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1970s, the current dam configuration was completed with the addition of Dworshak (on the 
North Fork Clearwater, 1974)), Lower Granite (1975), and an Ice Harbor expansion (1976). 

Water temperature trends can be estimated using long-term air temperature records as inputs to 
statistical models and mechanistic models. For example, EPAôs RBM10 model (EPA 2019) has 
an input database that allows for a simulation of daily temperatures from 1970-2016, which 
captures most of the period from the 1960 baseline to the present. The next section describes 
water temperature trend estimates from modeling assessments. 

2.4 TRENDS ESTIMATED USING MODELS 

A simple and direct approach to estimating the water temperature baseline is to use statistical 
models of water temperature developed by Mantua et al. (2010). Mantua et al. used a logistic 
regression approach developed by Mohseni et al. (1998) to predict weekly river temperatures 
for weeks 15 to 42 of the year (encompassing the warmer months) as: 

‌ ‘ 
Ὕ  ‘  

ρ Ὡ  

In this equation, TS is the predicted weekly average stream water temperature in ÁC, Ta is the 
average weekly air temperature. The variables μ (minimum stream temperature), α (maximum 
stream temperature), γ (steepest slope of the function), and β (air temperature at the inflection 
point of the logistic curve) are all fitting parameters. Once the site-specific parameters are 
determined, the prediction depends solely upon air temperature. 

Mantua et al. developed and calibrated these models for 124 stations throughout Washington 
state, 23 of which are along the Columbia River from the Canadian border to the mouth of the 
Columbia River. Historic air temperature data were obtained from eight National Climate Data 
Center monitoring sites and were supplemented using gridded 1/16Á spatial resolution air 
temperature estimates spanning 1915 ï 2006 developed from Elsner et al. (20101). Weekly 
results of model application for historical air temperature conditions at each site, commencing in 
1915 and running through 2006, have been made publicly available. Note that the water 
temperatures are estimates based on the regression from air temperatures, and do not 
necessarily reflect observed historical water temperatures, which would have been influenced 
by changing conditions as dams were installed at various dates. However, they do reflect a 
reasonable approximation of the response of water temperature to air temperature using the 
historical air temperature record. Using the Mantua et al. (2010) model results, EPA derived 
monthly baseline water temperature distributions for the period 1915 ï 1959 for five locations 
(Table 2-2). Water temperatures in a given month vary across sites, with the warmest 
temperatures occurring at Bonneville Dam, and the coldest temperatures at Wells Dam. 

1 Elsner et al. (2010) developed the historic gridded estimates of air temperature from several sources of 
observed station data, primarily from the National Climate Data Center Cooperative Observer network 
and Environmental Canada daily data. Methods were used to account for varying periods of record, to 
interpolate point station data to the 1/16Á grid, and to adjust the estimates for topographic influences. 
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2.5 SUMMARY OF CURRENT IMPACTS 

In summary, predicted trends in water temperatures (present compared to a baseline of 1960) 
vary between sites as shown by the analysis of the Mantua et al. (2010) historical data, and 
there is considerable variation at the sites themselves as indicated by the standard deviations 
(which is expected given the influence of the El Niño – Southern Oscillation and the Pacific-
North American pattern). Amidst this variation, there is strong evidence of a warming trend in 
Pacific Northwest waters and in the Columbia River mainstem since 1960, as indicated by 
literature and the analyses conducted herein by EPA. Based on available information (Table 
2-1), the estimated increase in river temperatures since the 1960 baseline ranges from 0.2°C to 
0.4°C per decade, for a total temperature increase to date of 1.5°C ± 0.5°C. The trend analysis 
of the RBM10 model output shows decadal changes at the upper end of that range, while the 
analysis of historic Mantua et al. regression estimates of water temperature shows decadal 
changes at the lower end of the range. The RBM10 model results also indicate that Columbia 
River dam impoundments exacerbated the climate-related warming in mid-summer and early 
fall, compared to predicted trends in a free-flowing river (Table 2-5). 

3.0 FUTURE IMPACT PROJECTIONS 

Modeling studies use statistical or numerical simulation approaches to estimate water 
temperature responses to scenarios of potential future climate change. Scenarios typically 
include a range of potential futures based on different climate models, different assumptions 
about future greenhouse gas emissions, and different future time periods. Climate model output 
can be used as inputs to hydrologic and water quality models, providing a capability to evaluate 
a wide range of potential climate futures, including interactions with changes in land use and 
other factors affecting water quality. Simulated results are commonly presented as average 
(annual or seasonal) changes in water temperature (median or average) relative to a historical 
baseline period. The results of all modeling studies are directly conditional on the specific 
methods, models and climate change scenarios evaluated. 

Studies of climate change in the Columbia River basin have used downscaled output from two 
rounds of the Coupled Model Intercomparison Project (CMIP) global climate modeling 
experiments conducted for the Intergovernmental Panel on Climate Change Assessment 
Reports (ARs): CMIP3, associated with AR4 (2005/2006); and CMIP5, associated with AR5 
(released in 2012). CMIP5 included a variety of process improvements to global climate models, 
but simulated responses to a given degree of radiative forcing are generally similar between 
these two rounds. One significant way in which the two phases differ is that CMIP3 uses future 
scenarios from the Special Report on Emission Scenarios that are based on scenarios of future 
emissions that rely on various assumptions about economic growth and human responses2. 

2 CMIP3 emissions scenarios referenced in this document include: 
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CMIP5 scenarios, termed Representative Concentration Pathways (RCPs) take a different 
approach in which explicit but highly uncertain socioeconomic projections are not made; rather, 
each RCP is based on an assumption of a specific level of radiative forcing at the end of the 21st 

century. For instance, RCP 8.5 is an upper-bound scenario that assumes radiative forcing 
increases to 8.5 W/m2 by 2100. The middle-of-the-road Special Report on Emission Scenarios 
A1B scenario from CMIP3 is similar to the RCP 6 scenario from CMIP5 (radiative forcing 
increases to 6.0 W/m2 by 2100), with both reaching an approximate CO2 equivalent 
concentration of 850 ppm by 2100. 

3.1 FUTURE PROJECTIONS OF METEOROLOGICAL CHANGES 

Across the Pacific Northwest, an increase in average annual air temperatures of 1.8°C to 5.5°C 
is projected by the end of the century (compared to the period 1970 – 1999), depending on the 
scenario, with the greatest increases projected for the summer (Mote et al. 2014; Rupp et al. 
2017). Rupp et al. (2017) estimates that air temperatures at the end of the century will increase 
by 3.0 and 5.5 °C above the 1970-1999 baseline average temperatures under the RCP 4.5 and 
RCP 8.5 scenarios respectively. The estimated temperature differences between the RCP 4.5 
and RCP 8.5 projections are 0.5 °C by 2050, and 2.5 °C by 2099. 

The River Management Joint Operating Committee authored a report characterizing projected 
climate change impacts in the Columbia River basin and other basins in western Oregon and 
Washington (2018). The focus is on projected temperature, precipitation, snowpack, and 
streamflow changes through the rest of the 21st Century. The study found that, on average, air 
temperatures have already increased by 0.8°C in the region since the 1970s, and projected 
future increases by 2070 range from 1.7°C to 3.3°C (based on CMIP5 RCP 4.5 emissions 
pathways). Changes in future precipitation are more uncertain, but are generally predicted to 
increase, notably during winter. Summers are expected to become drier. Winter snowpacks are 
expected to decline since more winter precipitation will fall as rain rather than snow. As a result, 
average summer flows are expected to be lower and/or there will be a longer period of low 
summer flows, which will likely cause a tighter coupling of water temperature to air temperature. 
Predicted seasonal flow changes between recent historic and 2030s conditions are shown 
graphically in Figure 3-1. Flows are expected to increase during winter and spring and 
decrease during summer and fall. 

A1B. This future climate emissions scenario assumes very rapid economic growth, a global population 
peaking mid-century followed by a decline, rapid development of new and more efficient technologies, 
and a balance between fossil intensive and non-fossil energy sources. 

B1. This future climate emissions scenario assumes the same population pattern as A1B, but with rapid 
change in economic structures toward a service and information economy, with reductions in material 
intensity and the introduction of clean and resource-efficient technologies. 

A2. This future climate emissions scenario assumes a continuously increasing population, with per capita 
economic growth and technological change more fragmented and slower than other scenarios 
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Figure 3-1 Predicted changes in seasonal streamflow between the period 1976-2005 and 
the 2030s 

(from River Management Joint Operating Committee, 2018) 

DJF = Dec-Feb; MAM = Mar-May; JJA = Jun-Aug; SON=Sep-Nov; Circle size denotes relative streamflow volume 

3.2 FUTURE PROJECTIONS OF WATER TEMPERATURE INCREASES 

Studies and analyses describing projected future water temperature increases are presented 
below in three sub-sections: regional assessments, Columbia River mainstem, and Columbia 
River tributaries. Results are summarized in Table 3-1. The studies use different future time 
periods but can be generally classified into early century (approximately 2010 – 2030), mid-
century (approximately 2030 – 2070), and late century (approximately 2070 – 2100). 
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3.2.1 Regional Assessments 

In the Methow River near Winthrop, Washington, average annual stream temperatures are 
projected to increase by 0.4°C to 0.8°C (early century to late century, respectively) in response 
to moderate emissions (CMIP3 A1B) (Caldwell et al. 2013). Similar increases ranging from 
0.6°C to 1.7°C (early century to late century, respectively) are projected in response to 
moderate emissions (A1B) for watersheds in Washington, Oregon, Idaho, western Montana, 
and portions of British Columbia (Wu et al. 2012). Simulations by Mantua et al. (2010) for over 
100 sites predict increases in stream temperatures in Washington ranging from approximately 
1°C to 2°C for early century, 1°C to 4°C for mid-century, and 1°C to 5°C for late century. Results 
varied across sites and by CMIP3 emission scenario (low [B1] to moderate emissions [A1B]). 

Climate change could alter seasonal and shorter-duration summer maximum stream 
temperature, which is a critical period for aquatic ecosystems and could impact cold water biota 
(Ficke et al. 2007). Effects on water temperature are more evident in the snow-dominant 
watersheds, where reduced winter snowfall and earlier snowmelt is expected to result in lower 
summer stream flows and higher summer stream temperature. For example, Wu et al. (2012) 
predict streamflow decreases of about 19% to 30% in mid- and late century, respectively. 
Several modeling studies in Washington watersheds suggest the greatest increases in stream 
temperature will occur during the summer months (Caldwell et al. 2013; Wu et al. 2012; Cristea 
and Burges 2010; Mantua et al. 2010). Cristea and Burges (2010) projected increases in future 
average summer stream temperatures in Wenatchee, Icicle, and Nason Creeks in Washington. 
The magnitudes of projected changes in water temperatures in these waters are strongly 
influenced by riparian shading. 

In the South Fork Nooksack River, Washington, late century water temperature increases 
ranging from 3.5°C to 6°C are projected during critical summer low-flow conditions (simulations 
based on moderate emissions, CMIP3 A1B) (Butcher et al. 2016). However, restoration of full 
system riparian shading was predicted to mitigate potential future water temperature increases 
by 30% to 60% during critical conditions. Maximum 7-day average stream water temperatures 
were projected to increase by 1.1°C to 3.6°C by late century even with system potential shade. 
Model simulations also suggested that critical condition water temperatures could exceed 
thermal tolerances for salmon in 60% to 94% of the Nooksack River by late century. 

Using the CMIP3 A1B (medium emissions) scenario and the NorWest spatial statistical network 
model, the Pacific Northwest regional August mean river temperatures are projected to increase 
by 0.7°C in 2040 and 1.4°C in 2080, compared to a baseline period of 1993 – 2011 (Isaak et al. 
2017). 

Beechie et al. (2013) used a coupled model, called the dominant river tracing-based stream flow 
and temperature model, to estimate flow and stream temperature in the Columbia River basin 
for future climate conditions (CMIP3 A1B). They predicted an increase in the maximum weekly 
mean temperature across the watershed of 1°C to 4°C for 2030 – 2069 and 2°C to 6°C for 2070 
– 2099. They also predict that the number of stations where water temperatures are projected to 
exceed 21°C for more than nine weeks per year will increase dramatically by the end of the 
century. 
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3.2.2 Columbia Mainstem 

Isaak et al. (2017) estimate that August mean river temperatures across the mid-Columbia 
basin, calculated using the CMIP3 A1B (medium emissions) scenario and the NorWest spatial 
statistical network model, will increase by approximately 1.0°C by 2040 and 2.0°C by 2080, 
compared to a baseline period of 1993-2011. 

Using the RBM model, Yearsley (2009) projected an increase in the daily average temperature 
in the Columbia and Snake River mainstems. At Bonneville, from 1951 – 1978 until 2040, the 
predicted increase was approximately 1°C during the summer months, with some variation over 
the year. The projected increase depended upon location, with higher maximum temperature 
increases predicted for certain times of year at Ice Harbor Dam, for example, compared to the 
Bonneville Dam. The predictions used the A1B scenario with a composite of four downscaled 
GCMs driving the VIC model for hydrology. 

3.2.3 Columbia Tributaries 

Simulations from a global-scale study by van Vliet et al. (2013) under CMIP3 A2 (high) and B1 
(low) emissions scenarios suggest that average annual water temperatures in the Columbia 
River basin could increase by an average of 1.6°C by late century. 

Using the NorWest statistical stream network model (Isaak et al. 2018), EPA analyzed 
estimates of current and future tributary temperatures (EPA 2018). Tributary temperatures are 
predicted to increase between 0.6°C and 0.7°C relative to Columbia River temperatures (Figure 
3-2). In addition, many tributaries in the future, despite being relatively cooler than the Columbia 
River, could become warmer than water temperature thresholds for fish habitat and therefore 
would be less functional as cold water refuges. Figure 3-3 and Figure 3-4 show current 
conditions and 2080 projections, respectively. 

EPA also conducted enhanced temperature modeling to assess Columbia River tributary 
riparian shade restoration potential under current (1993 – 2011) and projected future (2040s 
and 2080s) conditions (Fuller et al. 2018). The goal was to provide insight into potential changes 
in cold water refuge for Pacific Salmon. Like the analysis in EPA 2018, this project used 
geospatial representations of covariates that affect stream temperature and spatial stream 
network models (Isaak et al. 2018). Current and future climate scenarios were paired with three 
shade assumptions: no vegetation, current vegetation, and potential restored vegetation. 
Overall, for the tributaries analyzed, mean August temperatures across the tributaries in the 
basin decreased by 0.5°C when shade was restored (with a range of 0°C - 1.3°C). The 
improvement in temperature depended heavily on current extent of vegetation and stream 
width. Results indicated that with current vegetation, August monthly mean stream 
temperatures would increase on average by 1.1°C for the 2040s scenario and 2.0°C for the 
2080s scenario. For the restored vegetation scenario, the relative August mean increases 
across all tributaries were about the same (1.0°C for 2040s and 2.0 for 2080s, compared to 
current restored conditions). 
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Figure 3-2 Difference in Columbia River tributary and mainstem August mean temperatures 
at confluences and future projections 

(from EPA 2018) 
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Figure 3-3 Estimated current August mean temperature in the Columbia River and 
tributaries 

(from EPA 2018) 
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Figure 3-4 Estimated 2080 August Mean temperature in the Columbia River and tributaries 

(from EPA 2018) 
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Table 3-1 Projected stream temperature responses to future climate change scenarios in 
the Northwest 

Watershed/ 
Region 

Future 
Period 

Water 
Model(s) 

Scenario(s) Used to 
Drive Water Models a/ 

Projected Water Temp. Changes (°C) 
Citation 

Annual (Range) 
Seasonal 
(Range) 

Regional Assessments 

Methow River, 
WA 

Early 
Century Coupled 

GLM-VIC 
statistical 
modeling 

Climate 
Number: 10 

Emissions: A1B 

+0.4 
(±1.6) 

July: 
+1.4 

Caldwell et 
al. 2013 

Mid 
Century 

+0.7 
(±1.8) 

July: 
+2.4 

Late 
Century 

+0.8 
(±1.9) 

July: 
+2.8 

Unspecified 
watersheds, 

OR/WA/ID/MT 

Early 
Century 

DRTT 
Climate 

Number: 20 
Emissions: A1B 

+0.55 
(+0.01 to +1.09) 

Summer: 
+0.92 

(-0.27 to +2.66) 

Wu et al. 
2012 

Mid 
Century 

+0.93 
(+0.03 to +1.80) 

Summer: 
+1.37 

(-0.47 to +4.08) 

Late 
Century 

+1.68 
(+0.08 to +3.17) 

Summer: 
+2.10 

(-0.46 to +5.81) 

124 sites, 
WA 

Early 
Century 

Statistical 
modeling 

approach d/ 

Climate 
Number: 19 

Emissions: A1B, B1 
-

Summer: c/ 

< +1 to +2 
Mantua et 
al. 2010 

Mid 
Century 

Summer: c/ 

< +1 to +4 
Late 

Century 
Summer: c/ 

< +1 to +5 

Wenatchee, 
Icicle and 

Nason Creeks, 
WA 

Early 
Century 

QUAL2Kw 
Climate 

Number: 39 
Emissions: A1B, B1 

-

Summer: 
A1B: +0.61 to +1.30 
B1: +0.53 to +1.09 

Cristea and 
Burges 
2010 

Mid 
Century 

Summer: 
A1B: +0.95 to +2.08 
B1: +0.74 to +1.66 

Late 
Century 

Summer: 
A1B: +1.35 to +2.86 
B1: +1.05 to +2.30 

South Fork 
Nooksack 
River, WA 

Early 
Century 

VIC 
Qual2Kw 

Climate 
Number: 3 

Emissions: A1B 
-

7-day changes for 
7Q10 streamflow: 

+1.4 to +1.9 
Butcher et 
al. 2016 

Mid 
Century 

+2.2 to +3.1 

Late 
Century 

+2.9 to +5.1 

Pacific 
Northwest 

region 

Mid 
Century 

NorWest 
spatial 

statistical 
network 
model 

Climate 
Number: 1 

Emissions: A1B 

August: 
+0.73 

Isaak et al. 
2017 Late 

Century 
August: 
+1.42 

Columbia River 
basin and 

coastal 
drainages of 
OR and WA 

Mid 
Century 

Dominant 
river-tracing 
streamflow 

model 

Climate 
Number: 1 

Emissions: A1B 

Max weekly mean: 
+1 to +4 

Beechie et 
al. 2013 Late 

Century 
Max weekly mean: 

+2 to +6 

Columbia River Mainstem 

Mid-Columbia 
River basin 

Mid 
Century 

NorWest 
spatial 

statistical 
network 
model 

Climate 
Number: 1 

Emissions: A1B 

August: 
+1.0 

Isaak et al. 
2017 Late 

Century 
August: 

+2.0 

23 
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Watershed/ 
Region 

Future 
Period 

Water 
Model(s) 

Scenario(s) Used to 
Drive Water Models a/ 

Projected Water Temp. Changes ( C) 
Citation 

Annual (Range) 
Seasonal 
(Range) 

Columbia River 
at Bonneville 

Early 
Century 

VIC 
Climate 

Number: 4 
Emissions: A1B 

Summer: 
+1.0 Yearsley 

2009 Mid 
Century 

Summer: 
+1.7 

Columbia River Tributaries 
Columbia River, 

Late 
Century 

          

   

 
 

 
 

 
 

   
    

     
  

  
  

 

  
  

 
 

 
 

  
  

 

 
  

  
 

 
 

   
  

  
  

 
 

 
 

  
   

  
  

 
 

   
  

  
 

 
 

 
 
 
 

 
  
  

 

  
    

  
 

  
 

  
 

 
 

 
 

 
 

 

 
  
  

 

  
 

  
 

 
  

 

            
              

               
           

 

        

              
              

               
             

                
               
               

                 
              

               
       

      

               
            

            
             

             
                

            
                
              

                 
                  

°

Climate +1.6°C 
Late van Vliet et 

WA/ OR/ID VIC-RBM Number: 6 (95th percentile: -
Century al. 2013 

(258,000 km2) Emissions: A2, B1 +2.6°C) 
Mid Spatial August mean: 

Climate 
Columbia River Century stream +1.1 Fuller et al, 

Number: 1
tributaries Late network August mean: 2018 

Emissions: A1B 
Century models +2.0 

Mid NorWest August mean: 
Century spatial Climate +0.8 

Columbia River 
statistical Number: 1 EPA 2018 

tributaries August mean: network Emissions: A1B 
+2.0 model 

DRTT= Dominant river-tracing-based temperature model; GLM= Generalized linear model; VIC= Variable Infiltration 
Capacity model; QUAL2Kw= water quality model; VIC-RBM= Variable Infiltration Capacity model, combined with a 
one-dimensional stream-temperature model referred to as the RBM. Early Century: approximately 2010 – 2030; Mid 
Century: approximately 2030 – 2070; Late Century: approximately 2070 – 2100. 

3.3 SUMMARY OF HISTORICAL AND FUTURE IMPACT PROJECTIONS 

Climate change has already and is projected to continue to influence river temperatures across 
the Northwest, including the temperatures of the Columbia and Snake Rivers, and will influence 
multiple aspects of river hydrographs, including timing and magnitude of river flow. Based on the 
synthesis herein, climate change has increased temperatures in the Columbia and Snake River 
mainstems by 1.5°C ± 0.5°C since 1960. From the present-day baseline, the warming trend is 
expected to continue in the coming decades. The two studies that specifically analyzed the 
Columbia River (Isaak et al. 2018 and Yearsley 2009) predict an increase in summer mainstem 
river temperatures of 1.7°C to 2.0°C by the end of the century. Similar increases are projected 
for Columbia River tributaries. These estimates are provided in a context of regionwide 
projections of river temperature increases in summer generally ranging from 1°C to 5°C by the 
end of the century. 

3.4 UNCERTAINTY IN FUTURE IMPACT PROJECTIONS 

The available projections of future air and water temperatures in the Northwest region and the 
Columbia and Snake Rivers are uncertain, because these projections are developed using 
models that represent atmospheric, hydrologic and heat transfer processes based on our 
current scientific understanding of those complex processes. In addition, the datasets used as 
the basis for the future climate projections including historical climate information and future 
estimates of human activities are imperfect and based on assumptions that may not hold in the 
future. Despite the limitations and uncertainties, the scientific projections point towards a 
distinctly warmer climate at the end of the 21st century (Rupp et al. 2017). The available 
research is unanimous in projecting warmer temperatures, but there is uncertainty in the slope 
of the trend at different periods of the 21st century. For example, Rupp et al. (2017) estimated 
that air temperatures at the end of the century will increase by 3.0 and 5.5 °C above the 1970-
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1999 baseline average under the RCP4.5 and RCP8.5 scenarios respectively. The estimated 
temperature differences between the RCP4.5 and RCP8.5 projections were 0.5 °C by 2050, and 
2.5 °C by 2099. Future air and water temperature warming rates will ultimately be dictated by 
the actual levels of greenhouse gas emissions and the evolution of the complex global energy 
system (Isaak et al. 2018). 

25 







          

   

           

         

              
          

        
 

             
           

      

                 
             

            
            

           
   

                
          

              

              
      

                  
             

             
         

           
           

             

           
          

 

              
              

   

           
          

   

            
 

            
           

Columbia and Snake River Temperature Assessment March 2020 

Kendall, M.G. 1975. Rank Correlation Methods. 4th ed. Charles Griffin, London. 

Mann, H.B. 1945. Non-parametric test against trend. Econometrica. 13:245-259. 

Mantua, N., I. Tohver, and A. Hamlet. 2010. Climate change impacts on streamflow extremes 
and summertime stream temperature and their possible consequences for freshwater 
salmon habitat in Washington State. Climatic Change 102(1-2):187-223. 
doi:10.1007/s10584-010-9845-2. 

Markus G.D., A.D. King, J.T. Overpeck, L.V. Alexander, I. Durre, D.J. Karoly. 2016. 
Extraordinary heat during the 1930s US Dust Bowl and associated large-scale 
conditions. Climate Dynamics. 46:413-426. DOI: 10.1007/s00382-015-2590-5. 

May, C., C. Luce, J. Casola, M. Chang, J. Cuhaciyan, M. Dalton, S. Lowe, G. Morishima, P. 
Mote, A. Petersen, G. Roesch-McNally, and E. York. 2018: Northwest. In Impacts, Risks, 
and Adaptation in the United States: Fourth National Climate Assessment, Volume II 
[Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, 
and B.C. Stewart (eds.)]. U.S. Global Change Research Program, Washington, DC, 
USA. doi: 10.7930/NCA4.2018.CH24. 

Merz, M., Blount, K., and Cope, B. 2018. Technical Memorandum: Columbia and Snake River 
Data Analysis: Existing Conditions and Water Quality Criteria Exceedances for 
Temperature. EPA Region 10. Draft. October 15, 2018. 

Mohseni, O., H.G. Stefan, and T.R. Erickson. 1998. A nonlinear regression model for weekly 
stream temperatures. Water Resources Research, 34(10):2685–2692. 

Mote, P., A. K. Snover, S. Capalbo, S. D. Eigenbrode, P. Glick, J. Littell, R. Raymondi, and S. 
Reeder. 2014. Ch. 21: Northwest. Climate Change Impacts in the United States: The 
Third National Climate Assessment. J. M. Melillo, Terese (T.C.) Richmond, and G. W. 
Yohe, Eds. U.S. Global Change Research Program. 487-513. doi:10.7930/J04Q7RWX. 

National Marine Fisheries Services. 2016. 2015 Adult Sockeye Salmon Passage Report. 
National Oceanic & Atmospheric Administration Fisheries in collaboration with the U.S. 
Army Corps of Engineers and Idaho Department of Fish and Game. September 2016. 

National Research Council. 2004. Managing the Columbia River: Instream Flows, Water 
Withdrawals, and Salmon Survival. Washington, DC: The National Academies Press. 
https://doi.org/10.17226/10962. 

Payne, J.T., A.W. Wood, A.F. Hamlet, R.N. Palmer, and D.P. Lettenmaier, 2004: Mitigating the 
effects of climate change on the water resources of the Columbia River basin. Climatic 
Change, 62(1-3), 233-256 

River Management Joint Operating Committee. 2018. Climate and Hydrology Datasets for 
RMJOC Long-Term Planning Studies: Second Edition (RMJOC-II) Part I: Hydroclimate 
Projections and Analyses. 

Rupp, D.E., Abatzoglou, J.T. and Mote, P.W (2017). Climate Dynamics. 49: 1783. 
https://doi.org/10.1007/s00382-016-3418-7 

U.S. Global Change Research Program. 2017: Climate Science Special Report: Fourth National 
Climate Assessment, Volume I [Wuebbles, D.J., D.W. Fahey, K.A. Hibbard, D.J. 

28 

https://doi.org/10.1007/s00382-016-3418-7
https://doi.org/10.17226/10962





