

Glacier(s) studied Years Findings Citation 

10 glaciers 1984-2006 
Minimum loss of 45.9 feet (14.0 m) in glacier thickness 

(20-40% loss of total volume)
507

 

Pelto 

(2008) 

9  glaciers 1984-2004 
Minimum loss of ice thickness of 31 feet (9.5 m), 

representing 18 to 32% of total volume
508

  

Pelto 

(2006) 

12 glaciers 1984-2002 Loss of 18.7 to 20.7 feet (-5.7 to -6.3 m) in thickness
509

 
Pelto 

(2006) 

South Cascade 

glacier & 10 North 

Cascade glaciers 

1984-2006 

75% percent of the North Cascade glaciers observed are 

thinning appreciably in the accumulation zone and are in 

disequilibrium with current climate.
510

 

Pelto 

(2008) 

Easton Glacier
511

 

Since 1916 Lost 151 feet (46 m) of ice thickness  

Pelto 

(2006) 

1984-2002 
Lost 43 feet (13 m) of ice thickness, a rate of 2.4 ft/yr 

(0.72 m/yr). 

1984-2002 
Greatest thinning at terminus 

May be capable of retreating to a new stable position 

Lower Curtis 

Glacier
512

 

1908-1984 
Lost 148 feet (45 m) of ice thicknesss, a rate of 1.9 ft/yr 

(0.59 m/yr) 

Pelto 

(2006) 
1984-2002 

Lost an additional 20 feet (6 m) of ice thickness, a rate of 

1.1 ft/yr (0.33 m/yr). 

1984-2002 
Greatest thinning in accumulation zone, averaging 33 feet 

(10 m), versus 20 feet (6 m) for the entire glacier 

Columbia 

Glacier
513

 

1911-1984 
Lost about 187 feet (57 m) of ice thickness, a rate of 2.6 

ft/yr (0.78 m/yr) 

Pelto 

(2006) 

1965-2002 
Lost 36 feet (11 m) of ice thickness, a rate of 0.97 ft/yr 

(0.30 m/yr) 

1984-2002 
Lost 26 feet (8 m) of ice thickness, a rate of 1.4 ft/yr (0.44 

m/yr) 

1984-2002 

Greatest thinning in accumulation zone, averaging 43-52 

feet (13-16 m), versus a glacier-wide average thinning of 

26 feet (8 m) 
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3. INCREASED FLOODING AND EXTREME FLOW 

 

Box 12. Summary of observed trends and future projections for increased flooding and extreme flow. 

Observed Trends 

Warming from 1916 to 2003 across the western U.S. has:  

 increased or decreased simulated flood risk in transient basins (most basins in WA, OR, & CA on the 
west slopes of the Cascades and Sierras showed increasing flood risks), decreased flood risk in many 
cold snowmelt-dominant watersheds, and left flood risks in rain dominant basins essentially 
unchanged. 514  From ~1975 to 2003, increases in cold season precipitation variability increased 
simulated flood risks in most areas (e.g., much of Puget Sound basin, coastal areas in WA, OR, & 
CA).515 

Late 20th century climate (~1975-2003) in the western U.S., which is associated with increased precipitation 
variability and systematic warming, has:  

 increased flood risks in rain-dominant basins (due to precipitation changes), e.g., in much of the 
Puget Sound basin and coastal areas in WA, OR, and CA; 

 strongly increased flood risks in many near-coastal areas in WA, OR, and CA with transient rain-
snow basins (warming and precipitation changes tend to increase flood risks); and, 

 has probably left flood risks in many snowmelt-dominant basins and cooler transient rain-snow 
basins in the interior largely unchanged (effects of warming and precipitation changes are comparable 
in magnitude and in opposite directions).516 The largest increases in flood risk were associated with 
years the PDO and ENSO were “in-phase.”517  

Future Projections 

 In Washington and the Pacific Northwest, the largest increases in flood return frequency are 
predicted for transient rain-snow basins.518 Rain-dominant watersheds are predicted to experience 
small changes in flood frequency due to increasing winter precipitation.519 Spring floods are projected 
to decrease in basins currently fed by snowmelt.520 

 At Ross Dam on the Skagit River (WA) by the 2040s, magnitudes of the 20-, 50-, and 100-year-return 
flood events are projected to increase 5, 15, and 22%, respectively, under the B1 scenario (compared 
to a 1916-2006 baseline).521 

 A gradual increase in annual maximum-week runoff is projected for much of the lower Klamath 
Basin (OR & CA).522 25-year storm frequency is projected to increase near Portland, OR.523 

Note to the reader: Boxes are summaries of published and grey literature . The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 

. 
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Hydrologic dynamics of increased flooding, extreme flow, and climate change 

In basins dominated currently by a mix of rain and snow, if the snowpacks no longer form or are very shallow, 

and increases in temperature and wind speeds occur, large midwinter snowfall events will become large rain or 

melt events, and thereby increase the frequency of high flows occurring throughout the winter in these 

watersheds.
524

 Subsequently, spring peak flow volumes will decrease and occur earlier because less precipitation 

is stored as snow during the winter, and winter flows will increase because precipitation will fall as rain instead of 

snow.
525

 On the other hand, flood risks tend to decline in snowmelt-dominant basins because of systematic 

reductions in spring snowpack.
526

  

Observed Trends 

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

No information on flooding in coastal B.C. was found. However, Eaton and Moore (2010) studied peak flows: 

 For low-relief coastal basins where the seasonal streamflow regime is dominated by rainfall inputs, the 

annual peak flows typically occur in the fall and winter: generally no later than the end of February and as 

early as mid- to late-September on the central coast and mid-October on the south coast.
527 

 In high-relief coastal basins, stations with significant snowmelt contributions to their seasonal streamflow 

regimes may be subject to annual peak flows over many months in response to various peak flow 

generating mechanisms: in the fall as a result of rain events, in May, June, or July in response to seasonal 

snowmelt, in October or early November as a result of early snowfall, followed by a warm frontal system 

producing rain-on-snow events.
528

 

 In drainage basins that have significant glacier cover, intense melting of glacier ice in the summer drives a 

distinct population of floods, which are superimposed on the rain, rain-on-snow, or snowmelt-generated 

peak flow regimes that are otherwise typical of the region.
529

 

Pacific Northwest and northwestern California 

Hamlet and Lettenmaier (2007) state that taken together, the increased precipitation variability and systematic 

warming associated with the late 20
th
 century (~1975-2003) climate has 

 increased flood risks in rain-dominant basins (precipitation changes),  

 strongly increased flood risks in many near-coastal areas in WA, OR, and CA with transient snow 

(warming and precipitation changes tend to increase flood risks), and 

 has probably left flood risks in many snowmelt-dominant basins and cooler transient basins in the interior 

largely unchanged (effects of warming and precipitation changes are comparable in magnitude and in 

opposite directions) (Figure 12).
530
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In general, the largest changes in simulated flood risks are associated with years when PDO and ENSO are “in 

phase.”
531

 Changes in the variability of cool season precipitation after about 1973, the causes of which are 

uncertain, are shown to result in increased flood risk over much of the western U.S. in the simulations.
532

 The 

simulated effects of century-scale warming, climatic variations associated with the PDO and ENSO, and late 20th 

century changes in precipitation variability on flood risks across the region provide evidence that flood risks are 

not constant in each year and are slowly evolving as the region warms.
533

 

Neiman et al. (submitted for publication) found that flooding over the 1980 to 2009 water years in western 

Washington’s Queets, Satsop, Sauk River, and Green River basins occurred during the landfall of atmospheric 

rivers (e.g. Pineapple Express) within the warm sectors of extratropical cyclones (usually occurring between 30° 

and 60° latitude) that were accompanied by warm advection, temperatures in the lower troposphere 7.2 to 10.8°F 

(4-6°C) above normal, strong low-level water vapor fluxes from over the Pacific, and low-level moist-neutral 
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Figure 12. Changes in the simulated 20-Year flood associated with A) 20th Century warming 

trends, and B) increases in cool season precipitation variability since 1973.  Ratios larger than 1.0 

(aqua to blue) show increases in flood risk, ratios less than 1.0 (brown to red) show decreases in 

flood risk.  Source: Hamlet, A.F. (Note that many, but not all, locations along the coast show 

increases in flood risk from both factors.) 
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stability.
534

 On average, rain rather than snow fell within almost the entirety of these basins, leading to enhanced 

runoff.
 535

  

Future Projections 

Southcentral and Southeast Alaska 

While effects will vary regionally, impacts to Alaska’s freshwater ecosystems are generally expected to include 

increased winter flooding.
536

 

British Columbia 

In basins dominated currently by a mix of rain and snow, if the snowpacks no longer form or are very shallow, 

and increases in temperature and wind speeds occur, large midwinter snowfall events will become large rain or 

melt events, and thereby increase the frequency of high flows occurring throughout the winter in these 

watersheds.
537

 Subsequently, spring peak flow volumes will decrease and occur earlier because less precipitation 

is stored as snow during the winter, and winter flows will increase because precipitation will fall as rain instead of 

snow.
538

  

For all streamflow regimes, Pike et al. (2010) state a complex relationship will likely develop between rain-on-

snow events and changes in regional air temperature and precipitation patterns.
539

  This is because the magnitude 

of rain-on-snow floods fluctuates depending on the duration and magnitude of precipitation, the extent and water 

equivalent of the antecedent snowpack, and the variations in freezing levels.
540

  Climatic changes will influence 

all of these factors.
541

  For example, McCabe et al.’s (2007) modeling study showed that as temperatures increase, 

rain-on-snow events decrease in frequency primarily at low-elevation sites.
542

  Higher elevations are likely less 

sensitive to changes in temperature as these sites remain at or below freezing levels in spite of any temperature 

increase that would affect snow accumulation.
543

 

Pacific Northwest   

Specific projections for flood magnitude and frequency include: 

 Basins identified as transient, characterized by a mixed runoff of rain and snow, are projected to be the 

most sensitive to warming temperatures.
544

 These basins are found at higher elevations in coastal 

mountains (western Cascades, Olympic and Coast Ranges).
545

 Under a warmer future climate, the greater 

proportion of winter precipitation falling as rain, rather than snow, will intensify winter flood risk for 

warmer transient basins.
546

 This trend is depicted spatially in the 20 and 100-year flood ratio maps (Figure 

                                                      
534

 Neiman et al. Flooding in Western Washington: The Connection to Atmospheric Rivers. (2010, p. 22) 
535

 Verbatim or nearly verbatim from Neiman et al. (2010, p. 22) 
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 Verbatim or nearly verbatim from AK-DEC. (2010, p. 5-2) 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
539

 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 719). The authors cite McCabe et al. (2007) for this information. 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 719) 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 719). The authors cite McCabe et al. (2007) for this information. 
544

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 8) 
545

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 8) 
546

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 8) 
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13) showing an overlap in the locations of warmer, transient basins with a progressive increase in flood 

risk through the 21
st
 century.

547
 

 Rain-dominant watersheds are predicted to experience small changes in flood frequency, and 

Washington’s coldest snowmelt-dominated basins, where mean winter temperatures in the historic period 

were less than 23°F (< −5°C), are predicted to experience a reduction in flooding that has historically 

been observed during exceptionally heavy snowmelt periods in late-spring and early summer.
548

 

However, a more recent analysis by Tohver and Hamlet (2010) projects higher winter temperatures and 

precipitation regimes create conditions favoring elevated flood risk in snowmelt basins.
549

 The 

discrepancy between Mantua, Tohver, and Hamlet’s (2010) analysis and Tohver and Hamlet (2010) is 

attributable to the differences in spatial variability of average changes depicted by the two downscaling 

methods.
550

 

 Hydrologic models indicate that warming trends will reduce snowpack, thereby decreasing the risk of 

springtime snowmelt-driven floods in some areas.
551

 

Projected increases in flooding magnitude in western Washington generally become larger, with the same sign 

from the 2020s to the 2080s, with the greatest impacts occurring at the end of the twenty-first century.
552

  

Emissions scenarios also play a strong role in the rate of change in flooding magnitudes, with the changes for 

A1B emissions in the 2040s being similar to those for the B1 emissions in the 2080s.
553

 At Ross Dam on the 

Skagit River, projections are as follows: 
 

 By the 2020s: Magnitudes of the 20-, 50-, and 100-year-return flood events are projected to increase 1, 

10, and 15%, respectively, under the B1 scenario (compared to a 1916-2006 baseline).
554

 

 By the 2040s: Magnitudes of the 20-, 50-, and 100-year-return flood events are projected to increase 5, 

15, and 22%, respectively, under the B1 scenario (compared to a 1916-2006 baseline).
555

 

A case study of Portland (OR) shows that climate change will bring more frequent storm events with a return 

period of less than twenty-five years, which means that nuisance flooding is likely to become more common at 

road cross-sections that have a history of chronic flooding.
556

 

Klamath Basin (southcentral Oregon and northwestern California) 

Utilizing annual maximum- and minimum-week runoff as metrics of acute runoff events, the Bureau of 

Reclamation (2011) reports projected trends in annual maximum-week runoff may vary by subbasin.
557

 For 

example, the northeastern upper reaches (e.g., Williamson River below Sprague River) show results where annual 

                                                      
547

 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 8) 
548

 Verbatim or nearly verbatim from Mantua, Tohver and Hamlet. (2010, p. 201, 204) 
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 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 7) 
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 Verbatim or nearly verbatim from Tohver and Hamlet. (2010, p. 7) 
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(2010) for this information. 
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 Verbatim or nearly verbatim from Seattle City Light. (2010, p. 7). The authors cite CIG (2010) for this information. 
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 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 95). The authors cite Chang et al. (2010a) for this 

information. 
557

 Verbatim or nearly verbatim from Reclamation. (2011, p. 75) 
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maximum-week runoff remains relatively stable through the 21
st
 century.

558
 In contrast, runoff locations located 

further downstream and including a greater portion of the lower basin (e.g., Klamath River near Klamath, 

California) show gradually increasing annual maximum-week runoff.
559

 

 

Information Gaps 

Information on observed trends in British Columbia, as well as southcentral and southeast Alaska, is needed. 

Information is also needed for future projections in all jurisdictions except Washington. 

 

  

                                                      
558

 Verbatim or nearly verbatim from Reclamation. (2011, p. 75) 
559

 Verbatim or nearly verbatim from Reclamation. (2011, p. 75) 

Figure 13. Average changes in the 

simulated 100-year flood for 297 river 

locations in the Pacific Northwest for 

the 2040s A1B scenario, expressed as a 

ratio of the future 100-year flood 

divided by the historical 100-year flood 

(y-axis).  The x-axis shows the average 

DJF temperature for each river basin.  

Source: Hamlet, A.F., citing Tohver and 

Hamlet (2010). 
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4. INCREASED WATER TEMPERATURE 

Box 13. Summary of observed trends and future projections for increased water temperature. 

Observed Trends 

 In western Washington, most maximum August stream temperatures remained below 68°F (20°C; 
the upper threshold for salmon survival) from 1970 to 1999. Stations along the Columbia River 
reported generally higher maximum temperature.560 

 Increases in maximum stream temperature have been observed on the Rogue and Willamette Rivers 
(OR), and increases in the 7-day average daily maximum temperature were observed in the Portland, 
OR area.561  

Future Projections   

 In British Columbia’s Fraser River basin, an increase in the frequency of stream temperatures 
exceeding 68°F (20°C) is projected.562  

 In Washington, by the 2080s, stream temperatures are projected to increase by 3.6 to 9°F (2-5°C) 
under the B1 and A1B scenarios.563  

 In the Tualatin River near Portland, Oregon, stream temperatures in excess of 68°F (20°C) are 
projected for the upper segments of the river.564  

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 

Hydrologic and physical dynamics of water temperature and climate change 

The thermal regime of water bodies is mainly determined by the local weather
565

 and climate. A shift in climate 

variables such as air temperature, radiation, cloud cover, wind or humidity will influence these heat fluxes and 

thus alter the heat balance of lakes and rivers.
566

 Higher air temperatures, for example, are likely to increase water 

temperatures.
567

  

Major controls on stream temperature are riparian vegetation (through shading) and streamflow (which influences 

heat exchange).
568

 Thus, climate warming may also increase stream temperatures by reducing riparian vegetation, 

or by reducing snowpack and spring and summer discharges.
569

 Projected hydrologic changes in some areas may 

produce lower streamflow in late summer, and also less groundwater discharge.
570

 Both of these influences could 

promote higher late-summer water temperatures.
571

 Similarly, physical considerations and empirical evidence 

consistently indicate that summer stream temperatures should increase as a result of glacier retreat; however, the 

                                                      
560

 Mantua et al. (2010)  
561

 Chang and Jones (2010) 
562

 Pike et al. (2010) 
563

 Mantua et al. (2010) 
564

 Chang and Jones (2010). The authors cite Chang and Lawler (2010) for this information. 
565

 Nickus et al. (2010, p. 45) 
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 Nickus et al. (2010, p. 45) 
567

 Verbatim or nearly verbatim from Battin et al. Projected impacts of climate change on salmon habitat restoration. (2007, 

p. 6720) 
568

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 115) 
569

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 115) 
570

 Verbatim or nearly verbatim from Pike et al. (2010, p. 728) 
571

 Verbatim or nearly verbatim from Pike et al. (2010, p. 728) 
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magnitude of this change is difficult to predict.
572

 Groundwater is typically cooler than stream water in summer 

during daytime and warmer during winter, and thus acts to moderate seasonal and diurnal (i.e. daily) stream 

temperature variations.
573

 Deep groundwater temperatures tend to be within about 5.4°F (3°C) of mean annual air 

temperature.
574

 It is reasonable, therefore, to assume that climate-induced groundwater warming will influence 

stream temperature regimes, particularly during base-flow periods when groundwater is a dominant contributor to 

streamflow and especially when energy inputs at the stream surface are relatively minor (e.g., at night).
575

 Low 

elevation watersheds in areas of agricultural or urban land use, which are already temperature limited, may be 

most susceptible to climate-warming-induced increases in stream temperature.
576

 

Observed Trends 

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

Information needed. 

Washington 

Figure 16 shows that most maximum August stream temperatures in western Washington from 1970 to 1999 were 

below 68°F (20°C), with stations along the Columbia River generally having higher maximum August stream 

temperatures than the remaining stations west of the Cascades.
577

  

Several studies of Lake Washington (WA) have documented increased annual and seasonal water temperatures, 

both in the top-most layer and throughout the entire lake volume:  

 Annual: Arhonditsis et al. (2004) conducted a statistical analysis of temperature fluctuations and found 

volume-weighted Lake Washington temperatures have increased on average by 0.047°F (0.026°C) per 

year from 1964 to 1998 (~1.6°F, or 0.9°C, during the thirty-five year period assessed).
578

 Winder and 

Schindler (2004b) reported annual mean water temperature increased by 1.2°F (0.65°C) from 1962 to 

2002, as predicted by a random-walk model.
579

 

 Seasonal: In the study by Arhonditsis and colleagues, the warming trend was most pronounced for the 

epilimnion (i.e., the top-most layer in a thermally stratified lake) during the stratified period (April-

September), which has warmed nearly 4°F (2.2°C) during the 35-year study period.
580

 Winder and 

Schindler (2004b) found the epilimnion water temperature increased by 2.54°F (1.41°C) during the 

stratified period (April-November) and by 1.3°F (0.71°C) during the unstratified period (December-

                                                      
572

 Verbatim or nearly verbatim from Pike et al. (2010, p. 717) 
573

 Verbatim or nearly verbatim from Pike et al. (2010, p. 728). The authors cite Webb and Zhang (1997) and Bogan et al. 

(2003) for this information. 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 728). The authors cite Todd (1980) for this information. 
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 Mantua, Tohver and Hamlet. (2010, Fig. 1, p. 190) 
578

 Verbatim or nearly verbatim from Arhonditsis et al. Effects of climatic variability on the thermal properties of Lake 

Washington. (2004, p. 262-263) 
579

 Verbatim or nearly verbatim from Winder and Schindler. Climatic effects on the phenology of lake processes. (2004b, p. 

1849) 
580

 Verbatim or nearly verbatim from Arhonditsis et al. (2004, p. 263) 
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March) from 1962 to 2002.
581

 In a second study by Winder and Schindler (2004a), a 2.50°F (1.39°C) 

increase in water temperatures in the upper 10-m water layer from March to June from 1962 to 2002 was 

observed.
582

 

Oregon  

Chang and Jones (2010) report there is little evidence to date of increasing stream temperatures over time in 

Oregon, except in urban streams, where temperatures may have increased because of cumulative loss of shading 

from riparian vegetation associated with urban and suburban development.
583

 Specific observed trends include: 

 Data from three stream gauging stations in the Rogue and 

Willamette River basins (Rogue River near Mcleod, Blue River at 

Blue River, and North Santiam River at Niagara) show general 

increasing trends in maximum water temperature for two of the 

three stations, particularly in the North Santiam River.
584

 High 

variability in August and September water temperature at Blue 

River appear to be associated with flow regulations in late summer 

months.
585

 

 The 7-day average daily maximum temperature, currently 

used for assessing water temperature threshold for fish habitat (e.g., 

lethality and migration blockage conditions), increased at five 

stations which are all located in the Portland metropolitan area 

(Figure 14) from 1999 to 2009.
586

 The variability of water 

temperature in Johnson Creek increased over the past ten-year 

period, suggesting that the stream frequently exceeds the threshold 

level of 64.4°F (18°C).
587

 

Northwestern California  

Temperature profiles measured regularly for two decades in Castle 

Lake, a small subalpine lake, have revealed large interannual 

differences in heat content associated with the amount of winter 

snowfall (prior to 1985, specific study period not provided).
588

 In all years with anomalously large heat content, 

the snowfall was lower than average; while in all years (except 1973) with anomalously small heat contents, 

snowfall was higher than average.
589

 ENSO events produced both anomalies, but some anomalous years were 

without ENSOs.
590

 Hence, simple interpretations of effects from ENSO events would not be appropriate.
591
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 Verbatim or nearly verbatim from Winder and Schindler. (2004b, p. 1849) 
582

 Verbatim or nearly verbatim from Winder and Schindler. Climate change uncouples trophic interactions in an aquatic 
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Figure 14. Trends in 7-day average daily 

maximum temperature for 31 stations in 

Oregon, 1999-2009. Source: Reproduced 

from Chang and Jones. (2010, Fig. 3.25, p. 

114) by authors of this report. 
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Future Projections 

Regional 

A warmer future can be expected to directly increase the seasonal water temperatures of most running water 

ecosystems, with greater effects at more northerly (poleward) latitudes.
592

 Warm-season river temperatures 

usually closely approximate air temperatures, typically with a time lag of weeks or less, although streams and 

smaller rivers with a large component of groundwater or meltwater may be considerably cooler than summer air 

temperatures.
593

  

Southcentral and Southeast Alaska 

While effects will vary regionally, impacts to Alaska’s freshwater ecosystems are generally expected to include 

warmer summer stream temperatures.
594

 

British Columbia 

Streamflow scenarios for sub-basins of the Fraser River suggest an increase in the spatial and temporal frequency 

of temperatures exceeding 68°F (20°C), particularly below the confluence with the Thompson River.
595

 Morrison 

et al. (2002) used a conceptual model of catchment hydrology (the University of British Columbia Watershed 

Model), in conjunction with projections of future temperature and precipitation, to generate scenarios for 

streamflow for sub-basins of the Fraser River.
596

 They then used these climate and streamflow projections, 

together with a model of energy exchanges and water flow in the Fraser River stream network, to simulate stream 

temperatures.
597

  

Washington 

Stream temperature modeling by Mantua et al. (2010) predicts significant increases in water temperatures (Tw, 

estimated maximum stream temperature) statewide for both A1B and B1 emissions scenarios (compared to a 

1970-1999 baseline; see Figure 15 and Figure 16).
598

 For both A1B and B1 emissions scenarios in the 2020s, 

annual maximum Tw at most stations included in the study is projected to rise less than 1.8°F (1°C); by the 2080s, 

many stations on both the east and west side of the Cascades warm by 3.6 to 9°F (2-5°C).
599

 Water temperatures 

projected under the A1B emissions scenarios become progressively warmer than those projected under the B1 

emissions, and by the 2080s the differences are ~1.8°F (~1°C; note that projected summertime air temperatures 

under A1B emissions are, on average, 3.24°F, or 1.8°C, warmer than those under B1 emissions for the 2080s).
600
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593
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Oregon  

Future changes in stream temperature in response to climate change in Oregon will depend on the degree to which 

warming results in a reduction of late summer streamflow and how warming influences riparian vegetation.
601

 

Water temperature is projected to rise as air temperature increases in the 21
st
 century, particularly in urban streams 

where natural riparian vegetation is typically lacking.
602

 A decline in summer streamflow is expected to 

exacerbate water temperature increases.
603

 Chang and Jones (2010) summarize the results of a study evaluating 

the number of days that 7-day daily average water temperature exceeds 68°F (20°C) between May 15 and October 

15 in the mainstem of the Tualatin River located near the Portland metropolitan area:
604

 

 Under the baseline scenario (no dates provided), only the lower segments of the drainage experience 

water temperature above 68°F (20°C).
605

 

 Under 5% flow reduction and 2.7°F (1.5°C) air temperature rise scenarios (representing the 2040s), 

segments with water temperatures in excess of 68°F (20°C) for more than sixty days expand to include 

some upstream areas.
606

  

 Under 10% flow reduction and 5.4°F (3°C) air temperature rise scenarios  (which represents the 2070s), 

they expand further into upstream areas.
607

  

 Riparian vegetation scenarios have the most direct impact on middle segments of the drainage under the 

highest warming scenario.
608

 As noted previously, major controls on stream temperature are riparian 

vegetation (through shading) and streamflow (which influences heat exchange).
609

  

Northwestern California  

Information needed. 

Information Gaps 

Information on observed trends in British Columbia, southcentral and southeast Alaska, and northwestern 

California is needed. Information is also needed for future projections in northwestern California and southcentral 

and southeast Alaska. Studies using physically based modeling approaches are also needed, as many of the 

projections currently available are based on statistical models that do not incorporate changes in water 

temperature due to changes in groundwater, interannual snowpack, or glaciers. 
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609

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 115) 
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Figure 15. Color shading shows 

the mean surface air temperatures 

for August for the 2020s (top), 

2040s (middle) and 2080s 

(bottom) and shaded circles show 

the simulated mean of the annual 

maximum for weekly water 

temperatures for select locations. 

Multi-model composite averages 

based on the A1B emissions are 

in the left panels, and those for 

B1 emissions are in the right 

panels. Figure: Robert Norheim  

Source: Reproduced from 

Mantua, Tohver and Hamlet. 

(2010, Fig. 2, p. 97) by authors of 

this report. 

 

 

 

Figure 16. Color shading shows the historic (1970-1999) mean 

surface air temperatures for August, and shaded circles show the 

simulated mean of the annual maximum for weekly water 

temperatures for select locations. Figure: Robert Norheim  

Source: Reproduced from Mantua, Tohver and Hamlet. (2010, Fig. 

1, p. 190) by authors of this report. 
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5. CHANGES IN WATER QUALITY 

 

Box 14. Summary of observed trends and future projections for changes in water quality. 

Observed Trends 

 For the Fraser River, water chemistry along the length of the main stem in different seasons shows 
changes in turbidity, total phosphorus, and iron are positively related to discharge, and five variables 
(chloride, calcium, sodium, reactive silica, and sulfate) are negatively associated with discharge.610  

 Nitrogen-based nutrients are generally low in the Rogue and lower Klamath Rivers (OR and CA, 
respectively).611  

 Phosphorus-based nutrients are generally low in the lower Klamath River, are approximately 38% higher 
in the Rogue River than the lower Klamath River, and are approximately 60% higher in the Columbia 
River, both near Portland (OR) and upstream near Hanford (WA), than the Klamath River.612 

Future Projections  

 Water quality projections are limited and vary widely for the NPLCC region.  
o In areas where increased flows are projected, nutrient contaminants may be diluted (e.g. 

northwest BC).613  
o However, increased flows may also increase sediment nutrient loads (e.g. during winter in the 

Tualatin Basin, OR).614  
o And while lower summer flows may decrease nutrient sediment loads, projected increases in 

development or other stressors may counteract projected decreases.615  

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 

Climatic and hydrologic dynamics influencing water quality 

The most important factors that influence the effects of climate change on water quality are increases in 

atmospheric and water temperatures and changes in the timing and amount of streamflow.
616

 Higher water 

temperatures will enhance the transfer of volatile and semi-volatile compounds (e.g., ammonia, mercury, dioxins, 

pesticides) from surface water bodies to the atmosphere.
617

 Higher surface water temperatures will also promote 

algal blooms and increase the bacteria and fungi content.
618

 For example, higher concentrations of phosphorus, 

along with warmer temperatures, can promote algal blooms that reduce water quality.
619
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 Reynoldson et al. “Fraser River Basin.” In Rivers of North America. (2005, p. 705). The authors cite Whitfield (1983) and 
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 Verbatim or nearly verbatim from Pike et al. (2010, p. 731). The authors cite Schindler et al. (2008) for this information. 
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Increasing nutrients and sediments due to higher runoff, coupled with lower water levels, will negatively affect 

water quality, possibly rendering a source unusable unless special treatment is introduced.
620

 In regions where 

intense rainfall is expected to increase, pollutants (pesticides, organic matter, heavy metals, etc.) will be 

increasingly washed from soils to water bodies.
621

 More intense rainfall will also lead to an increase in suspended 

solids (turbidity) in lakes and reservoirs due to soil fluvial erosion, and pollutants will be introduced.
 622

 Lowering 

of the water levels in rivers and lakes will lead to the re-suspension of bottom sediments and liberating 

compounds, with negative effects on water supplies.
623

  Further, as streamflows decline, the capacity of 

freshwaters to dilute chemical loadings will be reduced.
624

 In areas where amounts of surface water and 

groundwater recharge are projected to decrease, water quality will also decrease due to lower dilution.
 625

  

Recent IPCC publications provided only cursory details on the effects of climate change on water quality.
626

 

Limited predictions in this area may be partly related to the challenge of separating the potential effects of climate 

change on water quality from those of land and water use on surface and ground waters.
627

  

Observed Trends 

Southcentral and Southeast Alaska  

Information needed. 

British Columbia 

For the Fraser River, water chemistry along the length of the main stem in different seasons shows changes in 

turbidity, total phosphorus, and iron are positively related to discharge, and five variables (chloride, calcium, 

sodium, reactive silica, and sulfate) are negatively associated with discharge.
628

 Three zones in the Fraser River 

have been identified from the water chemistry: a headwater zone that extends only as far as Red Pass (~43 miles, 

or 70 km, from the source), a midstream zone from Red Pass to between Prince George and Quesnel, and a 

downstream zone.
629
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 Verbatim or nearly verbatim from Kundzewicz et al. (2007, p. 188). The authors cite Hamilton et al. (2001) for 
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 Pike et al.  (2010, p. 730). The authors cite Schindler (2001) for this information. 
625
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Schreier (1982) for this information. 
629

 Reynoldson et al. (2005, p. 705). The authors cite Whitfield (1983) for this information. 
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For the downstream zone, the mean ranges for water quality are:  

 Turbidity: 19.0 to 25.0 JTU;  

 Specific conductivity: 114 to 139 μS/cm;  

 Alkalinity:  47 to 61 mg/L as CaCO3;  

 Hardness: 53 to 67 mg/L as CaCO3;  

 Chloride: 1.1 to 1.5 mg/L;  

 Silica: 3.9 to 5.6 mg/L; and  

 Sodium: 2.1 to 2.7 mg/L.
630

 

Washington and Oregon 

For the Columbia River, water-quality records of the U.S. Geological Survey from 1993 to 2003 provide the 

following average measures at the Beaver Army Terminal downstream of Portland, Oregon:  

 Turbidity: 8.2 NTU;  

 Specific conductance: 135.4 μs/cm;  

 Alkalinity: 51.9 mg/L as CaCO3;  

 NO3-N: 0.26 mg/L;  

 Phosphorus (total): 0.06 mg/L;  

 Calcium: 13.9 mg/L;  

 Magnesium: 4.0 mg/L;  

 Sulfate (water, filtered): 8.9 mg/L;  

 Cadmium (water, filtered): 0.05 μg/L;  

 Lead (water, filtered): 0.55 μg/L;  

 Aluminum (water, filtered): 12.09 μg/L;  

 Arsenic: 1.05 μg/L;  

 DDE: 0.005 μg/L;  

 Dieldrin: 0.002 μg/L; and,  

 PCB: 0.15 μg/L.
631  

Values were similar at a monitoring site upstream near Hanford at Richland, Washington, for the same time 

period.
632  

The waters of the Rogue River in Oregon are quite soft and somewhat alkaline, with an average hardness of 41 

mg/L CaCO3 and a pH of 7.5.
633

 Conductivity is also low, with average conductance of approximately 100 

μS/cm.
634

 Dissolved oxygen is very near saturation and averages 10.5 mg/L.
635

 Nutrients in the Rogue are also 

low.
636

 Nitrogen as dissolved NO3-N + NO2-N is approximately 0.135 mg/L and PO4-P is 0.051 mg/L.
637

  

                                                      
630

 Verbatim or nearly verbatim from Reynoldson et al. (2005, p. 705) 
631

 Verbatim or nearly verbatim from Stanford et al. (2005, p. 625) 
632

 Verbatim or nearly verbatim from Stanford et al. (2005, p. 625-626) 
633

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 571) 
634

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 571) 
635

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 571) 
636

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 571) 
637

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 571) 
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Northwestern California 

For the Klamath River near the town of Klamath, on the coast, total hardness is 70 mg/L as CaCO3 and 

conductivity is about 170 μS/cm.
638

  The waters are alkaline, averaging approximately a pH of 8, and are well 

oxygenated (dissolved oxygen 10 mg/L).
639

  Nutrients are generally low, with dissolved NO3-N + NO2-N about 

0.155 mg/L and PO4-P averaging 0.037 mg/L.
640

 

Future Projections 

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

Pike et al. (2010) note some of the effects of climate change on water quality may be mitigated in regions such as 

the Peace Basin (northeast B.C.) and northwest British Columbia, where increases in summer precipitation and an 

overall wetter climate are predicted.
641

 For example, increased flows may potentially result in increased dilution 

of some nutrient contaminants, offsetting the effects of temperature increases and the associated evaporative 

demand.
642

 In some instances, greater dilution of pollutants may actually result in a positive effect on water 

quality.
643

 Similarly, an increase in the dilution capacity of streams may occur during the spring freshet in regions 

with predicted increases in winter precipitation.
644

 However, a counterbalancing effect may become evident on 

any water quality improvements because of an increase in stream power and non-point source pollutant loadings 

to watercourses.
645

  

Washington 

Information needed. 

Oregon  

As sediment and phosphorus loadings typically increase during high flow events, changes in flow variability are 

expected to alter temporal variability of sediment and phosphorus loadings.
646

 A case study in the Tualatin River 

basin of Oregon illustrates that winter sediment nutrient loadings are expected to increase under climate change 

scenarios as winter flows are projected to increase.
647

 Although diminished summer flow is likely to reduce 

summer nutrient loading, the annual load is expected to increase further with urban development scenarios.
648

 

However, conservation-oriented development could reduce erosion and phosphorus loading substantially 

                                                      
638

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 565) 
639

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 565) 
640

 Verbatim or nearly verbatim from Carter and Resh. (2005, p. 565) 
641

 Verbatim or nearly verbatim from Pike et al. (2010, p. 731) 
642

 Verbatim or nearly verbatim from Pike et al. (2010, p. 731) 
643

 Verbatim or nearly verbatim from Pike et al. (2010, p. 731) 
644

 Verbatim or nearly verbatim from Pike et al. (2010, p. 731) 
645

 Verbatim or nearly verbatim from Pike et al. (2010, p. 731) 
646

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 118) 
647

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 118). The authors cite Praskievicz and Chang (2011) for 

this information. 
648

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 118) 
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compared to conventional development.
649

 The combination of climate change and urban development scenarios 

generally produce hydrological and water quality results that track the results from climate change alone, 

suggesting that the water resource impacts from climate change are more significant than those from land use 

change in the Tualatin River Basin.
650

 The development and conservation scenarios do differ in their hydrological 

and water quality outcomes, thus representing a potential opportunity for local adaptation to climate change by 

pursuit of sustainable forms of urban development.
651

 

Northwestern California  

Information needed. 

Information Gaps 

Information is needed for observed trends in water pollution and water quality throughout the NPLCC region, as 

the information presented here refers to select rivers throughout the region. Information on future projections in 

northwestern California, Washington, and southcentral and southeast Alaska is also needed. 

 

  

                                                      
649

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 119) 
650

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 119) 
651

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 119) 
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6. ALTERED GROUNDWATER LEVELS, RECHARGE, AND SALINITY 

 

Box 15. Summary of observed trends and future projections for altered groundwater levels, recharge, 
and salinity. 

Observed Trends 

 In the lower Fraser Valley (BC), groundwater levels tend to be higher during La Niña years and lower 
during El Niño years.652  

 Small absolute decreases in water level, generally in upland areas, were observed in the Abbotsford-
Sumas Aquifer (BC) (study period not provided).653  

 In Island County (WA) in 2005, nine percent of wells showed positive indications of saltwater 
intrusion.654 

Future Projections  

 Saltwater intrusion will be exacerbated in coastal water tables influenced by the ocean or tides.655 On 
the Gulf Islands (BC), the interface between seawater and fresh groundwater will move further 
inland.656  

 In Oregon, the timing of groundwater recharge will increase winter flow and reduce late season 
flow.657  

Note to the reader: In Boxes, we summarize the published and grey literature. The rest of the report is 
constructed by combining sentences, typically verbatim, from published and grey literature. Please see the 
Preface: Production and Methodology for further information on this approach. 

 

Hydrologic dynamics of groundwater and climate change 

Groundwater originates as precipitation that infiltrates deeply into the ground and replenishes water storage in 

deep soil layers and/or underground aquifers; this is known as groundwater recharge.
658

 Spatial and temporal 

variations in groundwater levels are caused by both human and natural factors.
659

 Human factors often involve 

groundwater extraction (e.g., pumping and irrigation) or land use change (urbanization or deforestation).
660

 

Natural factors may include the effects of tides on coastal aquifers, the influence of seasonal variations in 

precipitation and recharge, and the effects of longer-duration climatic cycles.
661

  

Because groundwater systems are recharged by precipitation, they are sensitive to changes in the amount, timing, 

and form of precipitation.
662

 Groundwater levels can lag in response to climate variation.
663

 Groundwater 
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 Pike et al. (2010) 
653

 Pike et al. (2010). The authors cite Scibek and Allen (2006a) for this information. 
654

 Huppert et al. (2009). 
655

 Chang & Jones. (2010) 
656

 Pike et al. (2010) 
657

 Chang & Jones. (2010) 
658

 Verbatim or nearly verbatim from Chang & Jones. (2010, p. 99) 
659

 Verbatim or nearly verbatim from Pike et al. (2010, p. 704) 
660

 Verbatim or nearly verbatim from Pike et al. (2010, p. 704) 
661

 Verbatim or nearly verbatim from Pike et al. (2010, p. 704) 
662

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 100) 
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discharge is an important component of streamflow along with surface runoff.
664

 The portion of streamflow 

supplied by groundwater is known as baseflow.
665

 Most critically, groundwater is the principal source of 

streamflow in the late summer and fall in some regions (e.g., Pacific Northwest) when there is little precipitation 

or snowmelt to supply runoff.
666

  

Observed Trends  

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

The potential effects of climate change on groundwater levels and recharge in the Lower Mainland and coastal 

regions generate fewer concerns than in other areas of British Columbia.
667

 However, relatively little research has 

been directed toward the effects of climate change on groundwater in British Columbia.
668

 Unraveling the 

complexity of causal factors is confounded by climate variability; however, analysis of groundwater hydrographs 

in combination with climate and streamflow data offers some insight.
669

 Key findings include: 

 Fleming and Quilty (2006) found that, in the lower Fraser Valley, groundwater levels tend to be higher 

during La Niña years and lower during El Niño years because of the associated variations in precipitation 

and recharge.
670

 The study investigated groundwater and stream hydrographs at four observation wells.
671

 

 Results of a larger study conducted by Moore et al. (2007) indicate that groundwater levels have 

decreased over the areas examined, whereas winter precipitation and recharge increased over a 20–30 

year period (specific years and locations not provided).
672

 This study correlated groundwater levels with 

nearby streamflow and precipitation records.
673

  The results are highly variable, however, and likely 

related to differences in aquifer properties, surface water–groundwater interactions, and the effects of 

water withdrawals.
674

 

 A modeling study of the Abottsford-Sumas Aquifer indicates only small absolute decreases in water 

levels, which are generally limited to upland areas (study period not provided).
675

 However, lower 

                                                                                                                                                                                        
663

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705) 
664

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 99) 
665

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 99) 
666

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 99) 
667

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718).  
668

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718). The authors cite Allen (2009) for this information. 
669

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705) 
670

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705). The authors are summarizing the work of Fleming and Quilty 

(2006). 
671

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705). The authors are summarizing the work of Fleming and Quilty 

(2006). 
672

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705). Pike et al. are summarizing the results of Moore et al. 
673

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705). Pike et al. are summarizing the results of Moore et al. 
674

 Verbatim or nearly verbatim from Pike et al. (2010, p. 705). The authors cite [Moore, R.D., D.M. Allen, and K. Stahl 

2007. Climate change and low flows: influences of groundwater and glaciers. Nat. Resour. Can., Can. Climate Action Fund, 

Ottawa, Ont. Can. Climate Action Fund Proj. No. A875. Unpubl. report.] for this information. 
675

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718). The authors cite Scibek and Allen (2006a) for this 

information. 
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groundwater levels will result in decreased base flow during low flow periods, which may have a negative 

influence on fish habitat.
676

  

Washington 

In some areas of Washington State saltwater intrusion is already a concern due to excessive pumping of the 

aquifers.
677

 For example, in a study by Island County Environmental Health in 2005, out of 379 wells surveyed, 

242 showed no evidence of intrusion (~64%), 101 showed inconclusive indications of intrusion (~27%), and 36 

showed positive indications of intrusion (~9%).
678

  

Oregon   

Information needed. 

Northwestern California  

Information needed. 

Future Projections 

Southcentral and Southeast Alaska 

Information needed. 

British Columbia 

For aquifers on the Gulf Islands and in other coastal locations, concerns about decreasing recharge and declining 

water levels are related to the potential for saltwater intrusion, a problem that may be compounded by rising sea 

levels.
679

 In combination, a decrease in groundwater recharge and increase in sea level will cause the interface 

between seawater and fresh groundwater to move further inland, potentially increasing aquifer salinity to a point 

where its water is not fit for human consumption or use in irrigation.
680

 

Washington 

Information needed. 

Oregon  

The principal mechanisms for change in groundwater are expected increases in evapotranspiration, which will 

decrease groundwater recharge, and increased pumping of water from groundwater wells to compensate for 

increased evapotranspiration.
681 Secondary mechanisms include small changes in groundwater resulting from 

                                                      
676

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718). 
677

 Verbatim or nearly verbatim from Huppert et al. Impacts of climate change on the coasts of Washington State. (2009, p. 

298) 
678

 Verbatim or nearly verbatim from Huppert et al. (2009, p. 299) 
679

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718). The authors cite Rivera et al. (2004) for information on 

saltwater intrusion and Allen (2009) for information on rising sea levels. 
680

 Verbatim or nearly verbatim from Pike et al. (2010, p. 718). 
681

 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 108) 
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small projected changes in precipitation and localized changes in sea level in coastal areas.
682 Chang and Jones 

(2010) describe projected changes as follows: 

 The timing of groundwater recharge will shift in the same manner as runoff.
683

 The shift in timing of 

recharge will affect groundwater-dominated streams, increasing winter flow and reducing late season 

flow.
684

  

 A rise in mean sea level will result in a comparable rise in water-table elevations in sand dune aquifers as 

well as alluvial aquifers hydraulically connected to tidally influenced estuaries.
685

 Sea level rise will 

exacerbate any existing saltwater intrusion problems.
686

 

Groundwater is typically cooler than stream water in summer during daytime and warmer during winter, and thus 

acts to moderate seasonal and diurnal (i.e. daily) stream temperature variations.
687

 In particular, groundwater 

discharge from permeable upland areas has the potential to moderate the effects of warming to some degree.
688

 

This is because the groundwater system acts as a reservoir, storing seasonally variable recharge and releasing it to 

streams at a more constant rate throughout the year.
689

 Groundwater is much less likely to moderate the effects of 

climate change on streams originating in lowland settings than streams originating in permeable uplands for 

several reasons.
690

 Recharge rates in lowland areas are generally less because of the smaller amount of 

precipitation, groundwater discharge to streams from lowland areas is generally less than in upland areas, and 

groundwater originating in lowlands generally makes up a smaller component of streamflow.
691

 

Northwestern California  

Information needed. 

Information Gaps 

Information is needed on observed trends in groundwater in all jurisdictions except British Columbia. Information 

is also needed for future groundwater projections in southcentral and southeast Alaska, Washington, and 

northwestern California. 
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 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 105) 
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 Verbatim or nearly verbatim from Chang and Jones. (2010, p. 106) 


	III. MAJOR CLIMATE IMPACTS ON HYDROLOGY IN THE NPLCC REGION
	1.  Changes in snowpack, runoff, and streamflow regimes
	Relationship between temperature, precipitation, snowpack, runoff, and streamflow
	Observed Trends
	Regional
	Southcentral and Southeast Alaska
	British Columbia
	Pacific Northwest
	Northwestern California

	Future Projections
	Regional
	Southcentral and Southeast Alaska
	British Columbia
	/Pacific Northwest
	Oregon
	Northwestern California

	Information Gaps

	2.  Changes in glacier size and abundance
	Hydrologic dynamics of glaciers and climate change
	Observed Trends
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Future Projections
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Information Gaps

	3.  Increased flooding and extreme flow
	Hydrologic dynamics of increased flooding, extreme flow, and climate change
	Observed Trends
	Southcentral and Southeast Alaska
	British Columbia
	Pacific Northwest and northwestern California

	Future Projections
	Southcentral and Southeast Alaska
	British Columbia
	Pacific Northwest
	Klamath Basin (southcentral Oregon and northwestern California)

	Information Gaps

	4.  Increased water temperature
	Hydrologic and physical dynamics of water temperature and climate change
	Observed Trends
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Future Projections
	Regional
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Information Gaps

	5. Changes in water quality
	Climatic and hydrologic dynamics influencing water quality
	Observed Trends
	Southcentral and Southeast Alaska
	British Columbia
	Washington and Oregon
	Northwestern California

	Future Projections
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Information Gaps

	6. Altered groundwater levels, recharge, and salinity
	Hydrologic dynamics of groundwater and climate change
	Observed Trends
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Future Projections
	Southcentral and Southeast Alaska
	British Columbia
	Washington
	Oregon
	Northwestern California

	Information Gaps



