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1.0 Problem Statement 

My goal is to model the effects of forecasted climate variability and change on low, late 

summer stream flows in glaciated watersheds of the Nooksack River basin in northwest 

Washington State. The Nooksack River is a valuable fresh water resource for regional 

municipalities, industry, and agriculture, and provides critical habitat for endangered salmon 

species. Understanding the expected timing and frequency of low flows under a range of 

forecasted climate scenarios will help assist in the protection of these salmon species and provide 

a basis for in-stream flow and water rights interests. To predict and assess future low stream 

flows and update fish habitat-flow relationships at key assessment sites, I will employ the 

Distributed Hydrology Soil Vegetation Model (DHSVM) version 3.2 to simulate and predict 

hydrological conditions in the Nooksack basin. My primary objectives are to: 1) use gridded 

datasets downscaled from the outputs of global circulation models (GCMs) to better reflect 

regional climate, 2) calibrate a glacial recession module developed for the DHSVM to a 

glaciated basin in the Nooksack drainage, 3) perform simulations and assess the impact of 

climate scenarios on late summer flows, and 4) generate streamflow model outputs at WRIA 1 

assessment sites in the South, Middle and North Forks. 

2.0 Introduction 

The Nooksack River originates on the western flanks of Mt. Baker in the North Cascade 

Mountains and discharges to Bellingham Bay in Puget Sound (Figure 1). Industry, agriculture, 

and municipalities within Whatcom County, WA, as well as the Nooksack Tribe and Lummi 

Nation depend on the Nooksack River as a fresh water resource for water use and fish habitat. In 

recent years, concern has grown over the effects that climate variability and change might have 

on these water resources. The timing and magnitude of streamflow are affected by temperature 

and precipitation, which are being altered by global climate change. 

 Future global climate change is predicted by various GCMs that have been developed by 

many climate research institutions (e.g., NASA Goddard Institute for Space Studies, Max Planck 

Institute for Meteorology, and the Institut Pierre Simon Laplace). GCMs simulate the climate on 

a global scale, with course spatial resolution which does not account for smaller-scale variations 
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and patterns in regional climate such as those present in the North Cascades. I will make use of 

GCM datasets which have been statistically downscaled from a global scale to a finer, more 

regional scale resolution. Downscaled data will be used as meteorological inputs for DHSVM. 

 The Nooksack River is driven by glacial melt in the warmer, late summer months. 

Glaciation extent is largely affected by air temperatures and precipitation, which may be affected 

by global climate change. A newly developed DHSVM dynamic glacial module has been 

released by the University of Washington that more realistically simulates glacial behavior and 

contribution to streamflow. Climate forcings from downscaled GCM data when input to a model 

capable of predicting glacier dynamics will provide a clearer picture of how climate variability 

and change will affect the low flows of the Nooksack River. 

3.0 Background 

The Nooksack River basin is located within the Water Resources Inventory Area Number 

1 (WRIA 1) which was established as part of the Washington Watershed Management Act of 

1998 (RCW 90.82). This act provides a framework for local water resources and watershed 

planning throughout the state. WRIA 1 stakeholders include the Nooksack Indian Tribe and 

Lummi Nation as well as various Whatcom County municipalities, industries, individuals, and 

farms. Stakeholders depend on the Nooksack River for commercial, municipal, industrial, 

irrigation, and domestic uses as well as for fish habitat. 

My project will employ numerical modeling techniques to simulate the effects of 

forecasted climate change on the Upper Nooksack River with an emphasis on late summer low 

flows. The following sections present: 1) the characteristics of the Nooksack basin, 2) the 

background related to climate change, statistical downscaling, previous work, and the modeling 

tools I will use to achieve this goal.   

3.1 Nooksack River Basin 

3.1.1 PHYSICAL CHARACTERISTICS OF THE NOOKSACK RIVER BASIN 

The Nooksack River drains an approximately 2000 km2 watershed in the North Cascade 

Mountains. My project will focus on the high relief reaches of the Nooksack basin 

(approximately 70% of the basin) where glaciation and heavy seasonal snowfall occur. There are 

three main forks of the Nooksack River; the North, Middle, and South forks. For the North and 
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Middle forks, much of the spring and early summer flows are supplied by seasonal snowpack, 

while late summer flows are supplied by glacier melt (Dickerson-Lange and Mitchell, 2013). The 

South fork is primarily snowmelt and rain dominated (Bandaragoda et al., 2012). Discharge 

varies seasonally, with lowest flows occurring in the late summer months when glacial melt is an 

important source of stream baseflow. With 12 significant glaciers, Mt. Baker has the largest 

contiguous network of glaciers in the North Cascades (Pelto and Brown, 2012). Glacial mass 

balance studies in the Nooksack basin have shown a significant retreat of glaciers and retreat is 

expected to continue as the climate warms (Pelto and Brown, 2012). Glacial recession will likely 

have adverse long-term effects on the late summer stream flows in the Nooksack River. 

The Nooksack basin experiences a maritime climate with generally mild temperatures 

and the topography of the region creates local climate variability. Precipitation differs 

significantly by location within the watershed, with highest precipitation (120-207 inches per 

year) occurring in the upper elevations near Mt. Baker and lowest precipitation (38-42 inches per 

year) occurring in the lower elevations near Ferndale (Bandaragoda et al., 2012). Temperatures 

decrease from west to east as the elevation increases which, along with Pacific storms and 

orographic effects, contribute to snow accumulation. 

3.1.2 THE NOOKSACK RIVER AS A WATER RESOURCE 

The Nooksack River is a valuable fresh water resource providing critical habitat for 

salmon species. There are as many as 19 different salmon, steelhead, bull trout, and cutthroat 

trout stocks identified within the Nooksack River watershed which includes possibly four stocks 

of chinook, two stocks of chum and Coho, one stock of sockeye, and three stocks of pink salmon 

(Smith, 2002). Spring Chinook salmon in particular are a vital resource to the Nooksack Indian 

Tribe and Lummi Nation. Fish species, including salmon, need adequate streamflow to survive 

during rearing, migration, and spawning. In addition, salmon populations need cool water 

temperatures which are affected by not only air temperature, but water volume within a river. 

Water temperature is directly proportional to the heat load and the stream discharge, so as the 

water volume decreases, air temperature and sunlight can more readily warm a stream (Poole and 

Berman, 2001). The Environmental Protection Agency has released temperature standards for 

salmon and other fish species, listing 13°C as the recommended temperature for salmon 

spawning, egg incubation, and fry emergence and ranging from 16-20°C for salmon migration 
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during summer maximums (EPA, 2003). Therefore it is critical to predict the decrease in stream 

discharge not only to assess the adequacy of water volume for fish species, but also any potential 

warming effects. Forecasted climate change could pose a threat to salmon over the long-term by 

reducing available streamflow and increasing water temperatures at critical times during the 

year. 

The Nooksack River is a valuable fresh water resource used for regional municipalities, 

industry, and agriculture, mainly in the lower elevation of the basin, where population density is 

highest. Downstream water uses are heavily influenced by hydrological factors upstream. 

Maximum water usage in the Lower Nooksack sub-basin occurs in the month of July, with usage 

estimated at 275 cubic feet per second (Bandaragoda and Greenberg, 2012). The portion of water 

not returning to the hydrologic system (the consumptive portion) was estimated to be around 200 

cfs (Bandaragoda and Greenberg, 2012). These estimates were based on numerical water budget 

models. 

3.2 Climate Change 

3.2.1 EARTH’S CLIMATE SYSTEM 

The interactions between the atmosphere, oceans, biosphere, cryosphere, and land surface 

are what make up the complex and dynamic climate system of the Earth. Climate is driven by the 

Earth’s energy budget and climate change and variability is the result of net changes in this 

energy balance (Hansen et al., 2005; Trenberth et al., 2009; Vardavas et al., 2011). Long wave 

radiation reflected and re-emitted from the Earth in combination with incoming short wave 

radiation from the sun comprise the energy inputs to the Earth’s climate system. Energy outputs 

include short wave radiation reflected from atmospheric or surficial features (e.g. clouds and 

snow) as well as long wave radiation that is emitted into space. An energy imbalance requires an 

adjustment of the climate system towards a new equilibrium which, due to the high specific heat 

of water and the large percentage of Earth’s surface covered by water, can take decades to 

achieve (Hansen et al., 2005). 

An understanding of the difference between weather and climate is crucial for the 

interpretation of long-term trends. Weather is the state of the atmosphere at a single place and 

time whereas climate is the statistical average of weather. Over short periods of time, weather 

can vary greatly due to local orographic effects and local weather patterns. Climate is typically 
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defined as an average of 30 years of weather, and reveals the longer term trends observed in the 

noisier weather fluctuations (e.g., Stocker et al., 2013). The Earth’s climate system is complex 

and changes naturally due to volcanism, Milankovich cycles, and solar energy output variations 

(e.g., sun spot activity). Periodic variations in oceanic and air circulation currents can also 

produce internal variations in the climate such as the Pacific Decadal Oscillation (PDO) and the 

El Nino Southern Decadal Oscillation (ENSO; e.g., Vardavas et al., 2011). Complex feedbacks 

from both natural and anthropogenic sources (e.g. changes in albedo from land-use changes, CO2 

and other greenhouse gas emissions, etc.) also play a large role in the energy balance of the 

Earth’s climate system. 

3.2.2 GLOBAL CLIMATE CHANGE 

 Global climate change has been on the forefront of many political agendas and has 

received a great deal of international attention over the past three decades. In 1988, the 

International Panel on Climate Change (IPCC) was created to assess the state of scientific, 

technical, and socioeconomic factors that attribute to anthropogenic climate change and compile 

periodic climate summary reports for governments to use in emissions regulation and mitigation 

(IPCC, 2014). Global climate warming is supported by abundant observational evidence (e.g. 

Hansen et al., 2005; Murphy et al., 2009). The globally combined average land and ocean 

temperature trend shows a warming of 0.72°C over the period 1951-2012; sea level has increased 

at rate of approximately 3.2 mm yr-1 between 1993 and 2010, and permanent ice cover is 

dramatically decreasing (Figure 2; Stocker et al., 2013). While both the ocean and atmosphere 

show trends of warming, the bulk of forcing by greenhouse gases has gone into warming the 

oceans (Murphy et al., 2009). 

Scientists use proxy data that reflect climate variations such as tree rings, ice cores, and 

corals, in an effort to reconstruct past trends and compare with the modern day climate (e.g. 

Moberg et al., 2005; Stocker and Mysak, 1992). While proxy data indicates a great deal of 

natural variation in climate throughout the past millennium, the trend over the past several 

decades represents a dramatic change in excess of the known upper bounds of recent natural 

climate variability (Stocker et al., 2013). Proxy data and numerical modeling have indicated with 

high confidence that average annual Northern Hemisphere temperatures over the period 1983-
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2012 were higher than any 30-year period in the past 800 years and were likely higher than the 

warmest 30-year period in the last 1400 years (Stocker et al., 2013). 

Washington State is topographically diverse and is home to many different climate zones, 

which are each likely to be affected differently by climate change (Salathe Jr et al., 2010). The 

Climate Impacts Group (CIG) at the University of Washington has been instrumental in 

assessing the effects of climate change on the Pacific Northwest (PNW). In collaboration with 

other regional and national organizations such as the U.S. Global Change Research program, 

climate of the PNW is being actively researched. Observed PNW temperatures have increased on 

average since the late 1800s, with an average warming of 0.7C (1.3F; Mote et al., 2014). 

Precipitation for the same time period has also increased, but the trends are small when 

compared to natural variability (Mote et al., 2014). Climate change is expected to continue 

warming the region, with an increase in average annual temperature of 3.3 – 9.7C by 2070 to 

2099 compared to the period 1970-1999 (Mote et al., 2014). The large possible temperature 

increase range is given due to the range of plausible future climate scenarios based on 

greenhouse gas emissions trends. Future precipitation trends for the region are less easily 

predicted and depend largely on local topography and season. The annual change in precipitation 

is projected to be within a range of a 10% decrease to an 18% increase for 2070 to 2099 (Mote et 

al., 2014). However, most climate models do show an average decrease in summertime 

precipitation and a majority of models indicate an increase in winter precipitation throughout the 

21st century for the region (Mote and Salathe Jr, 2010). 

3.2.3 WATER RESOURCES AND CLIMATE CHANGE 

 Temperature and precipitation have a direct impact on the timing and magnitude of 

streamflow and are affected by climate change. The response, however, of any given stream to 

temperature and precipitation fluctuations is highly variable and depends upon basin 

characteristics such as soil type, vegetation cover, and local topography. Climate variability can 

affect the magnitude and temporal spacing of precipitation events, the amount of precipitation 

that is rain rather than snow, the timing of snowmelt, the area available for runoff, and can 

change the seasonal soil moisture content thereby affecting runoff processes and streamflow. 

Projections for the PNW suggest seasonal changes in precipitation with an increase during the 
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winter months and a decrease during the summer months (e.g. Mote and Salathe Jr, 2010; Vano 

et al., 2010). 

Much of the western Cascade watersheds, such as the North and Middle fork Nooksack 

River basins, are partially glaciated. In these basins, the seasonal melting of snow and ice during 

the warmer summer months provides a natural fresh water storage buffer. Once the seasonal 

snowpack has melted, glacier ice melts during the dryer late summer, providing a reliable source 

of cold, fresh water during these months and creating a negative hydrological feedback to 

seasonal climate forcings (Fountain and Tangborn, 1985; Naz et al., 2013). The summer melt 

means that glaciers can contribute a substantial amount of water toward streamflow during 

summer months and may actually increase flow contribution with climate change, at least in the 

short term, due to an increase in melt rate (Naz et al., 2013). Over the long-term however, glacial 

melt contribution will decrease due to the eventual reduction in glacial area (Naz et al., 2013). 

Thus, it is important to understand how the glacial component of a watershed affects summer 

stream flows so that future changes in water availability can be managed. 

3.3 Numerical Modeling 

3.3.1 HYDROLOGIC MODELING 

Hydrologic models have been used since the 1950s and have traditionally utilized spatial 

data and meteorological input data averaged over an entire watershed to forecast streamflow 

(Storck et al., 1998). These lumped models did not fully capture the spatial or temporal 

variability within an individual watershed. In recent years however, computing power has 

improved so that spatially distributed models can be employed which simulate a variety of 

meteorological parameters for individual pixels at relatively fine scales over heterogeneous 

watersheds. 

DHSVM is a physically based hydrologic model and implements terrain analysis using a 

digital elevation model and grid scale (e.g., 50 m) basin characteristics including land-cover, soil 

type, soil thickness and a stream network (Wigmosta et al., 1994). Meteorological inputs include 

temperature, wind speed, precipitation, shortwave radiation and long-wave radiation.  The model 

employs physically-based algorithms to predict variables such as snow accumulation and melt, 

evapotranspiration (ET), and stream runoff at hourly to daily time scales. DHSVM simulates a 

two-layer canopy (overstory and understory) to calculate ET, a two-layer mass and energy 
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balance approach for snow melt or accumulation, a multi-layer soil model, and a saturated 

subsurface flow model to calculate the channel streamflow (Storck et al., 1998). The fine spatial 

resolution of DHSVM allows for a high resolution physically based representation of the 

watershed and takes into account spatial heterogeneity rather than averaging or lumping 

parameters over the entire watershed. 

Numerical modeling studies by the University of Washington’s CIG have been carried 

out to simulate the effects of various forecasted climate scenarios on PNW stream flows. The 

CIG have developed and successfully implemented the Variable Infiltration Capacity (VIC) land 

surface hydrological model as well as the DHSVM to project hydrologic changes throughout the 

PNW and assess water resource risks going into the future. The VIC model has been used to 

show a projected decrease in snow water equivalent (SWE), particularly at lower elevations 

(1,000-2,000 m), along with decreases in soil moisture, decreases in summer streamflow within 

snow melt dominant basins, and increases in winter streamflow in snow melt dominated basins 

throughout Washington (Elsner et al., 2010). Basins that were characterized as transient (small 

snow-to-rain threshold) rain-snow dominated basins were projected to be the most impacted by 

climate change (Elsner et al., 2010). In 2006-2007 the Climate Change Technical Committee 

(CCTC), which is a collaborative effort of the CIG, used DHSVM to simulate streamflow under 

projected climate scenarios for five watersheds in the western Cascades. The results indicate that, 

through 2075, the Western Cascades will see an overall increase in net annual flow, but a 

decrease in summer flows (Polebitski et al., 2007). The Puget Sound area could experience the 

decline and eventual disappearance of a springtime snowmelt peak, potentially impacting water 

storage throughout the 21st century (Vano et al., 2010). 

Previous numerical modeling work in the Nooksack basin utilizing DHSVM and 

downscaled GCM outputs have predicted a significant decrease in SWE, with a 33 to 45 percent 

decrease in monthly median SWE by the year 2050 at higher elevations; an increase in winter 

stream flows, and a projected decrease in summer streamflow (Table 1 and Figure 3; Dickerson-

Lange and Mitchell, 2013). These findings are consistent with other studies throughout the PNW 

(e.g. Mote et al., 2005; Vano et al., 2010) but did not take into account dynamic glacier behavior 

and were possibly less reliable because of the lack of reliable historical weather stations within 

the Nooksack basin with which to calibrate the model. 
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3.3.2 CLIMATE MODELING 

Numerical climate models have been in use for decades and attempt to provide a prediction 

of the future climate based on population and emission scenarios. Most GCMs make global-scale 

predictions of climate by applying first principal physics equations to simulate the Earth’s 

atmosphere (i.e. fluid dynamics). GCMs are gridded three dimensional models that couple 

oceanic and atmospheric circulation (Figure 4). Each grid cell covers an equal amount of 

horizontal surface area and extends vertically into the atmosphere. Within each cell, the model 

calculates energy transfer, mass, momentum, and other parameters based on known physical 

relationships for each time-step. Due to the high computational demand of these models, a coarse 

spatial resolution must be used (often grid cells are over 100 km on each side). A coarse 

resolution requires the parameterization of smaller scale features such as clouds. GCMs are 

created and run by large research institutes which generally make their forecasts publically 

available (e.g. NASA Goddard Institute for Space Studies, Max Planck Institute, Institut Pierre 

Simon Laplace). 

Each GCM is developed based on different initial assumptions and uses different physical 

conditions, with varying levels of spatial resolution and complexity. Unique setups mean that 

individual models differ from one another in terms of their sensitivity to specific factors that 

drive climate. In addition, each climate model is subjected to a variety of emissions and 

greenhouse gas scenarios to take into account a range of potential future climate trends 

dependent upon various factors including socioeconomic changes which may affect 

anthropogenic climate forcings (e.g. CO2 emissions). Scenarios are largely based on potential 

future greenhouse gas trends put forth by the International Panel on Climate Change (IPCC). The 

Fourth Assessment Report (AR4) made use of three socioeconomic-based emissions scenarios of 

varying intensity to represent future anthropogenic forcing trends. For the most recent IPCC 

report (Fifth Assessment Report [AR5]; Stocker et al., 2014), emissions trends are captured in 

four representative concentration pathway scenarios (RCPs). The 20 models in the Coupled 

Model Intercomparison Project Phase 5 (CMIP5) make use of these RCPs and the AR5 report is 

largely based on the results. RCPs represent greenhouse gas concentration trends under a large 

set of mitigation scenarios and replace the emissions scenarios used in prior IPCC reports. 

Unlike the AR4 scenarios, the RCPs are not directly based on assumed socioeconomic changes. 

Rather, the four RCP scenarios – RCP2.6, RCP4.5, RCP6, and RCP8.5 – differ in their 
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respective radiative forcing values at the year 2100 (Collins et al., 2013). To properly assess 

future climate, it is necessary to incorporate results from a variety of climate models and 

scenarios which characterize the full range of plausible climate forcings. 

Modern GCMs predict warming over the next century to increase at a rate of 0.1-0.6°C 

per decade in the PNW and create variable precipitation changes (CIG, 2010; Mote and Salathe 

Jr, 2010; Vano et al., 2010). However, while these types of models give a good prediction of 

climate on a global scale, they fail to capture local variation in weather patterns. For smaller-

scale studies, such as those examining a single watershed, various downscaling techniques may 

be used to impart the GCM trends on more localized climates. Researchers at the University of 

Idaho (UI) has used a statistical downscaling method – the multivariate adaptive constructed 

analogs method (MACA) – to produce approximately 6 km (1/16° lat/long) scale gridded 

datasets which represent daily extremes, sums, or means of GCM corrected weather data 

(Abatzoglou and Brown, 2012). The MACA method utilizes a training dataset of meteorological 

observations (e.g., Livneh et al., 2013) to match spatial patterns in climate model results and 

remove biases. Results from 20 GCMs under two RCP scenarios (RCP4.5 and RCP8.5) have 

been downscaled from their original resolution to 6 km cell size for the continental United States 

(Figure 6; Abatzoglou and Brown, 2012). In this way, local variation and weather patterns can be 

captured along with the predicted climate trends. 

3.3.3 GLACIAL MODELING 

Glacier mass balance throughout the PNW is likely to be negatively affected by projected 

climate change (Palmer, 2007; Pelto and Brown, 2012; Stocker et al., 2013). With an increase in 

average temperatures, glacial retreat, which is already prevalent in many locations around the 

world, is likely to increase. In an effort to examine the relationship between climate and glaciers 

and the effects of glacial retreat on water resources, long term measurements on glaciers in the 

western United States have begun. The USGS began a study in 1958 to examine changes in mass 

balance for the South Cascade Glacier in Washington (Fountain et al., 1997). These studies 

indicate that the glacier has been losing mass and retreating for more than four decades (Bidlake 

et al., 2002). From 1958 to 2001, the South Cascade Glacier had retreated approximately 0.6 km 

and had shrunk from 2.71 km2 to 1.92 km2 (Bidlake et al., 2002). Monitoring in the North 

Cascades National Park Service Complex (NOCA) since 1993 has shown that each benchmark 
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glacier (Noisy Creek, Silver, North Klawatti, and Sandalee Glaciers) is experiencing significant 

retreat (Riedel and Larrabee, 2011). Similarly, glacial mass balance studies in the Nooksack 

basin have shown a significant retreat of glaciers with a 12-20% reduction of their entire volume 

from 1990 to 2010 and retreat is expected to continue (Pelto and Brown, 2012). 

Accurate measurement of runoff contribution from glaciers is difficult to predict and 

modeling glacial changes and their effects on streamflow has traditionally been limited. 

Difficulties arise largely due to limited meteorological data and lack of long-term observations. 

The introduction of new numerical modeling techniques, including coupling glacial dynamics 

models with physical-based hydrology models, is beginning to more accurately replicate natural 

systems and produce meaningful predictions (e.g., Frans et al., 2013). However, an accurate set 

of real-world measurements (field and remote measurements) is still required to calibrate and 

validate the model. 

Current numerical modeling techniques make it possible to simulate the effects of a 

variety of projected climate scenarios on glacial recession. Previous versions of the DHSVM 

have not adequately captured the effects of glacial melt on streamflow due to a lack of dynamic 

glacial simulation integration. Researchers at the University of Washington have recently 

developed a spatially distributed glacier recession module that can be integrated with the 

DHSVM to simulate glacial behavior using a dynamic and realistic approach (Naz et al., 2014; 

Frans et al., 2013). This module has been applied to projects in the PNW with success (e.g., 

Frans et al., 2013). By integrating the new coupled glacial-hydrology module, the full effects of 

long term glacial recession can be modeled in the Nooksack basin. 

3.4 Collaboration 

This project is part of a larger scope of work that is being overseen by the Nooksack 

Indian Tribe to assess the water resources of the Nooksack River. The scope of the project aims 

to evaluate the effects of climate change on glacier ablation, hydrology, and fish habitat as well 

as provide methods to help reduce potential impacts on the salmonid species present in the 

Nooksack River. Glacier ablation studies will focus on the mass balance of the Easton Glacier 

which, while not in the Nooksack basin proper, shares many similarities with and offers 

advantages (such as a longer record of monitoring) over glaciers within the drainage itself (Grah 

et al., 2013). The predicted impact of changes in late summer streamflows on fish habitat will be 
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evaluated at key Assessment Sites located near USGS streamflow stations where model outputs 

can be compared to observations. My model outputs will be generated at WRIA 1 Assessment 

Sites in the South, Middle and North Forks (as listed in WRIA 1 Data Integration of Hydrology, 

Fish Habitat and Hydraulics models,  Bandaragoda et al., 2014) to update existing hydrology-

fish habitat relationships based on hydrologic modeling done in the Lower Nooksack Water 

Budget (Bandaragoda et al., 2012) 

4.0 Methods 

4.1 Scope of Work 

 To predict the effects of forecasted climate change on the Nooksack River streamflow, 

local meteorological data will be collected from weather stations such as the Wells Creek, 

Middle Fork, and Elbow Lake SNOTEL sites within the basin. Gridded MACA downscaled 

GCMs will be utilized to capture the local variability that results from the topography of the 

region. These data will be used as inputs to the DHSVM to simulate the effects on glaciers and 

ultimately streamflow within the Nooksack watershed. Historical streamflow will be collected 

from four USGS stream gauge stations (site numbers 12209000, 12208000, 12210700, and 

12205000) throughout the watershed and DHSVM will be calibrated and validated using these 

observed data. Finally, hydrologic simulations will be performed using these downscaled and 

GCM-corrected data to assess changes in snowpack, SWE, evapotranspiration, and streamflow. 

Hydrology results will be used to update fish habitat-flow relationships for the lower Nooksack 

River. 

4.2 Climate Forecasting in the Nooksack Basin 

 To predict climate change and variability, outputs from multiple GCMs of the Coupled 

Model Intercomparison Project 5 (CMIP5) under two RCP scenarios (RCP4.5 and RCP8.5) will 

be incorporated into my project. A downscaled gridded dataset will be employed in an attempt to 

capture finer-scale spatial variability within the Nooksack watershed. While many projects have 

successfully incorporated statistical downscaling techniques using individual meteorological 

stations, there are potential disadvantages to this method, particularly in complex terrain. 

Downscaling to individual observation stations often suffers from inadequate station density, 
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lack of long-term observation, and quality control issues (Abatzoglou, 2013). Lack of reliable, 

long term weather stations within the Nooksack basin poses a difficulty in downscaling to the 

area; for example Dickerson-Lange and Mitchell (2013) downscaled to a single station outside 

the Nooksack basin. One alternative is to utilize gridded surface meteorological data. 

Researchers at the University of Idaho have made available a variety of downscaled gridded 

datasets for the western United States by utilizing the MACA method. The MACA statistical 

downscaling method utilizes the daily results from a 20 different GCMs and users may select 

which downscaled GCM outputs they would like from the MACA webpage 

(maca.northwestknowledge.net). A previous study has determined that 10 GCMs in particular are 

most suitable for climate prediction in the PNW (Rupp et al., 2013). I will be using the 

downscaled results from these more suitable GCMs under two RCP scenarios (RCP4.5 and 

RCP8.5; Table 2). The downscaled datasets are available publically from the UI MACA website 

and are downloadable in a network common data form (.nc file) or as text files which can be 

used in the DHSVM once converted into a binary form. MACA datasets can be examined or 

manipulated in a variety of statistical and mathematical packages (e.g. R, MATLAB, etc.) or 

loaded into ArcGIS to select the desired grid cells (Figure 6). The DHSVM simulations will be 

run in three hour time-steps, so the daily MACA datasets will have to be disaggregated into three 

hour time-steps for DHSVM. 

4.3 DHSVM 

4.3.1 GIS BASE-MAP SETUP 

  Multiple spatial datasets are required as inputs for the DHSVM and include elevation, 

land cover, soil type, soil depth, watershed boundaries, glacial extent masks, and stream 

networks. Elevation base layer data will be provided by publically available USGS 7.5 minute, 

10 meter DEMs. Each raster dataset will be resampled to a 50 meter grid spacing to reduce 

computation time during DHSVM runs. Watershed boundaries will be defined using ArcGIS 

Hydrology tools and elevation data by creating pour points for each basin. Separate watershed 

boundaries and datasets will be created for each sun-basin (North, Middle, and South forks) to 

better capture the local variability. Land cover raster data are from the National Land Cover 

Database 2006 (NLCD 2006) land cover grid and glacial coverage is available from the GLIMS 

Glacier Database (GLIMS and National Snow and Ice Data Center, 2005). Soil type is derived 
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from the United States Department of Agriculture State Soil Geographic (STATSGO) database. 

Depth of soil and stream network grids will be calculated using existing ARC Macro Language 

(AML) scripts run through the ArcInfo command line. 

4.3.2 DHSVM SETUP 

DHSVM makes use of a digital elevation model (DEM) to simulate topographic controls 

on water movement, precipitation, and solar radiation inputs (Wigmosta et al., 1994). 

Meteorological inputs include temperature (°C), relative humidity (%), precipitation (m), wind 

speed (m/s), and incoming shortwave and longwave radiation (W/m2). Daily meteorological data 

inputs will be from the MACA datasets from the University of Idaho. Daily meteorological data 

will be used in three-hour time-steps to increase computational efficiency while still capturing 

short-term weather variability. 

Spatial datasets from the GIS will be used to run DHSVM for the North, Middle, and 

South Fork basins. Model elements will be at a 50 by 50 meter grid cell resolution. Spatial 

datasets will use the NAD 27 datum. All DHSVM inputs will be converted into binary files. 

4.3.3 DHSVM CALIBRATION AND VALIDATION 

Historical streamflow, observed SWE, and meteorological data, will be used to calibrate 

the simulated streamflow and simulated SWE. Real-time and historical stream discharge data are 

available from the North Cedarville USGS gauging station (#12210700) on the Nooksack River 

as well as USGS gauges within each of the three sub-basins. Three SNOTEL sites, one within 

each sub-basin, will be used for SWE and precipitation calibration. In addition, DHSVM will be 

calibrated to the gridded meteorological observation data of Livneh et al. (2013), which will 

involve isolating the grid points that offer the highest model efficiency. Statistical techniques 

such as the Nash-Sutcliffe model efficiency coefficient will be used to assess the predictive 

power of the model (Nash and Sutcliffe, 1970). 

The model will be calibrated to one set of historical data and then verified by running 

simulations for a different time period in which historical data is also available. If calibration or 

validation results from the model are not sufficiently reproducing the observed data, parameters 

that reflect basin characteristics will be modified until acceptable results are produced. Sensitive 

parameters include but are not limited to temperature and precipitation lapse rates as well as soil 

porosity and lateral conductivity (e.g. Du et al., 2013). The validation process will ensure that the 
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model is calibrated to match the actual characteristics of the basin and responses to 

meteorological changes rather than simply being calibrated to reproduce one unique historical 

dataset. 

4.3.4 GLACIAL RECESSION MODULE SETUP AND CALIBRATION 

 My project will utilize the coupled glacier-hydrology model which was recently 

developed at the University of Washington by linking DHSVM and a dynamic glacier model. 

The glacial model incorporates first order processes in an effort to simulate the fluxes of mass 

and energy between the atmosphere and land surface (Naz et al., 2014). Mass balance of the 

glacier is simulated and accumulation and ablation rates are summed to estimate dynamic ice 

flow and melt (Figure 5; Naz et al., 2014). In this initial application of the coupled hydrology-

glacier model in the Nooksack, I will calibrate the glacier model to the Easton (adjacent to the 

Middle Fork) and Sholes (North Fork) glaciers, which have the longest historical records. 

 The glacial recession model requires three main input parameters to operate: glacier 

domain, current mass balance, and bed topography (Naz et. al., 2013). The glacier domain is 

simply the glacial extent, or the surface area. This will be obtained through Landsat imagery and 

GIS land cover layers. Mass balance will be obtained from previous studies of the Easton and 

Sholes glaciers. Finally, the module requires an input of known bed topography (topography 

under the glacier) which will be obtained by estimation through a spin-up simulation. The model 

will be run for multiple centuries (e.g., 1000 years) under a set of estimated parameters to 

initialize glacier thickness and extent to the observed glacial extent of local glaciers circa 1950. 

The sensitivity of glacial extent and mass balance predictions at the Sholes and Easton glaciers to 

model parameters such as glacier albedo and temperature and precipitation lapse rates will be 

explored. 

4.4 Hydrologic Modeling Simulations and Predictions 

 After DHSVM and its associated glacial recession module have been properly calibrated 

and validated, the model will be run to predict future stream flows under a variety of scenarios. 

DHSVM will be run using Linux operating systems on computers located at WWU and UW 

campuses. MACA gridded downscaled climate datasets from each GCM will serve as the 

meteorological inputs for the calibrated DHSVM and the calibrated glacial module will be 
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incorporated into each run. The model will be run for three periods into the future; 2025, 2050, 

and 2080. Each simulation will be a representation of a 30 year climate forecast centered on each 

of these three periods. 

5.0 Project Timeline 

Step 
Planned 
Completion 

 Setup of DHSVM basins  Spring 2014 

 Calibrate DHSVM historic hydrology with gridded climate forcings  Summer 2014 

Glacier module setup 

 Calibrate DHSVM historic glacier + hydrology  Fall 2014 

Setup future climate forcings 

 Model analysis and refinement  Winter 2015 

Future climate analysis 

 Streamflow predictions generated for assessment sites  Spring 2015 

 

6.0 Expected Results and Significance of Research 

6.1 Simulation Results 

 This project will produce simulations of predicted Nooksack River hydrology at three 

specified times over the next century (2025, 2050, and 2080). Each simulation will be the result 

of two different RCP scenarios and will represent a range of potential climate trends. These 

predictions will be useful in assessing and planning for future water resource allocation in 

WRIA1. The calibrated Nooksack River Basin DHSVM will be available after the conclusion of 

this project for future use in the prediction of the effects of climate change and glacial recession 

on basin hydrology. As better climate predictions become available and new glacial data are 

collected, this model can be updated, giving additional insight into the watershed dynamics of 

the Nooksack basin. 

 Uncertainty exists in all numerical models and results should be considered a 

representation based on available tools and data. GCM forecasts are the largest sources of 

uncertainty in this project since they make generalizations about many climate parameters and 
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are at a coarse resolution relative to 50m model elements in a 2000km2 watershed. The 

parameterization of finer scale processes undoubtedly introduces assumptions that do not 

necessarily hold true in the natural climate system. As computers become more powerful, GCMs 

will increase in spatial resolution, making for more accurate climate predictions. An increase in 

resolution will also reduce the need for regional downscaling, another process that introduces 

some uncertainty into the final product. 

 There is also uncertainty introduced by the dynamic glacier model, which will be 

calibrated to only two glaciers with data in the Nooksack River basin. Future research beyond 

this project is recommended to incorporate observations from a multitude of Nooksack basin 

glaciers and small ice bodies with differing aspects, meteorological factors, sizes, and mass 

balances to produce a more accurate representation of the basin. While this project will improve 

the prediction of late summer streamflow by incorporating glacier dynamics and gridded climate 

change scenarios into the existing hydrologic modeling framework, future work can focus on 

improving the spatial distribution of predictions of small mountain glaciers in the Nooksack. 

6.2 Significance of Research 

 Climate studies have revealed changes to Earth’s dynamic climate system and have 

projected change and variability to continue into the foreseeable future. Changing climate 

conditions have the potential to alter the hydrology of much of the world with increasing 

temperatures, variable precipitation, reduced snow packs, and glacial recession. Shifts in the 

hydrologic cycle have the potential to impact water resources which are critical to individuals, 

communities, and natural habitats. In the PNW, where snow pack and glaciation is responsible 

for much of the summertime streamflow, understanding the potential effects of climate change is 

critical. In Northwest Washington State, an understanding of the sensitivity of the Nooksack 

River is necessary to assess future water resources for WRIA1. By using gridded meteorological 

data, downscaled predicted temperature and precipitation trends from climate models, and 

employing a coupled hydrology and glacial recession model, my project will contribute to a 

greater understanding of the hydrological factors affecting the Nooksack River basin especially 

during the late summer low flow season. Additionally, my project will allow for future students 

and professionals to continue this work as new technologies and resources become available. 
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8.0 Tables 

Table 1. Median seasonal streamflow percent change simulated using three GCM projections for periods 
centered on the years 2000, 2025, 2050, and 2075 relative to historic simulation of streamflow from 1950-
1999 (data from Dickerson-Lange and Mitchell, 2013). 
 

   Spring  Summer Autumn  Winter  Annual 

GISS_B1                

2000  16%  ‐3%  16%  28%  18% 

2025  28%  ‐12%  10%  28%  18% 

2050  28%  ‐22%  16%  34%  15% 

2075  31%  ‐26%  ‐5%  39%  14% 

Echam_A2                

2000  19%  11%  8%  13%  15% 

2025  21%  ‐16%  13%  35%  17% 

2050  29%  ‐28%  8%  44%  19% 

2075  19%  ‐50%  1%  86%  13% 

IPSL_A2                

2000  19%  ‐1%  6%  22%  17% 

2025  17%  ‐13%  10%  49%  20% 

2050  35%  ‐35%  ‐7%  60%  22% 

2075  33%  ‐48%  ‐17%  88%  20% 
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Table 2. Climate models which may be used for statistical downscaling using the MACA method as 
inputs for the DHSVM (http://maca.northwestknowledge.net/). 

Model 
Country of 
Origin  Description 

bcc‐csm1‐1  China  Beijing Climate Center, China Meteorological Administration 

bcc‐csm1‐1  China  Beijing Climate Center, China Meteorological Administration 

BNU‐ESM  China 
College of Global Change and Earth System Science, Beijing Normal 
University, China 

CanESM2  Canada  Canadian Centre for Climate Modeling and Analysis 

CCSM4  USA  National Center of Atmospheric Research, USA 

CNRM‐CM5  France  National Centre of Meteorological Research, France 

CSIRO‐Mk3‐6‐0  Australia 
Commonwealth Scientific and Industrial Research Organization/Queensland 
Climate Change Centre of Excellence, Australia 

GFDL‐ESM2M  USA  NOAA Geophysical Fluid Dynamics Laboratory, USA 

GFDL‐ESM2G  USA  NOAA Geophysical Fluid Dynamics Laboratory, USA 

HadGEM2‐ES 
United 
Kingdom 

Met Office Hadley Center, UK 

HadGEM2‐CC 
United 
Kingdom 

Met Office Hadley Center, UK 

inmcm4  Russia  Institute for Numerical Mathematics, Russia 

IPSL‐CM5A‐LR  France  Institut Pierre Simon Laplace, France 

IPSL‐CM5A‐MR  France  Institut Pierre Simon Laplace, France 

IPSL‐CM5B‐LR  France  Institut Pierre Simon Laplace, France 

MIROC5  Japan 
Atmosphere and Ocean Research Institute (The University of Tokyo), 
National Institute for Environmental Studies,and Japan Agency for Marine‐
Earth Science and Technology 

MIROC‐ESM  Japan 
Japan Agency for Marine‐Earth Science and Technology, Atmosphere and 
Ocean Research Institute (The University of Tokyo), and National Institute 
for Environmental Studies 

MIROC‐ESM‐
CHEM 

Japan 
Japan Agency for Marine‐Earth Science and Technology, Atmosphere and 
Ocean Research Institute (The University of Tokyo), and National Institute 
for Environmental Studies 

MRI‐CGCM3  Japan  Meteorological Research Institute, Japan 

NorESM1‐M  Norway  Norwegian Climate Center, Norway 
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9.0 Figures 

 
Figure 1. Hillshade map of the upper Nooksack River basin located in northwest Washington State. USGS 
stream gauges at within are shown with blue circles. Active SNOTEL stations at Elbow Lake (south fork), 
Middle Fork (middle fork), and Wells Creek (north fork) are indicated by red squares. Weather stations 
are indicated by magenta crosses.  
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Figure 2. IPCC 2013 summary estimates of average changes for various global climate events 
(Stocker et al., 2013). 
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Figure 3. Monthly median streamflow results at the USGS North Cedarville gauging station for 
the historical simulation (1950-1999) and for projected simulations at the years 2000, 2025, 
2050, and 2075 using three different GCMs. Climate conditions were downscaled from the 
GISS_B1 (top), the Echam5_A2 (center), and the IPSL_A2 (bottom) GCMs (Dickerson, 2010). 
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Figure 4. Schematic showing a GCM grid. Physical processes are simulated within each grid box 

as represented by the inset. Grid cell dimensions vary by GCM type. (Daniels et al., 2012) 
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Figure 5. First order processes and how they are simulated by the coupled glacier-hydrology 
model. Mass and energy fluxes are represented by blue and red arrows where PPT is 
precipitation; SWin is incoming short wave radiation; SWrefl is reflected shortwave radiation; 
LWin is incoming longwave radiation; LWout is emitted long wave radiation; SH is sensible heat; 
LE is latent heat; ET is evapotranspiration (Naz et al., 2014). 
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Figure 6. Example of the 1/16 degree MACAv2-LIVNEH average daily precipitation dataset 

overlain on the study area. 


