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ABSTRACT 
Climate change will have significant impacts on Pacific Northwest hydrology. For water and 

environmental resource managers, an improved understanding of climate impacts at the 

watershed scale is critical for regional mitigation and adaptation. The Pacific Northwest’s Green 

River Basin is a valuable water supply, major flood risk, and provides habitat to cold-water 

aquatic species. Streamflow in the basin is seasonally regulated for flood prevention and flow 

modulation for ecosystem health. This study investigates the implications of climate change on 

streamflow and snowpack in the Green River Basin. Climate sensitivity analysis and future 

climate change impacts are simulated using the Snow17/Sacramento Soil Moisture Accounting 

model (Snow17/Sac) implemented with two elevation zones. Future climate change impacts on 

basin hydrology are assessed using an ensemble of statistically downscaled climate projections 

from Global Climate Models (GCMs) run as part of the Intergovernmental Program on Climate 

Change 5th Assessment Report. The application of two future emission scenarios (RCP 4.5 and 

8.5) lead to moderate increases in streamflow volume and 49.9% to 84.0% reductions in 

snowpack by the year 2079 for RCP 4.5 and RCP 8.5, respectively. Center timing of streamflow 

is projected to shift towards earlier timing indicating that the basin is predicted to evolve from a 

transient to rain-dominated watershed. This shift in the annual hydrologic cycle could lead to 

heightened demands on seasonal water needs and changes in the frequency of extremes (flood 

and drought). Future planning and reassessment of how water is managed in the Green River 

Basin may be necessary to maintain operations that suffice to meet the region’s water needs.  
 

 

This work was performed under the auspices of the Significant Opportunities in Atmospheric Research and Science Program. 

SOARS is managed by the University Corporation for Atmospheric Research and is funded by the National Science Foundation, 

the National Center for Atmospheric Research, the National Oceanic and Atmospheric Administration, and the University of 

Colorado at Boulder.   
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1. Introduction and Study Objectives 
 

Washington state’s rivers and watersheds are fundamental for water supply, hydroelectric 

power, industry, and wildlife. The way that water is used to support these objectives has evolved 

over time in response to historical climate patterns, but these patterns are changing due to 

anthropogenic climate change (IPCC 2014). According to the IPCC 5th Assessment Report, 21st 

century surface temperatures are predicted to rise for all greenhouse gas emission scenarios and 

extreme precipitation events are increasing. Hydrology in the state of Washington is particularly 

sensitive to changing climate conditions due to mountainous topography, the prominent role of 

snowpack, and variable seasonality (Elsner et al. 2010). Most of the region’s precipitation occurs 

during autumn and winter months, significantly decreasing in spring and reaching minimums by 

summer. Snowfall at higher elevations accumulates as snowpack stored over cooler months, and 

in the spring, snowmelt is the primary driver of runoff in the region (Vano et al. 2015). Past 

studies have shown that warming temperatures and changes in seasonal precipitation will have 

significant impacts on the seasonality of the Pacific Northwest’s hydrologic cycle (e.g., Payne et 

al. 2004, Elsner et al. 2010, Fritz et al. 2011). 

  

Washington’s Green River Basin is of particular interest due to the basin’s extensive 

water management needs. The Green River supplies water to the city of Tacoma, the second 

largest city in the Puget Sound (Tacoma Power 2008). The basin is also a major flood hazard. 

Over 400,000 residents live in the Green River Valley, and in 2006 the region was ranked one of 

the nation’s top five industrial parks (White et al. 2012). Prior to the construction of the Howard 

Hanson Dam, the valley flooded over 30 times in 70 years (White et al. 2012). The dam was 

constructed in the 1960’s primarily for flood prevention, but also operates seasonally to store 

water for streamflow regulation necessary for fish migration (USACE). In 2009, after flooding 

caused the reservoir to fill to record levels, multiple government agencies including NOAA, U.S. 

Army Corps. of Engineers, and the National Weather Service collaborated to improve the current 

flood hazard notification system (White et al. 2012). Since 2009, the dam is estimated to have 

prevented over $6 billion in damage (USACE). The Green River also serves as a critical 

migration corridor and spawning habitat for several cold-water aquatic species, including the 

threatened Puget Sound Chinook salmon (Tacoma Power 2008).  

 

While there have been several regional-scale studies investigating the impacts of climate 

change on the hydrology of major basins in the Pacific Northwest (e.g., Hamlet et al. 2000, 

Payne et al. 2004, Luce et al. 2009, Hamlet et al. 2011), an improved understanding of 

sensitivities at the watershed scale is critical for planning regional mitigation and adaptation 

strategies (Safeeq et al. 2014). River basins vary in hydrologic seasonality depending on location 

and elevation, and water management needs may differ from region to region. The Green River 

Basin can be categorized as a transient watershed, meaning that runoff is sourced by both rain 

and snowmelt (Elsner et al. 2010). Past studies using the Distributed Hydrology Soil Vegetation 

Model (DHSVM) and Coupled Model Intercomparison Project Phase 3 (CMIP3) Global Climate 

Model (GCM) projections have shown the general effects of climate change on the basin to be 

significant reductions in snowpack and shifts in the hydrological cycle (Elsner et al. 2010, Vano 

et al. 2008). Watershed management activities in the Green River Basin vary by season, and 

changes in the hydrologic cycle could impact seasonal water needs.   
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To better understand the watershed’s potential vulnerability to climate change, we first 

perform a hydroclimate sensitivity analysis based on applying prescribed changes in temperature 

and precipitation to current climate conditions. We further assess hydrologic changes associated 

with recent climate change projections on the basin. The sensitivities coupled with future climate 

projection impacts will help water resource and dam managers make critical planning decisions 

on infrastructure, water supply, and optimization of future operations in response to climate 

conditions (Reclamation 2011). This study builds upon and advances the work that has been 

done in the region by using more recent statistically downscaled CMIP5 climate projections to 

assess climate change impacts on streamflow and snowpack in the Green River Basin.  

 

2. Study Area  
 

The Green River Basin begins in the Central Cascade Mountain Range and extends west 

to the Puget Sound (Figure 1). The Upper Green River watershed, which contains the Howard 

Hanson Dam and supplies water to the city of Tacoma, is the focus of this study. This watershed 

consists of a ~250 square foot valley spanning east to west, enclosed by mountains on the eastern 

side. The valley’s surrounding mountain peaks range from ~4000 to ~5700 feet in elevation 

(Tacoma Power 2008). Green River headwaters begin at approximately 4200 feet in elevation 

sourced by snowmelt and rain (Tacoma Power 2008). Climate in the upper watershed is that 

typical of Western Washington, where most precipitation falls in the cooler months and minimal 

precipitation occurs in the summer months (Figure 2). 

 

 

Figure 1. Map of 

Washington state. The 

Green River begins on the 

western side of the Central 

Cascade Mountain range 

and extends to the Puget 

Sound. The red box 

indicates the location of 

the Upper Green River 

watershed colored in blue.  
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Figure 2. Simulated      

monthly mean precipitation 

at the Howard Hanson Dam 

averaged over the period 

1970-2016. Maximum 

precipitation occurs during 

winter months. Minimum 

precipitation occurs during 

summer months. 

 

 

 

3. Methods 
 

a. Model and Forcing Data 

 

We used the Snow17 and Sacramento Soil Moisture Accounting model (hereafter 

Snow17/Sac) to investigate streamflow and snowpack sensitivities in the Upper Green River 

watershed. Snow17/Sac are part of a collection of models and hydrologic routines that originated 

in the National Weather Service (NWS) River Forecasting System (RFS), and that are still used 

within the NWS Community Hydrologic Prediction System (CHPS) for operational streamflow 

prediction. The Sacramento Soil Moisture Accounting Model (Sac) is a conceptual rainfall-

runoff model that is often implemented by dividing a watershed into a small number of 

separately-simulated elevation zones (Burnash 1973), and Snow17 is a conceptual temperature-

index snow accumulation and melt model (Anderson 1973).  

 

The model was calibrated to reproduce daily estimated reservoir inflows from the Green 

River Basin to the Howard Hanson reservoir. Nash-Sutcliffe efficiency (NSE) is a commonly 

used metric in hydrology to measure model skill. As described by Gupta et al. (2009), an 

alternative metric is the Kling-Gupta efficiency (KGE). For this study, both metrics were used 

for model validation. A NSE or KGE of 0.7 or greater reflects a well-calibrated model. Model 

validation yielded an NSE of 0.68 and KGE of 0.78, and historical simulations had a relative 

error (Elsner et al. 2010) of 1.6%. The meteorological inputs to the model, termed ‘forcings,’ 

were derived observed historical temperature and precipitation taken from existing 

meteorological datasets at the National Center for Atmospheric Research (NCAR), which were 

generated based on meteorological station observations using a spatial regression approach 

(Newman et al. 2015). Potential evapotranspiration (PET), another forcing, was estimated by the 

Kimberly Penman algorithm from the precipitation and temperature forcings. Daily time-steps 

were used for all simulations. 
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b. Sensitivity Analysis 

 

 Analysis of streamflow and snowpack sensitivities was conducted by annually 

perturbing historical model inputs of temperature and precipitation. The diurnal temperature 

profile was shifted ±1℃ by perturbing both the daily minimum and maximum temperatures. 

Daily precipitation was augmented and reduced by 10%. For each perturbation, elasticity (ε) and 

sensitivity to temperature were calculated for both streamflow and snowpack. Elasticity is an 

estimation of hydrologic sensitivity to precipitation and is calculated as the ratio of the percent 

change in streamflow and the percent change in precipitation where Q represents 

streamflow/snowpack and P represents precipitation [Eq. 1]:  

 

ε =

𝑑𝑄
𝑄

∗ 100%

𝑑𝑃
𝑃

∗ 100%
 

Sensitivities to temperature were calculated as the percent change in streamflow/snowpack per 

1℃ change in temperature where S represents sensitivity [Eq. 2]:  

 

S =

𝑑𝑄
𝑄

∗ 100%

∆℃
 

 

c. Climate Projections 

 

  To assess future climate change impacts we used statistically downscaled climate 

projections taken from the “Downscaled CMIP3 and CMIP5 Climate and Hydrology 

Projections” archive (Reclamation, 2013). CMIP5 climate projections originated from the World 

Climate Research Programme’s (WCRP’s) Coupled Model Intercomarison Project phase 5 

(CMIP5) multi-model dataset. Archived simulations from 35 global climate models were used 

and two emission scenarios were projected: Representative Concentration Pathway (RCP) 8.5, 

the high emissions scenario, and RCP 4.5, an intermediate emissions scenario where greenhouse 

gas emissions stabilize by 2100 (IPCC, 2014).  

  

 The delta method (e.g., Elsner et al. 2010) was applied to perturb historical model forcing 

data by the projected temperature and precipitation changes, resulting in model forcing 

timeseries that contained historical weather patterns with seasonal climate change signals. To 

calculate these changes, we took the difference between GCM monthly averaged 

temperature/precipitation for 30-year future periods and that of the historical period (1987-2016). 

The resulting mean monthly projected changes in temperature/precipitation were then applied 

month by month to the historical forcing data and run through Snow17/Sac to simulate future 

streamflow scenarios. Two future periods were simulated – the years 2020-2049 and 2050-2079. 
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4. Results and Discussion  
 

a. Climate Sensitivity Analysis 

 

Sensitivity analysis assessed the impact of temperature and precipitation perturbations on 

simulated streamflow and snowpack. Snowpack in the model is represented by snow water 

equivalent (SWE), which is the amount of water contained in the snow. Based on Snow17/Sac 

simulations, annual SWE is much more sensitive than annual streamflow volumes to 

temperature. A +1℃ change in temperature resulted in a -41.98% change in annual SWE, while 

a -1℃ change in temperature resulted in a 66.49% change in SWE. Streamflow sensitivity 

behaves similarly. An increase in temperature results in a reduction in streamflow and a decrease 

in temperature results in an increase in streamflow. However, streamflow is much less sensitive 

than SWE to temperature (<±0.5% / ±1℃). Both hydrologic variables are similar in their 

sensitivities to precipitation, changing by a factor of approximately 1.3-1.4 for a ±10% change in 

precipitation (see Table 1).  

   

Streamflow sensitivities to temperature in the Green River Basin are modest compared to 

other Western Washington regional studies. Vano et al. (2015) found that streamflow in Central 

Cascade transient watersheds have an approximate sensitivity of -2% to -3% for a 1℃ increase 

in temperature. Elsner et al. (2010) found that streamflow in the Upper Green River watershed 

has a sensitivity of -2.42% /+1℃. The similar sensitivity outcomes between studies may be the 

result of the models implemented. Vano et al. (2015) and Elsner et al. (2010) used the Variable 

Infiltration Capacity model (VIC) and the Distributed Hydrology Soil Vegetation Model 

(DHSVM), respectively. Both models are distributed, meaning that they account for variable 

land-type and meteorology across the basin. They also share the same snow model to represent 

snow accumulation and ablation. The VIC and DHSVM snow model uses a two-layer snow 

algorithm, in which the top layer is used to determine the energy exchange across the snow-air 

interface and accounts for the effects of vegetation, and the bottom layer is used to simulate 

snowpack storage (Elsner et al. 2010).  Snow17/Sac is a conceptual model where the entire basin 

is separated into only two elevation units. Additionally, Snow17 is a highly simplified model in 

which all snow cover is treated as one unit, and air temperature is the sole variable determining 

the energy exchange across the snow-air interface. The different model implementations could 

explain the discrepancies in streamflow sensitivities. For this reason, future work may include 

running a distributed model over the Green River Basin to determine how different model 

implementations compare to the conceptual Snow17/Sac model simulations.  
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Table 1. Simulated Hydrologic Sensitivities to Temperature and Precipitation Perturbations 

 

 Streamflow  SWE 

Change in Temperature  (%/℃) (%/℃) 

+1 ℃ -0.46 -41.98 

-1 ℃ 0.36 66.49% 

   

Change in Precipitation  ε - (%/%) ε - (%/%) 

+10% 1.31 1.41 

-10% 1.29 1.36 

 

 
Sensitivities to temperature are expressed as a percent change in the hydrologic variable per 1℃ 

change in temperature. Elasticity (ε) is expressed as the percent change in the hydrologic 

variable per percent change in precipitation. 

 

b. Climate Impacts  

 

CMIP5 climate projections downscaled to the Green River Basin for the years 2050-2079 

are displayed in Figure 4. Simulations predict the region to be warmer year-round for both 

emission scenarios. Temperature is projected to increase by an annual average of ~2℃ and ~3℃ 

for RCP 4.5 and RCP 8.5, respectively. Changes in precipitation are variable, with moderate 

precipitation increases in the autumn, winter, and spring, and reductions in the summer. 

Precipitation is projected to increase in October-May by an average of ~4% and ~7% and 

decrease in June-September by an average of ~18% and ~14% for RCP 4.5 and RCP 8.5, 

respectively. For both emission scenarios, the greatest temperature and precipitation extremes 

occur during warmer months. These results agree with other GCM projected climate change 

studies for the Pacific Northwest region that project warmer annual temperatures, winters with 

more precipitation, and drier summers (e.g., Snover 2003). 
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Figure 4. Boxplots of projected temperature and precipitation changes from an ensemble of 35 

GCMs between historic (1987-2016) and future (2050-2079) 30-year periods for RCP 4.5 (left) 

and RCP 8.5 (right). The green line indicates the ensemble mean and the black circles represent 

outliers. 

Monthly averaged streamflow for historic and projected future periods are presented in 

Figure 5. A peak in streamflow in the cooler months followed by a peak in the spring is 

characteristic of a transient rain-snow watershed. The peak in cooler months indicates 

streamflow is primarily sourced by precipitation falling as rain, while the springtime peak 

indicates precipitation is sourced by snowmelt. Both emission scenarios reflect a loss of the 

prominent springtime peak indicating a loss in snowmelt driven streamflow. This is accompanied 

by higher maximum flows in the winter and decreased streamflow in the summer. Based on the 

business as usual scenario (RCP 8.5), by 2079 the watershed is projected to become primarily 
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rain dominant (Figure 5). This conclusion is further supported by changes in center timing of 

streamflow. Center timing of streamflow is a metric that measures the time in days since October 

1st (the start of the ‘water year’) when the center mass (i.e., 50%) of streamflow has occurred 

(Stewart et al. 2005). Historic and future trends in center timing for each emission scenario are 

displayed in Figure 6. Projections indicate a shift towards earlier center timing, which is 

indicative of a more rain dominant watershed (Fritz et al. 2011).   

 
Figure 5. Historic and future streamflow projections in the Green River Basin for RCP 4.5 

scenario (left) and RCP 8.5 scenario (right). Both scenarios reflect a loss of the spring-time peak. 

By 2079, the watershed is projected to be rain-dominant.  

 

 
Figure 6. Historic and projected center timing of streamflow in the Green River Basin. Future 

projections reflect a shift towards earlier center timing.  
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 Projected water year streamflow averaged over 30-year periods for both emission 

scenarios is listed in Table 2. Historic annual streamflow is 338,437 cubic feet per second. For 

the period 2020-2049, this is projected to increase by 2.2% and 3.2% for RCP 4.5 and RCP 8.5, 

respectively. For the period 2050-2079, streamflow is projected to increase further by 4.2% and 

5.6% for RCP 4.5 and RCP 8.5, respectively. 

 

Table 2. Average Water Year Streamflow in Cubic Feet Per Second for Both Emission 

Scenarios 

 

RCP 4.5 

30-year Projections  

 

Annual Streamflow (cfs) 

 

Projected Change (%) 

2020-2049 345,936 2.2 

2050-2079 353,307 4.2 

RCP 8.5   

2020-2049 349,532 3.2 

2050-2079 358,421 5.6 

 

 
Historic period (1987-2016) average streamflow is 338,437 cubic feet per second (cfs). Projected 

change is the percent difference between the future and historic periods.  

 

The monthly averaged snow water equivalent (SWE) for the historic and future projected 

periods is displayed in Figure 7 and Table 3. By 2020-2049, SWE is projected to decrease ~46% 

for both emission scenarios. By 2050-2079, SWE is projected to decrease 49.9% and 84% for 

RCP 4.5 and RCP 8.5, respectively. These significant reductions in snowpack are accompanied 

by shifts in when peak SWE occurs. Spring SWE is a useful indicator of summer streamflow in 

transient or snow-dominated watersheds (Clark et al. 2001). Historically, Green River Basin 

peak SWE occurs in March, but future period simulations project peak SWE to occur one to two 

months earlier (see Table 3).  
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Figure 7. Historic and projected snow water equivalent in the Green River Basin. SWE is 

projected to decrease significantly by 2079. 

 

 

Table 3. Projected Monthly Average Peak SWE 

 

RCP 4.5 

30-year Projection  

 

SWE - mm/d (Month Peak Occurs) 

 

Projected Change - % 

2020-2049 165.0 (February) -46.3 

2050-2079 82.6 (February) -49.9 

RCP 8.5   

2020-2049 140.6 (February) -46.2 

2050-2079 41.7 (January)  -84.0 

 

 
Historic period (1987-2016) peak SWE is 260.6 mm/d and occurs in March. Projected change is 

the percent difference between the future and historic periods.  

 

 Significant reductions in SWE and shifts towards earlier center timing indicate the Green 

River Basin is projected to evolve from a transient rain-snow watershed to a rain-dominant 

watershed by the year 2079 for both RCP 4.5 and RCP 8.5. The transition to rain-dominant 

results in increased winter streamflow and decreased flow in the summer. These results agree 

with other regional climate impact studies that project significant reductions in snowpack by the 

2080’s and transient watersheds gradually shifting to rain-dominant (Elsner et al. 2010).   
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 The conceptual Snow17/Sac model was able to capture the general effects of climate 

change on basin hydrology, but there are differences in streamflow sensitivities between this 

study and other studies (Elsner et al. 2010, Vano et al. 2015) that used different model 

implementations. To characterize uncertainties due to different modeling choices, future work 

could include implementing a process-oriented modeling approach such as SUMMA (the 

Structure for Unifying Multiple Modeling Alternatives).  SUMMA supports a variety of methods 

to represent spatial and meteorological variability across the basin (Clark et al. 2015). Possible 

future experiments include applying the SUMMA model at a higher resolution than the current 

Snow17/Sac model (e.g., dividing the basin into USGS HUC-12 subareas and multiple elevation 

zones) and comparing the output to that of the conceptual Snow17/Sac model.  

5. Conclusions 

 Climate in the Upper Green River watershed is projected to be warmer year-round, drier 

in the warmer months, and produce more precipitation in the cooler months. Impacts on 

hydrology include reductions in snowpack, increases in annual streamflow volume, and shifts in 

annual streamflow timing. Center timing is predicted to occur earlier in the water year, indicating 

the Green River will transition to a more rain-dominated watershed with higher streamflow in the 

winter and lower streamflow in the summer. 

 Water at the Howard Hanson Dam is seasonally regulated (Tacoma Power, 2008). The 

Green River provides habitat to several cold-water aquatic species, and low flow augmentation in 

the summer months produces stream levels optimal for healthy fish habitat (USACE). In the 

winter months, the dam collects and releases water as necessary for flood prevention (USACE). 

As described by Payne et al. (2004), increased winter streamflow volume and low summer flows 

are a principal concern for water resource managers. Water managers at the HHD should 

reassess seasonal dam operations to continue meeting regional water needs. While this study 

focused on impacts on annual streamflow volume/timing and snowpack, the region’s elevated 

flood risk warrants further investigation of climate impacts on hydrologic extremes (flood and 

drought).  

 This study used the Snow17/Sac hydrology model to assess the impacts of climate 

change at the Green River Basin. However, other modeling approaches could be utilized to 

determine how different models and implementations impact projected outcomes. Future work 

may include analysis using the SUMMA modeling framework implemented with USGS HUC-12 

subareas and multiple elevation zones to compare how different modeling choices affect model 

output. 

 In conclusion, changes in seasonal flow volumes will have implications for water 

management, particularly at the Howard Hanson Dam. Heightened demands on seasonal water 

needs, coupled with the possibility of changes in flood and drought risk, suggests a reassessment 

of current water management practice is necessary to maintain operations that suffice to meet the 

region’s water needs. Due to the Green River Basin’s frequent flood history and urban water 

supply, future work could also benefit from including an assessment of climate change impacts 

on the probability of flood and drought risk.  
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