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The glaciated coastal mountain watersheds that drain into the Gulf of Alaska (GOA) 

provide a model laboratory to explore the challenges of hydrological modeling and study 

the impact of climate and glacier cover change on regional hydrology. The region is data-

sparse and contains a complex assemblage of topography and land cover, including a 

system of mountain glaciers that are retreating at some of the highest rates on Earth. The 

high rates of runoff from precipitation and glacial melt delivered by coastal rivers 

influence ocean circulation patterns, rates of global sea level rise, and provide spawning 

habitat for the large salmon populations. 

 

Physically-based hydrological modeling of the major water budget components of the 

GOA, driven using historical reanalysis weather data and land cover, reveals that the 

modeled water budget components, particularly precipitation input, vary widely between 

commonly-used weather products. The majority of the large freshwater flux into the 

GOA is derived from distributed coastal streams rather than the large inland rivers. The 

modeled seasonal aggregated GOA hydrograph is dominated by the spring and early 

summer snowmelt, and supplemented by late summer glacial ice melt. Model results 

demonstrate good agreement with NASA Gravity Recovery and Climate Experiment 

(GRACE) satellite data in terms of annual amplitudes and long term losses (ice loss), and 

suggest that existing GRACE solutions, previously reported to represent glacier mass 

balance alone, are actually measuring the full water budget of land and ice surfaces. 



 

 

An ensemble of climate models and future emissions scenarios were paired with 

systematically altered land cover to test the sensitivity of the hydrologic system to 

changes in regional climate patterns and glacier coverage representative of late twenty 

first century conditions. Compared with the hindcast simulations, the model results 

forced with increased regional air temperatures and precipitation inputs and reduced 

glacier cover produce an increase in the annual GOA freshwater discharge volume. The 

seasonal GOA hydrograph is flattened due to increased winter runoff from more winter 

rainfall and less snow accumulation, and lower levels of snowmelt and glacier ice 

contribution. Large uncertainties exist in the direction of change in the glacier runoff 

component, primarily due to uncertainties that exist in predicting glacier response to 

climate change. 

 

Hydrological modeling with high resolution and inclusion of relevant physical processes 

can produce significantly improved products that are of high value to and in demand by 

numerous other scientific communities. However, the value and accuracy of the output 

from the hydrologic model is highly dependent on the weather forcing quality. Given the 

considerable importance of quality weather forcing for hydrologic modeling, it is 

imperative to assess the suitability of multiple products by evaluating local and regional 

performance and accounting for uncertainty. Additional efforts should be made to 

improve the spatial resolution of the reanalysis through downscaling and to strategically 

increase the number of weather stations at high elevations and incorporate that data into 

weather forcing datasets.   
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Chapter 1: Regional scale modeling of climate, cryosphere, and 

freshwater discharge in changing coastal mountain environments 
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1. Introduction and Outline 

1.1 Background and Motivation 

1.1.1 Hydrologic Context 

The global hydrologic cycle involves a complex system of hydrologic fluxes that connect 

the water, energy, and biogeochemical cycles (Dingman, 2002). These hydrologic fluxes 

operate on a wide range of space and time scales and also reflect humans’ impact on the 

water cycle (Wagener et al., 2010). The major terms of the global water budget are 

relatively well known, due in part to improvements in reanalysis products and 

observation networks (Bosilovich et al., 2011; Dai et al., 2009; Trenberth et al., 2007), 

and the development of satellite programs aimed at hydrological monitoring (Vasiloff et 

al., 2007). However, significant knowledge gaps still exist in understanding water-cycle 

dynamics in a changing environment (Challenges and Opportunities in the Hydrologic 

Sciences, 2012). These include fundamental knowledge gaps in understanding the spatial 

and temporal characteristics of key hydrologic fluxes that link components of the water 

cycle, and an incomplete understanding of the hydrologic response to abrupt (short-term) 

and slowly varying (long-term) climate change. 

 

Across the globe, mountains serve as natural water towers that receive large amounts of 

precipitation and store water in the form of snowpack and glacier ice. High elevation 

regions more than 1500 m above sea level make up only 16% of the Earths continental 

surface (Figure 1.1), but these mountainous regions supply freshwater to approximately 

half of the world’s population for drinking, domestic use, irrigation, industry, and 

hydropower. For example, the ten largest rivers that originate in the Hindu Kush 

Himalayan region supply water to 20% of the global population (Dozier, 2011). 

Mountains generate disproportionally large discharge rates compared to neighboring 

lowlands that are highly reliable (low coefficient of variation in discharge), and snow and 

glaciers store winter precipitation and redistribute precipitation into spring and summer 

runoff when the demand is highest (Viviroli et al., 2010). This melting of the seasonal 
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snowpack and glacier ice is the main source of regional water supplies for many areas, 

including the western U.S. (Bales et al., 2006). 

 

Accurate characterization of the hydrology of mountain ranges is difficult due to many 

factors including (i) the much higher gradients and complexities of climate, terrain, and 

land cover than at lower elevations; (ii) high interannual variability in precipitation 

inputs; (iii) lack of process understanding and monitoring, particularly of the energy 

balance components in the seasonal snow; and (iv) sparsely distributed observation 

networks that result in under sampling (Bales et al., 2006). Approximately 95% of 

weather stations in the global Integrated Surface Database (Smith et al., 2011) exist at an 

elevation of 1500 m or less (Figure 1.2). The partitioning of watershed-scale runoff from 

mountain ranges into its constituent sources (rainfall, snow, and ice melt) remains poorly 

constrained, mainly due to challenges linking point observations (i.e. snow depth) to 

integrated water fluxes (i.e. stream discharge) measured at the watershed scale 

(Immerzeel et al., 2012; Pellicciotti et al., 2012). Assessments of winter snowpack 

storage based on ground measurements are often used to forecast spring and summer 

river flows, and even in well monitored basins these result in large forecast errors. This 

has prompted the need for more physically-based approaches using models, remote 

sensing, and data-intensive analyses to more accurately assess mountain hydrology 

(Dozier, 2011).  

 

Mountain (non-ice sheet) glaciers cover ~734,400 km
2
 (0.5%) of the global land area 

(Gardner et al., 2013; Figure 1.3). The presence of glaciers adds another layer of 

hydrologic complexity that is not found in non-glaciated watersheds with only rain and 

snow. This is because the runoff includes contributions from rainfall and snowmelt, as 

well as contributions from annual glacier mass change, which is the difference between 

the amount of snow and ice accumulation on the glacier and the amount of snow and ice 

ablation (melting and sublimation) lost from a glacier (O’Neel et al., 2014). Figure 1.4 

shows a conceptual drawing of the main fluxes in a glacier mass balance: an area of 
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accumulation (mass gain) from mainly snowfall, an area of ablation (mass loss) from 

mainly melting and sublimation, the equilibrium line (zero net change) in between, and 

glacier flow from high elevations to glacier terminus. The annual discharge from glacier 

fed streams can be two to ten times more than nearby non-glaciated watersheds of similar 

size; runoff variability in the former is controlled mainly by surface energy fluxes 

whereas runoff variability in the latter is controlled by precipitation inputs (Nolin et al., 

2010).  

 

In glaciated coastal watersheds (Figure 1.5), such as those in Alaska, Patagonia, New 

Zealand, and Scandinavia, strong linkages exist between the terrestrial hydrologic cycle 

and the nearshore marine ecosystem. There is a tight connection between the coastal 

watersheds and the ocean which ensures short delivery times of riverine materials such as 

sediment, organic matter, and nutrients (O’Neel et al., 2015). Many of these coastal rivers 

provide spawning habitat for anadromous fish (e.g. salmon). Further downstream, the 

interaction between the river discharge and the strong tidal mixing produces dynamic 

physical and ecological nearshore environments (Etherington et al., 2007a). Therefore, 

the land-to-ocean water flux delivered from coastal mountain environments is an 

important boundary condition for near-shore marine ecosystems. 

 

1.1.2 Hydrologic Change 

For watersheds dominated by snow-melt, it has been established that runoff is sensitive to 

changes in precipitation and air temperature due to changing climate (Barnett et al., 

2005). Changes in precipitation generally result in changes in runoff volume and spring 

snowpack volume, whereas changes in air temperature cause changes in runoff timing. 

For example, warming air temperatures in a snow-dominated basin would cause an 

earlier snowmelt onset and decreased winter snowpack, leading to a decline in late 

summer / fall streamflow. Streamflow regimes in these basins appear to be most sensitive 

to changes in mid-winter air temperatures (Barnett et al., 2005). General circulation 
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models (GCMs) predict a global warming trend over the 21
st
 century (IPCC, 2013), and 

changes in air temperature are better constrained than changes in precipitation. The 

largest regional warming trends tend to occur in the snow-dominated basins of mid- to 

high-latitudes (IPCC, 2013). There is also a growing body of evidence that high mountain 

environments are experiencing higher rates of warming than environments at lower 

elevations (Mountain Research Initiative EDW Working Group, 2015), which has 

important implications for mountain snowpack, glaciers, and associated runoff. 

 

Nearly all mountain glacier regions are losing large amounts of water (Gardner et al., 

2013), with the largest losses occurring in Alaska, Arctic Canada, High Mountain Asia, 

and southern Andes. Gardner et al. (2013) found that from 2003 to 2009 water loss from 

mountain glaciers contributed 0.71 mm yr
-1

 sea level equivalent (SLE) to global sea level 

rise, or about 30% of the observed sea level rise for that period. The recent accelerated 

global glacier mass loss and retreat has raised concerns about the sustainability of water 

supplies in many regions of the world. With the general consensus of hydrologic impacts 

of global climate change, there is a need to quantify the regional changes in glacier runoff 

and determine the downstream impact (Radić and Hock, 2013).  

 

At the regional to watershed scale, glacier runoff is an important contributor and 

modulator of river flow (Radić and Hock, 2013). Glacier watersheds have a different 

potential hydrologic response than non-glacier watersheds, because in addition to 

changing climate the response is also driven indirectly by changes in glacier cover. 

Figure 1.6 shows the likely phases of runoff change in a glacier catchment, with the blue 

line (t1) showing present day glacier extent and runoff hydrograph. At t2, additional 

meltwater is released from warmer temperature and glacier mass loss resulting in 

increased summer runoff. Later, at t3, the glacier shrinks in size to the point that glacier 

runoff does decrease, and the hydrologic regime can transition to one more influenced by 

seasonal snowmelt and rainfall events.  
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1.1.3 Observational and Modeling Strategies 

Given the magnitude and importance of present and projected future hydrologic fluxes in 

mountain environments, it is ideal to analyze them using a broad portfolio of strategies 

for gathering information. From an observational point of view, mountains are difficult to 

study due to the bias towards low-elevation weather stations (Figure 1.2), stations with 

short periods of record and / or data gaps, and unreliable measurements of precipitation 

due to gage under catch (especially snowfall). The lack of high elevation weather stations 

limits the ability to develop accurate runoff and discharge models (necessary for flood 

forecasting and water resource planning), and motivates other strategies for gathering 

observational information in data-sparse mountain environments. 

 

The Snowpack Telemetry (SnoTel) system operated by the National Resource 

Conservation Service (NRCS) is used to collect snow precipitation, snow water 

equivalent, and other climate data from remote, high elevation locations in thirteen 

western U.S. states. Currently there are 859 SnoTel sites located in these states with a 

mean elevation of 2170 m above sea level (Figure 1.7). In high elevation states such as 

Utah, Wyoming, and Colorado, some stations have elevations exceeding 3000 m. For 

SnoTel stations in Alaska (n = 61), the mean elevation is lower at 470 m, with only five 

stations located above 1000 m. Additionally, most sites are clustered near major 

population centers such as Anchorage. 

 

Atmospheric reanalysis is a high-spatiotemporal-resolution gridded weather product that 

is made by assimilating historical observations into a physically consistent weather 

forecast model (Lader et al., 2016). Reanalysis assimilates a mixture of surface, 

dropsonde, and satellite observations with model forecasts to provide globally continuous 

data at a high resolution (Bosilovich et al., 2011). There are several reanalysis products 

available and most cover the period 1979 to present. Reanalysis provide meteorological 

forcing data such as precipitation, temperature, humidity, and wind on a subdaily time 

step at spatial resolutions ranging from tens to hundreds of km (Lindsay et al., 2014). 
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Products such as NASA’s Modern Era Retrospective Analysis for Research and 

Applications (MERRA; Rienecker et al., 2011), have a particular focus of assimilating in 

data to improve the representation of the water cycle while taking advantage of modern 

satellite era datasets (Liston and Hiemstra, 2011). However, due to a lack of observations 

to assimilate in data sparse environments, the accuracy of the reanalysis reverts to the 

native weather forecast model.  

 

Data from the NASA/DLR Gravity Recovery and Climate Experiment (GRACE) have 

been fundamental tools for assessing mass variations of alpine and high latitude regions 

(Wouters et al., 2014). Most research to date has focused on the ice sheets, where the 

uniformity of land cover type minimizes the number of different geophysical signals that 

need to be partitioned in GRACE processing (Shepherd et al., 2012). In contrast, non-ice 

sheet (mountain glacier) regions usually exist within a dispersed mixture of land and 

ocean cover types that often include complex fjords, coastal temperate rainforests, lakes, 

rivers and seasonal snowpacks. GRACE has been applied to alpine regions and has 

focused on recovering the cumulative change in mass in order to estimate seasonal 

balances and long term trends in ice storage of the Canadian high Arctic (Gardner et al., 

2011; Lenaerts et al., 2013) and Alaska (Arendt et al., 2013; Luthcke et al., 2013) where 

glacier volume loss signals are assumed to be the dominant driver of changes in 

hydrological storage.  

 

Despite these observational assets, there are still gaps in what we know and modeling 

helps to fill those gaps. For modeling the hydrology in snow- and glacier-dominated 

basins, there are three major classes of models: statistical, conceptual (degree day, etc.) 

and physically-based (i.e. energy-balance). Each has advantages and disadvantages and 

differing levels of suitability for future projections studies. The simplest methods are 

empirically or statistically based, and contain no actual physics. Statistical runoff models 

predict a range of monthly or seasonal streamflow from a basin using measurements of 

predictor variables such as peak snow water equivalent (SWE) depth or seasonal 
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precipitation (Garen, 1992). These methods are easy to apply, require little input data, 

and are generally very accurate for average hydrologic conditions. You cannot expect to 

predict outside of the normal range during unusual or extreme hydrologic conditions, and 

care must be taken when transferring the models to other basins without local calibration. 

Additionally, due to the assumption of stationarity that goes into the development of 

statistical models, they are generally unsuitable for future projection studies. 

 

More sophisticated models (Figure 1.8) attempt to model various physical processes. For 

example it is common to parameterize snow and ice melt solely as a function of air 

temperature, so-called degree day or temperature index models (Hock, 2003). This is a 

simplification since it omits the actual processes (heat flux, etc.) that cause melt. 

Conceptual models have relatively modest input data requirements which make them 

popular and computationally inexpensive to run. 

 

The most complex models physically represent each component of the surface energy 

balance, including the incoming and outgoing radiation fluxes and turbulent surface 

fluxes (Hock, 2005; Liston and Elder, 2006b). These methods have significant input data 

requirements, typically many model parameters, and they can be computationally very 

expensive. They are the most robust, however, and, given that they directly model 

physical process, they are the best suited for future projection studies. 

 

1.1.4 Coastal Mountain Alaska 

Alaska is a unique ‘model laboratory’ through which to explore the challenges of 

regional hydrological modeling. It is characterized by geographic and climatic extremes 

and boasts a complex assemblage of topography and land cover. This is particularly true 

along the southern coastline where there is a rapid transition from marine estuaries and 

fjords to temperate rainforests to high mountain ranges over relatively short distances 

from the coast (O’Neel et al., 2015). In relation to more heavily studied temperate 
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locations (lower 48), and due in part to geographical challenges and isolation, Alaska is 

comparatively data-sparse.  

 

Alaska is also unique due to the annual amplitude of its hydrologic signature. The 

watersheds bordering the Gulf of Alaska (GOA) combine to discharge approximately 850 

km
3
 yr

-1
 of freshwater to the ocean (Hill et al., 2015), and comprise the single largest 

freshwater discharge system in North America (Royer and Grosch, 2006).  This annual 

discharge is about four times that of the Yukon River, the largest River in Alaska, and 

about 60% greater than the Mississippi River, which drains parts of 31 states and has a 

land mass nearly 6 times the size of the GOA drainage.   

 

The GOA region experiences extreme year-to-year variability in precipitation and 

temperature that is reflected in the substantial runoff variability, in both magnitude and 

seasonal timing (Hill et al., 2015; O’Neel et al., 2015). This large interannual hydrologic 

variability can be larger than the detected trends, preventing trend detection and 

profoundly impacting the ecosystem (O’Neel et al., 2014). The climate is influenced by 

regional, decadal timescale climate processes (e.g. El Nino Southern Oscillation, ENSO; 

Pacific Decadal Oscillation, PDO). During the warm phases of ENSO (El Nino) and PDO 

(warmer temperatures, less snowfall), hydrographs from rivers in SE Alaska generally 

have increased winter discharge, an earlier spring snowmelt freshet, and lower late 

summer flows relative to the cold phases (Neal et al., 2002; Fleming et al., 2016). These 

shifts in the seasonal timing of discharge are primarily driven by warmer temperatures 

that result in more winter precipitation falling as rain and running off, lower snowpack 

storage, and earlier spring snowmelt and summer baseflow recession. Increased fall / 

winter discharge during the El Nino phase of ENSO also suggests higher rainfall runoff 

due to more heavy precipitation events (Fleming et al., 2016). Understanding this 

historical variability is crucial for predicting how watersheds may respond to longer-term 

climate shifts. 
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Alaska is presently experiencing changes to its freshwater systems including shrinkage of 

glaciers (Figure 1.9), thawing permafrost, earlier peak flows in snowmelt-dominated 

rivers, and increased wildfires (IPCC AR5, 2014). Over the past 50-60 years, 

temperatures in Alaska have increased at more than twice the rate at the rest of the United 

States and the current rates of glacier mass loss in the GOA are among the highest on 

Earth (Arendt, 2002; Gardner et al., 2013). Alaska is also expected to be highly 

susceptible to future climate changes. Annual air temperatures in Alaska are projected to 

continue to increase significantly this century, even with substantial reductions in 

greenhouse gas emissions. Figure 1.10 shows the projected changes in mean annual air 

temperature (MAAT) for Alaska and western Canada based on GCM output from the 

Coupled Model Intercomparison Project Phase 5 (CMIP5). Historical MAAT (Figure 

1.10a) ranges from 5 to 7 °C in SE Alaska to -10 to -12 °C in the high mountains and 

North Slope of Alaska. For the low emissions scenario (RCP 4.5; Figure 1.10b) MAAT 

increases by 2 to 4 °C by end of century. For high emissions scenario (RCP 8.5; Figure 

1.10c) MAAT increases by 4 to 8 °C with the largest increases occurring in northern 

Alaska. 

 

In this warmer future, the vast glaciers that span Alaska’s mountains will likely melt 

more rapidly (Huss and Hock, 2015), causing increases in freshwater discharge to rivers 

and oceans. The change in the glacier volume and extent will continue to impact the flow 

regime and chemistry of coastal rivers, and the nearshore marine ecosystems. O’Neel et 

al., (2015) identified the potential impacts of glacier change on surface water hydrology, 

biogeochemistry, nearshore oceanography, and aquatic ecology. 

 

1.2 Objectives of this research 

The over-arching goal of my Ph.D. research is to improve the understanding of regional-

scale hydrology and hydrologic change in coastal mountain environments. I do so 

primarily by applying, improving, and validating physical process-based models designed 
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for high-latitude and mountain hydrology using the Gulf of Alaska as a test case. Of 

particular interest is the spatial variability of the partitioning of runoff into its constituent 

sources. Through carefully designed sensitivity studies, I illustrate how this partitioning 

changes on a century time scale and which agents of change (precipitation, land cover, 

temperature) are primarily responsible. Finally, my work illustrates how high resolution 

modeling can be used to improve GRACE estimates of water storage in mountain 

environments. Specific objectives, which map to the two main technical chapters 

(Chapters 2 and 3) in this thesis include: 

 

1. Use regional-scale modeling to constrain of the magnitude, timing, distribution, and 

sources of runoff in the GOA. 

1a. Model all water budget terms and determine the variability associated with 

choice of weather forcing data. 

1b. Determine the partitioning, including spatial and seasonal variations, of runoff 

into source waters (rainfall, snowmelt, and ice melt). 

1c. Use the modeled water balance results to interpret the GRACE satellite data 

for the GOA region. 

 

2. Use regional-scale modeling to constrain the expected changes in GOA hydrologic 

change due to changing climate inputs and changing land cover. 

2a. Determine the changes in coastal runoff that will occur due to increases in 

precipitation and temperature and decreases in glacier cover. 

2b. Quantify the uncertainty in runoff due to uncertainty in input weather data. 

2c. Identify the relative importance of changes in precipitation, temperature, and 

land cover in affecting hydrologic change. 
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1.3 Organization of Dissertation 

This dissertation is organized into: (i) an introductory chapter (this one); (ii) two main 

topical chapters that address the stated objectives; and (iii) a chapter that focuses on 

discussion and synthesis. Each chapter builds on the previous ones, with the complete 

document providing a comprehensive study of freshwater discharge from coastal 

mountain environments. Below, a brief synopsis of each chapter is provided, to help 

orient the reader to the content of this dissertation. 

 

1.3.1 Chapter 2: High-resolution modeling of freshwater discharge and glacier 

mass balance in the Gulf of Alaska Watershed (Published in Water 

Resources Research, May 2016) 

In Chapter 2 I present a high-resolution analysis of freshwater discharge into the Gulf of 

Alaska (GOA) using a suite of physically based energy-balance models. This is the first 

time energy-balance models have been applied to the GOA region. Multiple reanalysis 

products were used to drive the models in order to constrain the level of uncertainty due 

to choice of weather product and it was determined that the Climate Forecast System 

Reanalysis (CFSR) provided the best results, from a regional perspective. Model 

estimates of terrestrial water storage were compared were compared to Gravity Recovery 

and Climate Experiment (GRACE) and airborne altimetry data for further independent 

validation. The results suggest that existing GRACE solutions, previously reported to 

represent glacier mass balance alone, are actually measuring the full water budget of land 

and ice surfaces, indicating that improved forward modeling of hydrology is needed in 

the GRACE processing chain. 

 

A notable feature of this work has been our efforts to deliver data to stakeholders and the 

public in a graphical, intuitive fashion. In collaboration with Axiom Data Science 

(http://www.axiomdatascience.com/) and the Alaska Ocean Observing System 

(http://www.aoos.org), we have begun serving gridded runoff and snowpack (snow-water 

http://www.axiomdatascience.com/)
http://www.aoos.org)/
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equivalent; SWE) data via the AOOS portal. Users are able to zoom (Figure 1.11) to a 

cell of interest, visualize the spatial structure of runoff and snowpack, and download 

complete time series (35 year hindcast) of these variables. 

  

1.3.2 Chapter 3: Hydrologic impacts of changes in climate and glacier extent in the 

Gulf of Alaska watershed (To be submitted to Water Resources Research, 

June 2016) 

In Chapter 2 I characterized the historical (1980-2014) GOA runoff and composition. In 

Chapter 3 I present possible scenarios of how the regional hydrology could change in the 

future by systematically perturbing the main drivers of change (air temperature, 

precipitation, glacier cover), using a range of likely scenarios. An ensemble of future 

simulations for the end-of-century period (2070-2099) was generated by combining the 

CFSR reanalysis with Scenarios Network for Alaska and Arctic Planning (SNAP) 

downscaled temperature and precipitation climatologies. Two Coupled Model 

Intercomparison Project Phase 5 (CMIP5) emissions scenarios (RCP4.5, and 8.5) and five 

climate models were considered and a hypsographic model was used to estimate future 

glacier covered area and geometry using equilibrium line altitude (ELA) increases 

consistent with these scenarios. The various climate models and emissions scenarios were 

paired with the altered land covers in various combinations in order to test the sensitivity 

of the hydrologic system to changes in forcing. Both the GOA-aggregated results and 

results for individual watersheds are useful in terms of identifying the hydrologic regime 

changes that will accompany a changing climate in Alaska. 

 

1.3.3 Chapter 4: Discussion and Synthesis 

The final chapter of my dissertation provides overall discussion and synthesis of the work 

I have carried out over the past several years. Strengths and weaknesses of the modeling 

approach are identified, a discussion of uncertainty is provided, and recommendations for 

improving the methods moving forward are offered. 
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In a more minor role, I have made additional contributions as a coauthor on two 

manuscripts as part of Coastal Water Resources Group at Oregon State. In the first paper 

I adapted a hydrologic model for the Tillamook Bay watershed to produce streamflow 

hydrographs flowing into the bay, for historical and future scenarios to serve as 

freshwater input into a tidal hydrodynamic model (Cheng et al., 2015). In the second 

paper I analyzed monthly time series of remotely sensed ET products from the MODIS 

satellite to produce monthly regional ET volumes in the Gulf of Alaska drainage basin 

(Hill et al., 2015). This ET time series was combined with precipitation and runoff data to 

calculate a monthly water balance to compare with GRACE data.   
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1.5 Figures 

 

 

Figure 1.1. Map showing global distribution of high elevation areas greater than 1500 m. 

 

 

 
 

Figure 1.2. Cumulative distribution of station elevations (n = 27,500) from Integrated 

Surface Database. 
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Figure 1.3. Map showing global distribution of glacier regions. 

 

 

 

 
 

Figure 1.4. Conceptual drawing of a glacier surface mass balance. 
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Figure 1.5. Conceptual picture of glaciated coastal mountain watersheds (Source: Kristin 

Timm, in O’Neel et al., 2015). 
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Figure 1.6. Conceptual drawing of evolution of runoff hydrograph as glacier recedes 

showing three phases (present, near future, far future). 
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Figure 1.7. Cumulative distribution of station elevations (n = 859) from NRCS SnoTel 

stations. 
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Figure 1.8. Conceptual drawing comparing the components of the energy balance and 

temperature index melt models. In the energy-balance model, symbols are: energy 

avalailable for melt (Qm), shortwave radiation (K), longwave radiation (L), snow and ice 

albedo (αsnow/ice), sensible (QH) and latent (QL) heat flux. In temperature index model, 

symbols are: melt rate (M), degree day factor (DDF), and positive degree days (T
+
). 
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Figure 1.9. Repeat photography of Muir Glacier located in Glacier Bay National Park 

taken in 1941 (top) and 2003 (bottom). Photo credit: USGS. 

 

 
 

Figure 1.10. Maps of downscaled 2-km historical mean annual air temperature (MAAT) 

grids and future changes in Alaska and western Canada from Scenario Network for 

Alaska + Arctic Planning (SNAP; https://www.snap.uaf.edu/).  (a) – MAAT (in °C) for 

the historical period 2000-2009; (b) – Change in MAAT between periods 2000-2009 and 

2090-2099 using the 5-model mean for RCP 4.5 scenario; (c) - Change in MAAT 

between periods 2000-2009 and 2090-2099 using the 5-model mean for RCP 8.5 

scenario. 

https://www.snap.uaf.edu/
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Figure 1.11. Example of a modeled hydrograph download from the AOOS website.  
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2. High-resolution modeling of freshwater discharge and glacier mass balance in 

the Gulf of Alaska Watershed 

2.1 Abstract 

A comprehensive study of the Gulf of Alaska (GOA) drainage basin was carried out to 

improve understanding of the coastal freshwater discharge (FWD) and glacier volume 

loss (GVL). Hydrologic processes during the period 1980-2014 were modeled using a 

suite of physically based, spatially distributed weather, energy-balance snow/ice melt, 

soil water balance, and runoff routing models at a high resolution (1 km horizontal grid; 

daily time step). Meteorological forcing was provided by the North American Regional 

Reanalysis (NARR), Modern Era Retrospective Analysis for Research and Applications 

(MERRA), and Climate Forecast System Reanalysis (CFSR) datasets.  Streamflow and 

glacier mass balance modeled using MERRA and CFSR compared well with 

observations in four watersheds used for calibration in the study domain. However, only 

CFSR produced regional seasonal and long term trends in water balance that compared 

favorably with independent Gravity Recovery and Climate Experiment (GRACE) and 

airborne altimetry data. Mean annual runoff using CFSR was 760 km
3
 yr

-1
, 8% of which 

was derived from the long-term removal of stored water from glaciers (glacier volume 

loss). The annual runoff from CFSR was partitioned into 63% snowmelt, 17% glacier ice 

melt, and 20% rainfall. Glacier runoff, taken as the sum of rainfall, snow and ice melt 

occurring each season on glacier surfaces, was 38% of the total seasonal runoff, with the 

remaining runoff sourced from non-glacier surfaces. Our simulations suggests that 

existing GRACE solutions, previously reported to represent glacier mass balance alone, 

are actually measuring the full water budget of land and ice surfaces. 

 

Keywords: Computational hydrology, energy balance, snow and Ice, streamflow 
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2.2 Introduction 

The southern coastline of Alaska and northwestern Canada spanning the Gulf of Alaska 

(GOA; Figure 2.1a) is unique due to the rapid transition from marine estuaries and fjords 

to temperate rainforests to high mountain ranges over relatively short distances from the 

coast [O’Neel et al., 2015]. Steep topography and a coastal marine climate combine to 

produce extreme rates of precipitation and the formation of extensive glaciers. Rainfall 

and the melting of snow and ice have been estimated to generate an average freshwater 

flux of 850 ± 120 km
3
 water equivalent (w.eq.) yr

-1
 [Hill et al., 2015], with 7% from 

glacier volume loss (GVL). This flux into the GOA has strong effects on local 

[Etherington et al., 2007] and regional [Weingartner et al., 2005] oceanography. The 

timing and magnitude of this freshwater flux is likely to change under climate warming 

scenarios due to enhanced snow and ice melting [Radić and Hock, 2013], changes to the 

snow/rain fraction and possible changes to future rates of precipitation.  

 

A more complete understanding of the hydrologic budget, and its sensitivity to these 

changes, in the GOA and in coastal mountain environments is valuable in terms of water 

quality and water quantity. Regarding water quality, runoff from glaciers and seasonal 

snow is an important control on the physicochemical properties of freshwater and 

nearshore marine ecosystems along the GOA. From a physical standpoint, glaciers and 

snow cover strongly influence summer stream temperatures [Fellman et al., 2014] and 

thus the timing of salmon spawning [Lisi et al., 2013] in coastal watersheds. From a 

biogeochemical standpoint, discharge from glaciers has been shown to be an important 

source of bioavailable carbon for heterotrophic microorganisms in rivers [Fellman et al., 

2015; Singer et al., 2012] and nearshore marine ecosystems [Fellman et al., 2010; Hood 

and Berner, 2009]. Regarding water quantity, many previous studies [e.g., Wang et al., 

2004] have omitted evapotranspiration, likely over-estimating coastal runoff. In addition, 

most previous studies have been able to capture only seasonal and inter-annual variation 

in discharge, effectively low-pass filtering the runoff hydrograph to the coast. 
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Several previous studies have focused on quantifying the water balance of the total GOA 

watershed [Royer, 1982; Wang et al., 2004; Neal et al., 2010; Hill et al., 2015]. Although 

there are considerable differences in resolution and design of these studies, all predict 

similar mean annual GOA runoff values (700-900 km
3
 w.eq. yr

-1
) during the period 1961-

2009. However, little to no attention was paid to the watershed-scale physical processes 

that control the release of water from storage in snowpack and glaciers, and the 

partitioning of rainfall and meltwater into evapotranspiration (ET) and runoff (snow melt, 

ice melt, and rainfall runoff). 

 

The current study applies a distributed hydrological modeling system to the GOA 

watershed and distinguishes itself from previous efforts in several important ways. First, 

regarding modeled processes, a physically based gridded energy-balance model is used to 

melt the snowpack and glacier ice, providing insight into inter-annual fluctuations in 

glacier runoff. Additionally, the modeling system is modified to account for ET and soil 

moisture from non-glacier land surface and water bodies. As a result, it is now possible to 

partition hydrologic fluxes in terms of inputs (rainfall, snow-melt, ice-melt) and outputs 

(coastal runoff, ET, sublimation). This ability to both partition water sources in this 

mountainous ecosystem is critical for predicting both physical and biophysical changes in 

downstream aquatic ecosystems. Second, this study carefully considers the impact of 

variability in the weather forcing data on model output. Previous efforts have considered 

only a single weather product and the selected product has varied among studies, making 

direct comparisons of results problematic. Here we use four different reanalysis weather 

input products and investigate the resulting variability in the modeled hydrological 

budget. Third, this study utilizes a wide range of validation data, including glacier mass 

balance, streamflow, and remote sensing data, to assess performance of model and 

meteorological forcing datasets. Most previous studies [e.g., Wang et al., 2004] used only 

streamflow as a performance metric that may mask offsetting model errors. 
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Finally, this study provides significant insight into methods for utilizing gravimetric 

measurements to assess hydrological changes in mountain environments. We compare 

model simulations of regional water storage changes generated by glaciers and snowpack 

to data from the National Aeronautics and Space Administration (NASA)  / German 

Aerospace Center (DLR) Gravity Recovery and Climate Experiment (GRACE) high 

resolution mascon solutions [Luthcke et al., 2013]. The highly distributed nature of the 

energy-balance model used in this study allows analysis of water fluxes and storage 

changes on both glacier and non-glacier surfaces. We use this to assess the extent to 

which previous GRACE studies have been able to isolate glacier hydrology from other 

seasonally-varying signals, and we use this to provide a roadmap for improved 

interpretation of GRACE data for assessing the hydrology of the GOA region. 

 

2.3 Study Area 

The GOA drainage basin shown in Figure 2.1b was delineated from the GTOPO (Global 

30 Arc-Second Elevation) digital elevation model with the coastal boundary running 

from the Alaska-Canadian border to Wide Bay on the Alaska Peninsula. This drainage 

contains hydrologic unit 4 (HUC4) 1901 (Southeast Alaska) and 1902 (Southcentral 

Alaska) from the national hydrography dataset (NHD) along with portions of western 

Canada, and has a total area of 420,300 km
2
. The elevation ranges from sea level to 6200 

m, and four major mountain ranges broadly define the landscape. The Alaska-Aleutian 

Range forms the western and northern edge, the Chugach Mountains form a rim near the 

central coast, and the Wrangell Mountains lie northeast of the Chugach Range and south 

of the Alaska Range. The Chugach and Wrangell ranges merge with the St. Elias 

Mountains, extending southeast through Canada and the Alaska panhandle as the Coast 

Range. The land cover in the GOA basin is a mixture of forests (30%), grassland/shrub 

(27%), bare soil/rock (18%), permanent snow/ice (17%), and lakes/wetlands (8%), based 

on the North American Land Change Monitoring System (NALCMS) land cover map 

(http://landcover.usgs.gov/nalcms.php, last accessed 13 Oct 2014).  
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The complex topography of the GOA basin is matched by a complex mix of climate 

zones [Bieniek et al., 2012], ranging from a maritime region, which includes southeastern 

Alaska, the south coast, and southwestern islands; a continental zone in the interior basin 

areas; and a transition zone between the maritime and continental zones that includes the 

southern portion of the Copper River watershed, the Cook Inlet area, and the northern 

extremes of the south coast area. The high mountains (elevations > 4 km) along the GOA 

coastline coupled with abundant moisture produce precipitation amounts in excess of 12 

m w.eq. yr
-1

 in the southeastern panhandle, and averaging 2.0 m w.eq. yr
-1

, arriving 

primarily in autumn and winter as snow [McAfee et al., 2013]. Bieniek et al. [2014] 

analyzed divisional and statewide changes in air temperature and precipitation for Alaska 

from 1949-2012. During this time period the statewide mean annual air temperature 

increased by 1.7 °C, with strongest warming in the winter (3.7 °C). Changes in 

precipitation were less obvious due to geographical and seasonal heterogeneity, but their 

findings indicated an increase in precipitation in the southern coastal divisions in autumn 

and winter, with decreases in the spring months.   

 

Abundant snow accumulation has created a dense network of glaciers in the GOA 

watershed (Figure 2.1c) with an area of 72,302 km
2
 of which tidewater and lake / river 

terminating glaciers comprise 13% and 19% of the total glacier area, respectively [Pfeffer 

et al., 2014]. Despite the potential for rapid dynamic ice discharge from tidewater and 

lake glaciers, the mass balance of GOA glaciers during 1994-2013 has been dominated 

by mass losses from land terminating glaciers that are controlled primarily by climate 

variability [Larsen et al., 2015]. The average length of streams connecting the glaciers to 

the ocean is approximately 10 km, resulting in rapid delivery of glacier-derived runoff 

and nutrients to estuaries and fjords, forming a strong link between the terrestrial 

hydrologic cycle and the nearshore environment [Hood et al., 2015; O’Neel et al., 2015]. 
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2.4 Data and Methods 

2.4.1 Water Balance and Hydrologic Partitioning 

The water balance for the GOA watershed is given by 

 

 dS

dt
= P − (ET + SU) − R − D 

(1) 

 

where S is the volume of water stored in the watershed, and the precipitation input P, 

evapotranspiration ET, snow sublimation SU, runoff R, and ice discharge D are all taken 

to be in rate form. In the GOA watershed, coastal FWD is the runoff R term, and glacier 

mass storage is a component of the S term. We assume D from tidewater glaciers to be a 

negligible contributor to FWD for reasons discussed below. We partition the hydrologic 

source water by separating the R term into three main constituent parts: meltwater from 

the snowpack base, direct rainfall onto snow-free surfaces, and meltwater from glacier ice 

surfaces once snowpack is removed. R can also be separated further into glacier and non-

ice land surfaces. All terms on the right hand side need to be determined to compare 

water storage changes with those from GRACE data. 

 

The calculation of D is complex due to the difficulty in measuring and modeling calving 

fluxes from tidewater glaciers. Existing studies provide estimates of tidewater glacier 

frontal ablation, a term that includes iceberg calving (D) as well as the melt rate at the 

glacier terminus. Values range between 19 km
3
 w.eq. yr

-1
 for the period 1980-1999 (Huss 

and Hock [2015]) and 15.1 km
3
 w.eq. yr

-1
 for the period 1985-2013 (McNabb et al. 

[2015]), using model simulations and satellite observations, respectively. This is 

approximately 7-8% of annual average Alaska glacier ablation rates. Larsen et al. [2015] 

used airborne altimetry data to measure 1994-2013 Alaska glacier-wide mass changes 

due to climate and ice dynamics. They show that the combined tidewater glacier mass 

balance (~ -5 km
3
 w.eq. yr

-1
) was less negative than land-terminating Alaska glaciers, 

likely due to a slowdown in their dynamic mass changes.  Because these studies do not 
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allow us to directly estimate the ice dynamics contribution to mass loss, we do not 

formally include D in our water balance calculations. Below we provide estimates of the 

possible impact of neglecting D on our cumulative mass balance calculations. 

 

2.4.2 Model Description 

SnowModel-HydroFlow is a suite of distributed, physically-based meteorological 

[MicroMet; Liston and Elder, 2006a], energy-balance snow and ice melt [SnowModel; 

Liston and Elder, 2006b], and linear-reservoir runoff routing [HydroFlow; Liston and 

Mernild, 2012] models designed for climates and landscapes where snow and ice are 

present. We have added to this suite a simple soil water balance model (SoilBal) that 

simulates the pathways of precipitation and snowmelt in evapotranspiration, infiltration 

into soils, surface and baseflow runoff. 

 

SnowModel and HydroFlow have previously been applied in large domain simulations to 

estimate trends in Pan-Arctic snow cover and depth using a 10-km grid size and 3-hr 

timestep [Liston and Hiemstra, 2011], Greenland ice sheet surface mass balance and 

freshwater discharge estimates using a 5-km grid size and daily timestep [Mernild et al., 

2011; Mernild and Liston, 2012], and northern hemisphere glacier and ice sheet surface 

mass balance using a 1-km grid size and 3-hr timestep [Mernild et al., 2014], among 

other studies. The following sections give a general description of each of the sub-models 

we used, and how the input data (elevation, land cover, soil texture, and weather) were 

generated. Readers should refer to original publications for more detailed model 

descriptions. A list of primary model parameters, their default values, and key citations 

are given in Table A1 of the Appendix. Section 3.4 provides a description of the model 

parameter optimization process. 
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2.4.2.1 MicroMet 

MicroMet [Liston and Elder, 2006a] is a data assimilation and interpolation scheme that 

defines meteorological forcing conditions on the high resolution grid of the DEM and 

land cover. We used MicroMet to interpolate air temperature, precipitation, humidity, 

wind speed and wind direction from coarse-resolution reanalysis grid cell centers to a 

fine-scale model grid, based on known relationships between weather variables and 

topography. We also used MicroMet to generate solar and incoming longwave radiation 

estimates based on topographic slope, aspect and cloud cover derived from relative 

humidity and temperature observations.   

 

2.4.2.2 SnowModel 

SnowModel [Liston and Elder, 2006b], is a spatially-distributed snow evolution modeling 

system designed for application in landscapes and conditions where snow and ice occur. 

The model uses meteorological input from MicroMet to compute the full evolution of 

snow water equivalent (SWE) which includes: (1) accumulation from snow precipitation; 

(2) blowing-snow redistribution and sublimation; (3) snow-density and mass transfer 

evolution; and (4) snowpack ripening, refreezing, and melt water flow. SnowModel uses 

a surface energy balance approach to calculate the magnitude and timing of snow and ice 

melt. SnowModel was originally developed for glacier free landscapes, and was modified 

to simulate glacier ice-melt after winter snow accumulation had ablated for glacier mass 

balance studies in Greenland [Mernild et al., 2006; Mernild et al., 2014]. Here we used 

SnowModel to solve the surface energy balance and associated hydrologic fluxes on a 

sub-daily timestep, which enabled us to capture the diurnal fluctuations in snow- and ice-

melt, including hydrologically important rain-on-snow events. SnowModel does not 

include a glacier flow model, thus to avoid non-realistic snow accumulation at high 

elevations during multi-year simulations we removed any residual snowpack at the end of 

the summer melt season each hydrological year. Therefore, the model does not conserve 
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snowpack mass across years, and assumes that the residual on-glacier snowpack is 

converted to ice at the end of the melt season.  

 

2.4.2.3 SnowModel Soil Moisture submodel (SoilBal) 

Hill et al. [2015] used remotely sensed data from MODIS Global Evapotranspiration 

Project (MOD16) to estimate an annual ET volume from the GOA basin of 135 km
3
 

w.eq. yr
-1

, roughly 17% of the annual runoff volume, highlighting the importance of the 

ET term in GOA water balance (Equation 1). Previous applications of SnowModel 

excluded calculation of ET because the simulations occurred during the winter season or 

in areas largely dominated by glaciers and ice sheets (Greenland) where ET fluxes are 

small.  

 

The significance of the ET flux in the GOA basin motivated the following additions to 

the SnowModel model structure. First, we calculated potential evapotranspiration (PET) 

using the Priestley-Taylor equation [Priestley and Taylor, 1972], which uses modeled 

daily air temperature and top-of-canopy net radiation (Rn). We used a Priestley-Taylor 

coefficient () of 1.26, which is consistent with previous regional-scale applications 

[Federer et al., 1996; Shuttleworth et al., 2007].The Rn calculation takes into account 

variations in surface albedo from different vegetation types. In the case where PET is 

negative (typically during winter when Rn is negative), PET was set to zero. Second, 

routines were added to solve a soil water balance [Flint et al., 2013] using SnowModel 

grid-cell runoff and PET as hydrologic input, and gridded soil water storage at field 

capacity and wilting point. The root zone water storage was calculated as the water 

content of the soil at a given condition (e.g., field capacity, wilting point) multiplied by 

the rooting zone depth, and was used to determine the soil moisture conditions in the soil 

water balance. For the different soils in the GOA, soil characteristics (percent sand, silt, 

clay) were used to calculate soil water content at field capacity (-0.03 MPa) and wilting 

point (-1.5 MPa) using the Rosetta model [Schaap et al., 2001]. Rooting zone depths for 
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the different SnowModel vegetation classes in the GOA were estimated from Jackson et 

al. [1996], and ranged from 0.3 m (tundra) to 1.2 m (coniferous forest).These two 

processes together make up the submodel SoilBal. SoilBal produced daily grids of actual 

evapotranspiration (ET), surface, and baseflow runoff. The resulting surplus runoff and 

baseflow output were then used to drive the runoff simulations (Section 3.2.4).  

 

2.4.2.4 HydroFlow  

The HydroFlow runoff routing model [Liston and Mernild, 2012; Mernild and Liston, 

2012] simulates the routing of surface runoff produced from rainfall, snow-, and ice-melt 

across glaciers and land to downslope areas and basin outlets. Runoff is transported 

through the drainage network by a series of linear reservoirs, each grid cell containing a 

slow and fast response reservoir. The slow response reservoir accounts for the time 

meltwater and rainfall takes to move through the snow/ice/soil matrices down to the fast 

response reservoir, which moves the water down network and simulates channel flow. A 

coupled system of equations solves for fast- and slow-response flow and the final 

solution yields a discharge hydrograph for each grid cell. HydroFlow contains parameters 

that were adjusted to match simulated discharge hydrographs to available observations.  

 

SnowModel daily output of cell runoff and SWE depth were used as input for the 

HydroFlow runs. Due to the computational constraints of the large number of cells in the 

domain and the number of individual watersheds for flow computations, HydroFlow was 

run in overlapping two-year intervals, with the first year spinning up the flow network 

from rest. The second-year output files were then aggregated, resulting in a continuous 

time series of discharge at each grid cell. Summation of the hydrographs of all coastal 

cells provided the discharge of the entire GOA basin.  
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2.4.3 Model Forcing Data 

2.4.3.1 Elevation and land cover 

The model requires elevation, land cover, soil texture, and weather data. A hydrologically 

corrected (depression less) digital elevation model (DEM) was obtained from the U.S. 

Geological Survey (USGS) Hydro1K North America dataset derived from the GTOPO30 

dataset. Vegetation classes for each grid cell were obtained from the 2006 National Land 

Cover Database [NLCD; Fry et al., 2011]. The land cover grid was aligned with the DEM 

and reclassified to the vegetation classes defined in Liston and Elder [2006b].  Glacier ice 

cover (Figure 2.1c) was obtained from the Randolph Glacier Inventory [RGI; Version 

3.2, Pfeffer et al., 2014] and these data were used as the permanent ice land cover class in 

the SnowModel simulations. RGI shapefile polygons were converted to a 50-m grid, and 

then resampled to the 1-km model grid. Only 1-km grid cells with more than 50% glacier 

cover were considered glacier covered cells. The RGI coverage has a total glacier area of 

72,392 km
2
 in the delineated GOA drainage, while the final SnowModel vegetation file 

has a gridded glacier area of 74,703 km
2
, a 3.1% difference in area. To account for this 

difference, a scaling factor (CF = 0.969) was applied to the glacier-only model output. 

Soil texture data were obtained from the gridded Harmonized World Soil Dataset 

[HWSD; Version 1.2, Fischer et al., 2008], available at 1-km resolution.  

 

2.4.3.2 Meteorological forcing 

The GOA region has a limited number of weather stations, with existing stations biased 

to low-elevations. There are 102 active weather stations in the GOA operated by the 

National Climatic Data Center (NCDC). These NCDC stations are located mainly in the 

Cook Inlet and Southeast Panhandle areas, and 94% are below 500 m a.s.l., whereas 

glaciers and mountains in the GOA exceed 5000 m a.s.l. In addition to this bias, complex 

topography limits the spatial representativeness of these station data [Royer, 1982; Wang 

et al., 2004]. Therefore, we assembled time series of precipitation, 2-m air temperature 
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and relative humidity, and 10-m wind speed and direction from a set of gridded 

reanalysis products. We used the National Centers for Environmental Prediction (NCEP) 

North American Regional Reanalysis [NARR; Mesinger et al., 2006], NASA Modern Era 

Retrospective Analysis for Research and Applications [MERRA; Rienecker et al., 2011], 

and NCEP Climate Forecast System Reanalysis [CFSR; Saha et al., 2010] products, 

which have (nominal) spatial resolutions of 32-km, 67-km, and 38-km respectively and 

temporal resolutions of 3-hr, 3-hr, and 6-hr, respectively. For the NARR dataset, rain-

gauge observations in Canada were assimilated to aid precipitation analysis until 

December 2002; afterwards the hydrologic fields are entirely model derived [Lader, 

2014]. This produces an artificial shift in the annual total precipitation amount and 

seasonal pattern in the NARR data for areas of the GOA basin east of the 150 °W 

meridian.  

 

Initial testing revealed the NARR precipitation data had significantly lower precipitation 

values than the other two reanalysis products. We therefore attempted to improve the 

NARR product by bias-correcting it to high spatial resolution (2-km), low temporal 

resolution (monthly time series) weather grids of temperature and precipitation [Hill et 

al., 2015] that were based on station data and Parameter-Elevation Regressions on 

Independent Slopes Model [PRISM; Daly et al., 1994] climatologies. The bias-correction 

procedure followed Abatzoglou [2011] except for that author's use of the PRISM 

monthly time series available for the conterminous United States [Daly et al., 2008].  

 

The bias-correction involved: (1) aggregating the NARR 3-hourly temperature and 

precipitation to a monthly timestep and calculating mean temperature and summed 

precipitation at each NARR cell in the model domain from 1979-2009; (2) extracting 

monthly precipitation and temperature from the 2-km weather grid cell nearest to each 

NARR cell center over the same time period; and (3) adjusting estimates of 3-hourly 

temperature and precipitation on the 32-km NARR grid using Equations 2 and 3. The 

bias-corrected temperature is given by: 
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 TR = TN + TG − TN
̅̅ ̅ (2) 

 

where TN is the original NARR temperature, TG is the monthly weather grid temperature, 

TR is the bias corrected NARR data, and TN
̅̅ ̅ is the time-averaged NARR temperature for 

the given month and year. The bias-corrected precipitation is given by: 

 
PR = [

PN

∑ PN
] ∗ PG 

(3) 

 

where PN is the original NARR data (3-hourly), PG is the weather grid precipitation, and 

PR is the bias-corrected NARR data. The summation in the denominator is carried out 

over all the days and over the 8 time steps (3-hourly) per day for each month. Due to lack 

of fine scale information, humidity, wind velocity and wind direction were not modified. 

 

2.4.4 Model Calibration 

The distributed hydrologic model used in this study has a large number of parameters. 

Some of these parameters have well constrained values that have been determined by 

physical principles and experimentation. Other model parameters depend strongly on the 

local glacio-meteorological conditions and need to be determined using local data or by 

parameter optimization [Ragletti and Pelliccotti, 2012]. Table A1 in the Appendix shows 

a selection of the default model parameters for the SnowModel and HydroFlow 

submodels and supporting citations.  

 

To inform the selection of model parameters, a phased approach was adopted. Four small 

gaged catchments (Figure 2.2) were identified for initial simulations. The four local 

watersheds were selected based on the following criteria: (1) they possessed long term 

glacier mass balance datasets required to evaluate and improve the model and input 

datasets; (2) they contained streamflow data from all of the primary stream types (rain-, 
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snowmelt-, and glacially-dominated) to ensure that the runoff model was being tested 

across different flow regimes; and (3) they sampled a range of different climatic and 

geographic zones, three being located in coastal locations, and one located further inland. 

 

We first combined high-resolution PRISM climatologies with the DEM to construct 

monthly temperature-elevation and precipitation-elevation relationships for each 

watershed. Temperature lapse rates had a strong seasonal pattern, with lowest values 

(2.5 °C km
-1

) in the winter months and highest values (5.6 °C km
-1

) in the summer 

months. The largest difference in lapse rates between the local domains occurred during 

the winter months, due to the influence of temperature inversions in the two interior 

(Gulkana and Knik) drainages. The computed gradients in annual precipitation ranged 

from 0.7 m km
-1

 at Gulkana Glacier to 2.5 m km
-1

 at Mendenhall Glacier, similar to 

measured SWE gradients (1.15 - 4.0 m km
-1

) for GOA glaciers reported in McGrath et al. 

[2015].  

 

Next, to establish confidence in or adjust other model parameters for regional (GOA-

wide) simulations of FWD, simulations of the four local watersheds were carried out. The 

goals of the local simulations were to (1) perform a sensitivity analysis to assess the 

influence of selected model parameters on modeled streamflow and mass balance results, 

and (2) optimize the values of the most influential parameters. This optimization was 

done independently for each weather forcing product.  

 

For each catchment, streamflow and glacier mass balance measurements were used for 

calibration (Table 1). Stream gages on Wolverine Creek, Phelan Creek, and Mendenhall 

River were located in the same watershed as the glacier being monitored. The Knik River 

stream gage was located in a large watershed adjacent to the monitored Eklutna Glacier, 

but we assume that glaciers in that watershed experience similar regional climate patterns 

due to close proximity (~20 km), and similar mean elevation and glacier aspect. These 

glacier mass balance observations were derived from bi-annual field measurements to 
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determine winter, summer, and annual mass balances following conventional field mass 

balance techniques [Cogley et al., 2011]. In the model simulations glacier mass balance 

was determined as P – (R + SU). 

 

While some of the model parameters are spatially variable (tied to land cover class), the 

majority are spatially constant. To determine which parameter value was best for the 

regional simulations, we evaluated the model runs based on the average performance 

across the four local domains. Specifically, model simulations of streamflow (Q) and 

mass balance (B) were evaluated against the available data using the root mean squared 

error (RMSE), Nash-Sutcliffe efficiency (NSE), and coefficient of determination (r
2
) 

values. The goal was to minimize RMSE and maximize NSE and r
2
 for both Q and B. 

After each model run, statistics were computed for Q and B in each local domain, and 

then a domain-averaged value was used to assess overall performance. Initial 

uncalibrated runs (default parameters in Table A1) yielded statistically significant (p < 

0.001) domain-averaged NSE values of 0.72-0.87 for Q and r
2
 values of 0.43-0.77 for B, 

where the range of values represents the results from the four weather products. These 

values then served as the benchmark for the parameter sensitivity analysis and parameter 

optimization model runs. 

 

We initially considered six parameters for the calibration of the model. Similar to Ragletti 

and Pelliccotti [2012], we selected model parameters important for the conditions in the 

mountainous, glacierized watersheds in Alaska, and grouped them according to their 

importance for (1) characterization of the late winter snowpack and rain / snow fraction, 

(2) simulation of surface melt at glacier and snow surface, and (3) transformation of 

surface meltwater into runoff (Table 2). Group 1 parameters were monthly-varying 

precipitation adjustment factors (χ) and rain / snow threshold temperatures (Train/Tsnow). 

The seasonal variability and magnitude of monthly χ values were informed from the 

PRISM precipitation data in the local domains. Sets of paired Train and Tsnow values from 

Fuchs et al., [2001] were tested, using a linear interpolation between to determine the 
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fraction of both snow and rain. Group 2 parameters were non-forested melting snow 

albedo (αs,melt-clearing) and glacier ice albedo (αice). Group 3 parameters were the fast and 

slow response times (kf and ks), where kf  represents the time scale of channel flow in 

streams and through glaciers, and ks represents time scale of transport through snow and 

ice matrices, and soil.  

 

We performed a sensitivity analysis where the six model parameters were perturbed 

individually from the default model value (within a range), and the resulting statistics 

were compared with those from the default run. The results (relative ranking) did not 

change depending upon the choice of performance metric (RMSE, NSE, r
2
) so the 

definition of a composite metric was not needed. Our analysis showed that the model 

results were most sensitive to the values of four model parameters (χ, αice, kf and ks), and 

these were selected for optimization. Train and Tsnow were set to 2 °C and 0 °C, 

respectively; αs,melt-clearing was set to a value of 0.6 [Melloh et al., 2001]; albedo of fresh 

snow (αs,fresh) was given a value of 0.8. 

 

2.4.5 GRACE Solution 

We used data from the NASA/DLR Gravity Recovery and Climate Experiment 

(GRACE) satellites as an independent validation of our GOA runoff estimates. GRACE 

measures time variations in Earth gravity resulting from changes in atmospheric and 

oceanic mass, Earth and ocean tides, mantle dynamics and terrestrial hydrology including 

glaciers. We used the iterated v13 high resolution mascon solution from the NASA 

Goddard Space Flight Center Space Geodesy Laboratory [Luthcke et al., 2013], updated 

to the June 2014 time period, and subsetted to the region of our model domain. This 

GRACE solution provides a measure of the time-averaged storage of mass within 1°×1° 

equal-area (approximately 12,390 km
2
) mass concentration (mascon) grids, during 

approximately monthly sampling intervals [Arendt et al., 2013]. 
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The GRACE mascon processing method attempts to isolate the glacier mass balance 

signal through forward modeling of glacial isostatic adjustments and changes in ocean 

tides, atmospheric mass and terrestrial water storage, including snow accumulation and 

melting on non-glacier surfaces. Our solution utilizes the Global Land Data Assimilation 

System (GLDAS)/Noah land surface model 0.25°, 3 hour data to represent terrestrial 

water storage variations (Rodell et al., 2004). It is necessary to set these terrestrial water 

storage variations to zero over glacier surfaces because GLDAS predicts continuous 

accumulation of snowpack on model grid cells containing glaciers. This unrealistic 

behavior occurs because GLDAS does not account for glacier ice flow which 

redistributes accumulated snow over time. In addition, GLDAS has coarse resolution 

(0.25°) and is unable to resolve the highly distributed nature of glacier surface cover in 

Alaska. As a result, the magnitude of terrestrial water storage corrections applied within 

the GOA mascon domain is negligible, and the GOA mascon solution likely contains a 

significant component of both glacier and non-glacier snow and ice hydrology. In this 

paper we used our modeling results to infer the extent to which existing GRACE mascon 

solutions for Alaska include both glacier and land surface hydrology signals, which is 

important for correct interpretation of GRACE data for hydrology and sea level studies. 

 

2.4.6 Model Configuration 

Using the modeling system described in Section 3.2, land and ice hydrologic processes, 

including precipitation, snow accumulation, sublimation, evapotranspiration, runoff, 

glacier surface mass balance, and stream discharge were simulated for the 35-yr period 

September 1979 through August 2014. The model domain covered a 1810 km × 900 km 

grid centered over the GOA drainage and a subdaily time step (3-hr for MERRA, NARR, 

and NARR-BC; 6-hr for CFSR) and 1 km spatial grid were used. Model results were 

aggregated from subdaily for the purposes of output. The gridded results provided 

information at individual grid cells of interest (e.g., at a stream gage) and were also 

aggregated to a variety of geographic regions and time steps of interest. For example, we 
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used Equation 1 to calculate a time series of the storage in the entire GOA domain. 

Additionally, in order to calculate the annual mass accumulation (snow accumulation), 

ablation (melting of snow and ice, sublimation), and storage change (snowpack and 

glacier ice) for the drainage basin and glacier surfaces, we used standard glaciological 

mass balance methods based on the annual maxima and minima of the water storage time 

series [Østrem and Brugman, 1991].  

 

2.5 Results 

2.5.1 Local Domain Calibration 

A sample comparison of simulated and observed streamflow and glacier mass balance at 

the four local domains using the MERRA forcing is shown in Figure 2.3. The final 

calibrated model parameters for each weather product are shown in Table 2. 

 

We used a spatially averaged statistical value across the four local domains as criteria for 

determining the ranking (Table 3) of the weather forcing products. For streamflow, we 

used the NSE value and for glacier mass balance, we used the r
2
 value. These selections 

were made since those are the most commonly used performance metrics in the 

respective fields. For streamflow, ranking from best to worst was CFSR, MERRA, 

NARR, and NARR-BC with domain-averaged NSE values of 0.89, 0.88, 0.82, and 0.74, 

respectively. For glacier mass balance, the ranking was MERRA, CFSR, NARR, and 

NARR-BC with domain-average significant (p < 0.001)  r
2
 values of 0.78, 0.68, 0.62, and 

0.43, respectively. MERRA and CFSR showed very comparable agreement with 

observed streamflow and MERRA had the best overall agreement with glacier mass 

balance. Based on these criteria, we determined that the MERRA dataset had the best 

overall performance in the local domain simulations, closely followed by CFSR. 

 

In addition to comparing model output to observations of Q and B, we also evaluated 

SnowModel’s snow simulation performance for the regional simulations by comparing 
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observed and modelled 1980-2009 average 1 April SWE (proxy for peak snow 

accumulation) between 23 SnoTel sites in the GOA and corresponding 1-km model 

pixels. Modeled SWE from both MERRA and CFSR runs suggest some positive 

simulation bias but acceptable performance overall. MERRA had a smaller model bias 

and standard deviation (0.04 and 0.16 m w.eq.) than CFSR (0.26 and 0.25 m w.eq.) for 

the regional SWE simulations. Discrepancies between individual observed and simulated 

SWE values can be attributed to a combination of model error as well as to the effects of 

scale mismatch and possible lack of representativeness between SnoTel snow pillow sites 

and model pixels [Schnorbus et al., 2014]. 

 

2.5.2 GOA Regional Water Balance 

Regional simulations of the water balance fluxes from Equation 1 (P, R, SU, ET) as well 

as snow water equivalent (SWE) depth and stream discharge (Q) were carried out using 

the four climate products described above. We analyzed SnowModel output for all the 

land and glacier surfaces in the GOA watershed shown in Figure 2.1 (land and ice), and 

for just cells entirely occupied by glacier ice (ice-only). 

 

Mean annual GOA precipitation is 820, 760, 560, and 930 km
3
 w.eq. yr

-1
 for CFSR, 

MERRA, NARR, and NARR-BC respectively. Despite this large range in the total 

precipitation volume, each weather product produces approximately a 1:1 rain-snow 

fraction. Downscaled mean annual precipitation from the four weather datasets over the 

GOA basin show that the highest precipitation rates occur in the Chugach, St. Elias, and 

Coast Mountains, at rates >8 m w.eq. yr
-1

 (Figure 2.4).  The NARR dataset produces 

noticeably lower mountain precipitation than the other three datasets.  

 

Mean annual runoff from the GOA drainage basin for CFSR, MERRA, NARR, and 

NARR-BC is 760, 630, 620, and 870 km
3
 w.eq. yr

-1 
respectively. The majority of the 

runoff (Figure 2.5) is generated in the mountains, areas which receive large amounts of 
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snow and rain. The highest runoff rates in the GOA basin occur at the low elevation 

regions of large coastal glaciers, at rates > 8 m w.eq. yr
-1

. Mean annual runoff from GOA 

glacier surfaces for CFSR, MERRA, NARR, and NARR-BC is 290, 260, 310, and 400 

km
3
 w.eq. yr

-1 
respectively. The fraction of glacier runoff to total runoff (using annual 

average values over the entire simulation period) ranged from 38% for CFSR to 50% for 

NARR. The larger glacier runoff fraction from simulations forced with NARR data 

results from lower mountain snow accumulation and warmer temperatures than the other 

reanalysis products.  

 

Mean annual combined ET and snow sublimation from the GOA drainage basin for 

CFSR, MERRA, NARR, and NARR-BC is 115, 123, 114, and 125 km
3
 w.eq. yr

-1 

respectively. These estimates are 10-15% less than the mean MODIS ET value of 135 

km
3
 w.eq. yr

-1
 reported in Hill et al. [2015]. The highest ET rates occur in southeast 

Alaska and in the low elevations of the inland river basins. 

 

The phase of precipitation input is a function of air temperature, and thus follows a strong 

seasonal cycle (Figure 2.6). Snowfall dominates the precipitation input during the winter 

months (November-March), while rainfall dominates during the summer season (June-

September). During transition seasons (April-May, October) precipitation is more evenly 

mixed between rain and snow across the region. Hydrologic outputs also follow a strong 

seasonal cycle with peaks in both runoff and ET occurring during the months of June and 

July, when temperature and radiation forcing are at maximum values and available 

snowpack and glacier ice are melting. Runoff during the winter months is due to rainfall 

and snowmelt events that occur at low elevation coastal locations. 

 

We partition the runoff from glaciers and the surrounding land into snow melt, glacier ice 

melt, and direct rainfall runoff and compute statistics (mean, standard deviation, and 

linear trend) of the annual time series for the full simulation period (Table 4). Although 

each climate product produces a positive trend in modeled total runoff, ranging from 1-2 
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km
3
 w.eq. yr

-2
, the only trends significant at the 95% confidence limit are from NARR for 

total runoff, direct rainfall, and snowmelt components. As discussed in Section 3.3.2, 

after NARR eliminated assimilation of rain-gauge observations from the precipitation 

analysis starting January 2003, the precipitation field became model derived. This 

resulted in a step-change increase in total precipitation input of up to two-fold for GOA 

regions east of 150° W, and generated increased runoff volumes from rainfall and 

snowmelt for the period 2003-2014 compared to 1980-2002. The positive trend for 

modeled glacier runoff is not statistically significant (p > 0.05) for any of the weather 

products. CFSR, MERRA, and NARR-BC have similar partitioning of the runoff, with 

59-64% from snow melt, 17-20% from glacier ice melt, and 18-22% from direct rainfall. 

NARR has a slightly different partitioning with 49%, 33%, and 18% coming from snow 

melt, glacier ice melt, and rainfall respectively. Snow melt dominates the runoff from 

April to June, glacier ice melt dominates from July to September, and rainfall runoff 

dominates from August to October (Figure 2.7). CFSR has a maximum runoff volume in 

June which is dominated by snowmelt. The other three datasets have maximum runoff 

occurring in July, from a more balanced mixture of snowmelt, ice melt, and rainfall. 

 

Differences in the climate forcing datasets generate large differences in predicted water 

balances over the January 2003 to July 2014 simulation period (Figure 2.8), which is the 

period that overlaps with available GRACE data. The annual GOA water balance for 

hydrological years 2004-2013 was computed for GRACE and each model run (Table 5). 

The MERRA simulations produce a small gain in stored water (6.8 km
3
 w.eq. yr

-1
) while 

NARR generates a loss (-158.2 km
3
 w.eq. yr

-1
) during the simulation period. Trends in 

both NARR-BC (-48.5 km
3
 w.eq. yr

-1
) and CFSR (-48.7 km

3
 w.eq. yr

-1
) more closely 

match the GRACE trend of -60.1 km
3
 w.eq. yr

-1
. There are only small differences 

between trends for ice only versus land+ice simulations. For the ice-only cells all 

simulations produce losses in stored water (equivalent to glacier volume loss); the mean 

annual water balance was -58.9, -12.7, -158.6, and -71.5 km
3
 w.eq. yr

-1
 for CFSR, 

MERRA, NARR, and NARR-BC respectively. 
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All simulations generate seasonal patterns in the land+ice hydrology that have larger 

amplitudes than the ice signal alone. In all simulations the ice-only average seasonal 

amplitudes (166, 170, 166, and 216 km
3
 w.eq. yr

-1
 for CFSR, MERRA, and NARR-BC 

respectively) were less than the average seasonal amplitude of 325 km
3
 w.eq. yr

-1
 

measured by GRACE. All simulations produced ice+land average seasonal amplitudes 

(409, 365, 333, and 461 km
3
 w.eq. yr

-1
 for CFSR, MERRA, NARR, and NARR-BC 

respectively) that more closely matched GRACE.  Both the trend and amplitude of the 

CFSR-forced land+ice model run most closely matched the GRACE observations.  

 

Seasonal accumulation and melt for the GOA watershed for each year overlapping 

GRACE data (2004-2013), and averaged values over the period, are shown in Figure 2.9. 

From 2004-2013, the GRACE data had an annual accumulation of 295 km
3
 w.eq. yr

-1
 and 

ablation of 355 km
3
 w.eq. yr

-1
, most similar to the MERRA annual accumulation of 367 

km
3
 w.eq. yr

-1
 and melt of 361 km

3
 w.eq. yr

-1
 over the entire (land+ice) GOA watershed. 

MERRA annual accumulation and ablation from GOA glacier cells account for 57% and 

51% of the total watershed values, respectively. 

 

2.5.3 GOA Freshwater Discharge 

Mean monthly discharge from all GOA coastal cells is shown in Figure 2.10. The 

aggregated discharge for all four model runs has an annual maximum in July ranging 

from 46,000 to 60,000 m
3
 s

-1
 and an annual minimum in February ranging from 3,400 to 

4,300 m
3
 s

-1
. The mean annual discharge ranges from 20,000 to 27,600 m

3
 s

-1
. The mean 

annual ice only water balance values listed above were used to estimate the contribution 

of long-term losses in stored water on glaciers (GVL) to FWD from CFSR, MERRA, 

NARR, and NARR-BC to be 8%, 2%, 28%, and 9% respectively. Previous estimates of 

GVL contribution to FWD were 7% [Hill et al., 2015] and 10% [Neal et al., 2010] made 
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using independent estimates of GVL from GRACE and regional altimetry. This is the 

first study to directly model the linkages between FWD and GVL in this region. 

 

Individual watersheds draining to the coastline, each with a mean annual total runoff and 

glacier runoff volume from CFSR, were ordered from smallest (2 km
2
) to largest (64,696 

km
2
), and the cumulative area and runoff volume were calculated (Figure 2.11). Coastal 

watersheds with areas less than 1,000 km
2
 (n = 14,098), indicated by the red and cyan 

polygons, make up 34% of the total area and contribute 48% of the total runoff and 40% 

of the glacier runoff volume. Coastal watersheds with areas between 1,000 and 10,000 

km
2
 (n = 24), indicated by the green polygons, make up 15% of the total area and 

contribute 19% of the total runoff and  29% of the glacier runoff volume. The large 

inland watersheds with areas greater than 10,000 km
2
 (n = 5), indicated by the blue 

polygons, make up the remaining 51% of the area, 33% of total runoff, and 31% of the 

glacier runoff volume. These results show the very large fraction of distributed (non-

point) runoff typical of coastal landscapes occupied by glaciers. 

 

2.6 Discussion 

We find that MERRA and CFSR both perform well in terms of glacier mass balance and 

streamflow in the small, glacierized local watersheds. However, over the entire 

watershed, MERRA greatly underestimates the long-term changes in GOA water storage 

predicted by GRACE, while CFSR compares very favorably both with the trend and 

amplitude of the GRACE time series. As an additional regional validation, we calculated 

the 1994-2013 average GVL subsampled from the regional airborne altimetry dataset of 

Larsen et al. [2015], yielding -64 ± 10 km
3
 w.eq. yr

-1
. This is similar to the CFSR-

predicted GVL trend of -60 km
3
 w.eq. yr

-1
 from 1980-2014. The MERRA dataset predicts 

a GVL too low (-12 km
3
 w.eq. yr

-1
) because of a low runoff value, and NARR predicts a 

GVL too high (-171 km
3
 w.eq. yr

-1
) because of low precipitation input. We therefore 

conclude that CFSR is the most suitable forcing dataset for simulating the water balance 
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of the GOA region, yielding a best estimate for runoff of 760 km
3
 w.eq. yr

-1
, 8% of which 

is due to GVL. Our results highlight the need to verify model results using multiple data 

sources (ground observations, remote sensing) which sample the full water balance, and 

to examine the quality of input meteorological forcing derived from different weather 

products. 

 

The mean annual FWD value of 760 km
3
 w.eq.yr

-1
 (1.80 m w.eq. yr

-1
), is bracketed by 

the estimates of 725, 728, 850, and 870 obtained by Royer [1982], Wang et al. [2004], 

Hill et al. [2015], and Neal et al. [2010]. The mean annual glacier runoff value of 286 

km
3
 w.eq. yr

-1
, or 3.82 m w.eq. yr

-1
, is larger than the mean annual glacier runoff value of 

3.31 m w.eq. yr
-1

 reported for Alaskan glaciers by Mernild et al. [2014] for the period 

1979-2009 using SnowModel driven with MERRA. It is important to note that in that 

study the precipitation input was reduced by 30% to match observed mass balance, which 

likely decreased the glacier runoff depth.  The values found by the NARR and MERRA 

simulations fall well below these previous studies, and the NARR-BC value of 870 km
3
 

w.eq. yr
-1 

falls on the upper bound. Our GVL estimate (8% of the total discharge) is 

slightly smaller than 10% reported by Neal et al. [2010].   

 

Previous studies have assumed that the GRACE solution presented here represents the 

cumulative glacier mass balance of GOA glaciers [Arendt et al., 2013; Luthcke et al., 

2013]. Those studies assumed the mass signals associated with terrestrial water storage 

variations on non-glacier surfaces had been adequately removed using independent 

datasets. Our CFSR model results that include land+ice surfaces agree much better with 

GRACE data than simulations for ice surfaces alone. Our findings are similar to those of 

Lenaerts et al. [2013] who found better agreement between GRACE and modeled 

hydrology that included both ice and tundra surfaces in the Canadian High Arctic. Our 

results highlight the complexity of partitioning hydrological signals using gravimetric 

data, and the utility of regional runoff models for refining our understanding of the 

GRACE time series. We find that glacier runoff (the sum of rainfall, snow and ice melt 
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occurring on glacier surfaces) accounts for only 38% of the average annual FWD signal, 

suggesting the magnitude of seasonal glacier mass balances from previous GRACE 

assessments are likely overestimates, and that a significant portion of that mass is due to 

runoff from non-glacier surfaces. We note that previous GVL estimates determined from 

GRACE mass trends remain valid, due to the disappearance of seasonal snowpacks from 

land surfaces each hydrological year.  

 

Seasonal snowmelt is the dominant runoff term in our CFSR simulations. Therefore the 

accuracy of our model estimate depends strongly on the precipitation forcing fields, 

which in this study vary by ~400 km
3
 w.eq. yr

-1
 between datasets due to limited ground 

data and the difficulties in measuring and parameterizing precipitation processes. 

Improvements to our simulations can be achieved through expansion of field, airborne 

and satellite missions dedicated to precipitation and snow cover measurements.   

 

Our simulations do not account for hydrologic processes of lake storage, permafrost 

(ground ice), and groundwater storage. Watersheds in our study area have limited surface 

and subsurface water storage and these terms are likely small relative to the large 

seasonal fluctuations in snowpack and glacier volume [Kane and Wang, 2004]. We 

calibrated our model parameters that determine meteorological distribution, snow/ice 

melt, and runoff-routing in relatively small, steep, glaciated watersheds typical of the 

coastal watersheds along the GOA coastline. The model parameters were optimized for 

the most dynamic watersheds because we aimed to recover the largest proportion of the 

hydrologic signal. Therefore, we caution against using a subset of our results especially 

in regions that differ greatly from the calibration watersheds. In general, our results are 

optimized for the regional picture and more work is needed to ensure specific watersheds 

are well calibrated. 

 

Our simulations also do not account for the adjustment of glacier geometry that occurs as 

ice flows to redistribute mass in response to a climate forcing. We use a fixed glacier area 
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that represents conditions during 2006-2011, toward the end of our simulations period, 

because these are the highest quality glacier outlines available [Pfeffer et al., 2014], and 

no data exist for the 1980s period. Given the widespread retreat of glaciers in Alaska 

during the past century [Molnia, 2008], it is likely that glacier areas were larger in 1980 

at the start of our simulation. In addition, the glacier surfaces represented in our DEM 

were likely too high, due to recent glacier thinning [Larsen et al., 2015]. Accounting for 

these factors would require a much higher spatial resolution model, as well as the 

inclusion of detailed ice flow equations, which is beyond the scope of this regional study. 

We note that our use of a fixed reference surface geometry provides us with information 

on the sensitivity of glacier surfaces to the regional climate forcing, but may contribute to 

uncertainties in the cumulative mass balance series [Elsberg et al., 2001]. We do not 

account for the impact of debris cover on glacier mass balance and melt. Kienholz et al. 

[2015] found that 11% of Alaska glaciers are debris-covered, with highest debris cover in 

the Central Alaska Range, followed by the Western and Eastern Chugach Mountains. The 

highest relative debris cover occurs at the low elevations. We would expect regions with 

thin debris cover to have enhanced ice melt, while regions with thick debris cover 

reduced melt rates, compared with a clean ice surface [Reid and Brock, 2010]. Without 

knowledge of debris thickness it is difficult to assess the implications of debris-cover on 

the regional glacier mass balance.  

 

Neglecting D from our water balance calculations likely has a minimal impact on our 

overall results. As noted above, Larsen et al. [2015] found that tidewater glaciers appear 

to be contributing less to Alaska glacier mass losses than any time since the end of the 

Little Ice Age, likely due to their retracted position and lack of extensive ice area at low 

elevations. If all GVL from Alaska’s tidewater glaciers resulted from calving losses 

alone, then 5 km
3
 yr

-1
 would be a minimum estimate for D. Considering frontal ablation, 

the values of 15 to 19 km
3
 w.eq. yr

-1
 estimated in previous studies represent maximum 

values, because they include D as well as the surface mass balance of the terminus. To 

test the sensitivity of our results to the inclusion of D, we select the median value 
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between the altimetry and frontal ablation estimates (7 km
3
 w.eq. yr

-1
) and apply this to 

our cumulative mass balance estimates. We find that including D changes the mean 

annual ice-only water balance for CFSR, MERRA, NARR, and NARR-BC to -67, -19, -

178, and -83 km
3
 w.eq. yr

-1 
respectively, an increase of 12%, 59%, 4%, and 9% 

respectively from the uncorrected values. With the exception of the MERRA dataset, this 

correction is small relative to other error terms. These corrected values are likely the 

lower limit (most negative) because this correction assumes all GVL from tidewater 

glaciers is due to iceberg calving. 

 

The advances that this study makes in predicting coastal freshwater discharge are highly 

relevant to local and regional oceanographic processes in the Gulf of Alaska and 

elsewhere. First, many studies of ocean circulation use coarse resolution (0.5-1.0°; 

monthly climatology) freshwater inflow forcing (e.g., Forget et al., 2015). One example 

data product is the Global Composite Runoff Fields [Fekete et al., 2002]. Figure 2.12 

shows the mean annual runoff depth for the GOA region from this database. Gray cells 

indicate cells for which no runoff is available. This dataset, which is based on the 

Willmott and Matsuura [2012a,b] re-analysis weather grids and a simple water balance 

model, yields an annual runoff into the GOA of only 440 km
3
 w.eq. yr

-1
, which is far 

below the predictions of the present study. This error in boundary forcing will propagate 

through the oceanographic model to produce errors in water column properties and 

circulations. Additionally, the dataset only reports climatologies of runoff and is therefore 

unable to predict interannual variability. 

 

High spatial resolution alone is not enough to ensure accurate predictions of runoff, 

however. Farrara et al. [2013] and Li et al. [2013] conducted Regional Ocean Modeling 

System (ROMS) simulations of Prince William Sound, Alaska for the summer of 2009, 

during which time a comprehensive field campaign in the Sound took place. The ROMS 

simulations were forced with the 5-km runoff model of Wang et al. [2004] and it was 

observed (Figure 5 of Farrara et al. [2013] and Li et al. [2013]) that the ROMS salinities 
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were much higher than the observations. Figure 2.13 shows a comparison of the mean 

monthly discharge into Prince William Sound from the Wang et al. [2004] model and the 

present CFSR-forced model. The Wang model underestimates summer runoff and has a 

mean annual runoff that is about 60% that of the present model. The higher freshwater 

discharge of the present model would serve to freshen the Sound and close the misfit 

between the observed and ROMS-simulated salinities. It is difficult to fully diagnose the 

underestimates of the Wang model, but candidates include different modeling strategies, 

different meteorological forcing, and different calibration approaches. Wang et al. [2004] 

used a temperature-index approach, NCEP reanalysis grids, and calibrated their model 

using the Copper River, which is a large interior river hydrologically very different from 

the glacierized coastal watersheds making up Prince William Sound. 

 

2.7 Conclusions 

This study applied a physically based energy balance model at a high spatio-temporal 

resolution to simulate the freshwater fluxes and glacier mass balance in the GOA. We 

found that the simulations, both at the local and regional scale, were influenced greatly by 

the selection of meteorological forcing, especially the precipitation and air temperature in 

the mountainous regions. These are regions with sparse observations, thus the 

meteorological forcing is highly dependent on the accuracy of the underlying weather 

model used in the reanalysis generation. Of the four weather products tested, the CFSR 

meteorological forcing performed the best in the simulation of regional FWD and GVL.  

 

This study also partitioned the coastal freshwater runoff into its source components 

(rainfall, snow melt, ice melt) and demonstrated how the composition of coastal runoff 

varies seasonally. The high spatial resolution means that this partitioning can be done at 

the scale of individual fjords and bays along the Alaska coast, helping to advance what is 

known about the ecology and biogeochemistry of Alaska nearshore waters.   This study 
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represents a major step forward in our understanding of the contribution of different 

source waters to the FWD, and how that is tied to GVL. 

 

Finally, this study demonstrates the value and limitations of GRACE data in monitoring 

elements of the hydrosphere and cryosphere. The misfit between the annual amplitudes 

from the model and from GRACE indicate that high-resolution forward hydrological 

modeling is needed to continue to improve GRACE’s ability to isolate changes in ice 

storage.  
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2.10 Tables 

Table 2.1. Calibration stations for the local model simulations (locations outlined in red 

in Figure 2.2). For each model domain, observations of monthly stream discharge Q and 

seasonal glacier mass balance B were used to calibrate the model simulations. For B, the 

number of individual points is given in the ID column, along with the average latitude 

and longitude values and elevation range for the individual points. 

 

Region Name ID Var 
Lat Lon Elev. 

m 
Source Dates 

Knik Knik River 15281000 Q 
61.505 -149.031 

9 USGS 
1979-

2013 

 
Eklutna 

Glacier 
65 B 

61.211 -148.978 

1120-

1550 

Sass et al. 

(2011); 

Loso et al. 

(2011) 

2007-

2012 

Mend 
Mendenhall 

River 
15052500 Q 

58.430 -134.537 
18 USGS 

1979-

2013 

 
Mendenhall 

Glacier 
98 B 

58.497 -134.504 

70-

1580 

Boyce 

(2006), 

Boyce et 

al. (2007) 

1998-

2012 

Wolv 
Wolverine 

Creek 
15236900 Q 

60.371 -148.897 
366 USGS 

2000-

2013 

 
Wolverine 

Glacier 
270 B 

60.412 -148.913 

1470-

1980 

Van 

Beusekom 

et al. 

(2010) 

1979-

2013 

Gulk Phelan Creek 15478040 Q 
63.241 

 

-145.468 

 
1125 USGS 

1990-

2013 

 
Gulkana 

Glacier 
353 B 

63.277 -145.415 

1200-

2010 

Van 

Beusekom 

et al. 

(2010) 

1979-

2013 
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Table 2.2. Optimized calibration parameters for each weather product: high and low 

values of monthly precipitation adjustment factor (χlow, χhigh), snow / rain threshold 

temperatures (Tsnow, Train), glacier ice albedo (αice), melting snow albedo (αsnow), slow 

residence time scale (ks), and fast residence time scale (kf). Values of ks and kf are shown 

for snow-free ice grid cells only. 

 

 Group 1 Group 2 Group 3 

Dataset 
χlow , χhigh 

(km
-1

) 

Tsnow, Train 

(°C) 

αice 

(-) 

αsnow 

(-) 

ks 

(hr) 

kf 

(hr) 

MERRA 0.20, 0.35 0.0, 2.0 0.30 0.60 27.8 4.2 

NARR 0.30, 0.53 0.0, 2.0 0.30 0.60 27.8 4.2 

NARR-BC 0.20, 0.35 0.0, 2.0 0.40 0.60 27.8 4.2 

CFSR 0.20, 0.35 0.0, 2.0 0.30 0.60 27.8 4.2 
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Table 2.3. Root mean squared error (RMSE), coefficient of determination (r
2
), and Nash-

Sutcliffe efficiency (NSE) computed for local domain simulations using the highest 

performing parameter set for each weather product in each region. All r
2
 values were 

statistically significant (p < 0.001). 

 

  
Glacier Mass Balance, B Stream Discharge, Q 

Region Dataset 
RMSE 

(m) 
r

2
 NSE 

RMSE 

(m
3
 s

-1
) 

r
2
 NSE 

KNIK MERRA 0.66 0.89 0.88 72.48 0.96 0.91 

 
NARR 0.86 0.81 0.80 80.06 0.95 0.89 

 
NARR-BC 2.29 0.01 -0.16 176.60 0.74 0.47 

 CFSR 1.10 0.69 0.68 72.91 0.96 0.91 

MEND MERRA 2.77 0.80 0.67 10.93 0.95 0.91 

 
NARR 3.29 0.72 0.53 15.78 0.90 0.81 

 
NARR-BC 4.05 0.61 0.33 14.50 0.92 0.84 

 CFSR 3.80 0.63 0.37 10.95 0.95 0.91 

WOLV MERRA 1.44 0.64 0.64 1.41 0.92 0.88 

 
NARR 2.03 0.29 0.28 2.15 0.82 0.72 

 
NARR-BC 2.03 0.31 0.30 1.66 0.90 0.83 

 CFSR 1.44 0.64 0.64 1.42 0.92 0.88 

GULK MERRA 1.00 0.81 0.77 1.42 0.87 0.82 

 
NARR 1.31 0.67 0.60 1.34 0.88 0.84 

 
NARR-BC 0.99 0.80 0.76 1.41 0.87 0.82 

 CFSR 1.09 0.77 0.72 1.32 0.89 0.85 

MEAN MERRA 1.47 0.78 0.74 21.56 0.93 0.88 

 NARR 1.87 0.62 0.55 24.83 0.89 0.82 

 NARR-BC 2.34 0.43 0.31 48.54 0.85 0.74 

 CFSR 1.85 0.68 0.60 21.65 0.93 0.89 
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Table 2.4. Annual time series statistics for runoff components from the different weather 

products for the GOA drainage basin. Trend values in bold indicate significant trends (p 

< 0.05). 

 

Dataset Statistic 

Total 

Runoff 

Glacier 

Runoff 

Ice 

Melt 

Snow 

Melt 

Direct 

Rainfall 

CFSR Mean (km
3
 yr

-1
) 758 286 127 483 148 

 

St. Dev.  (km
3
 yr

-1
) 58 32 23 44 27 

 

Trend  (km
3
 yr

-1
 yr

-1
) 1.44 0.12 -0.18 1.12 0.50 

 

% of total runoff 100 38 17 64 20 

MERRA Mean (km
3
 yr

-1
) 630 264 123 392 116 

 

St. Dev.  (km
3
 yr

-1
) 55 30 18 40 21 

 

Trend  (km
3
 yr

-1
 yr

-1
) 1.48 0.72 0.20 0.71 0.57 

 

% of total runoff 100 42 19 62 18 

NARR Mean (km
3
 yr

-1
) 621 307 206 303 111 

 

St. Dev.  (km
3
 yr

-1
) 54 28 25 33 26 

 

Trend  (km
3
 yr

-1
 yr

-1
) 2.02 0.07 -0.45 1.08 1.39 

 

% of total runoff 100 50 33 49 18 

NARR-BC Mean (km
3
 yr

-1
) 869 395 173 506 190 

 

St. Dev.  (km
3
 yr

-1
) 74 36 24 59 34 

 

Trend  (km
3
 yr

-1
 yr

-1
) 1.18 0.12 0.09 1.16 -0.07 

 

% of total runoff 100 45 20 58 22 
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Table 2.5. Annual water balance for GOA Land+Ice between 2004 and 2013 in units of 

volume (km
3
 yr

-1
), calculated as the difference between successive annual mass minima. 

 

Balance year GRACE CFSR MERRA NARR NARR-BC 

 km
3
 yr

-1
 km

3
 yr

-1
 km

3
 yr

-1
 km

3
 yr

-1
 km

3
 yr

-1
 

2004 -149.0 -138.8 -60.5 -199.1 -80.8 

2005 -55.5 -84.4 -6.8 -192.8 -55.4 

2006 -28.0 -20.7 42.4 -127.9 -43.6 

2007 -73.6 -85.3 -7.2 -173.4 -68.9 

2008 16.5 -4.9 84.2 -107.6 -4.6 

2009 -161.3 -104.7 -36.9 -164.0 -37.8 

2010 -45.4 -59.0 -0.8 -164.0 • 

2011 -50.8 -19.2 -0.7 -151.0 • 

2012 78.5 80.6 92.4 -98.7 • 

2013 -132.3 -50.1 -38.1 -203.3 • 

Mean -60.1 -48.7 6.8 -158.2 -48.5 
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2.11 Figures 

 

 
 

Figure 2.1. (a) - Site map of northeastern Pacific Ocean with thick red line indicated 

extent of other panels; (b) - Gulf of Alaska (GOA) and major inland drainage basins; (c) - 

glacier cover clipped to GOA domain. 
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Figure 2.2. Map of the four local domains showing USGS stream gages and point balance 

locations used for model calibration. Dark blue lines indicate stream network and ocean 

cells, light blue cells are glacier covered. Bottom panel shows the location of the local 

domains along the GOA coastline. 
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Figure 2.3. Sample scatterplots of simulated seasonal glacier mass balance (Sim. B; top 

panels) in meters of water equivalent (m.w.e) and monthly discharge (Sim. Q; bottom 

panels) in cubic meters per second compared with observations (Obs.) from the Knik 

(KNIK), Mendenhall (MEND), Wolverine (WOLV), and Gulkana (GULK) domains. 

Results are shown for simulations driven with MERRA forcing using the best fit 

parameters. 
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Figure 2.4. Maps of modeled mean annual precipitation (in mm yr
-1

) from MicroMet for 

the four weather datasets, averaged over the period 1980-2009. 
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Figure 2.5. Maps of modeled mean annual runoff depth (in mm yr
-1

) from SnowModel-

SoilBal for the four weather datasets, averaged over the period 1980-2009. 
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Figure 2.6. Mean monthly volumes of water balance components for the entire GOA 

basin. (a) - Precipitation input from weather products and MicroMet partitioned into 

snow (solid line) and rain (dashed line). (b) - Hydrologic outputs from SnowModel-

SoilBal (right panel) partitioned into runoff (solid line) and ET (dashed line). 
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Figure 2.7. Stacked plots of mean monthly runoff volume from the GOA basin 

partitioned into following components: glacier ice melt, snow melt, and direct rainfall 

runoff.  Mean monthly volumes were determined from daily model output over the period 

1980-2014 for CFSR, MERRA and NARR, and 1980-2009 for NARR-BC. 
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Figure 2.8. Cumulative water storage (S) determined from the GRACE mascon solutions 

and SnowModel simulations from January 2003 to September 2014. 
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Figure 2.9. Seasonal accumulation (top) and ablation (bottom) of stored water from 

snowpack (land + ice surfaces) and glacier ice in the GOA watershed for balance years 

2004-2013. Black bars in ‘Mean’ column indicate the amount of annual accumulation 

and ablation occurring on glacier-only cells, averaged over the 10 year period. 
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Figure 2.10. Climatology of mean monthly discharge along the entire GOA coastline. 
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Figure 2.11. Map of the individual coastal watersheds in the GOA, color-coded by area. 

Plot shows the distribution of runoff volume by watershed size, ordered from smallest to 

largest watersheds. Lines vary in color based on the size of the watershed contributing 

runoff. The x-axis is cumulative watershed area, normalized by the total GOA area 

(420,300 km
2
), and the y-axis is the cumulative runoff volume, normalized by the total 

GOA runoff volume from the CFSR run (760 km
3
). 
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Figure 2.12. Gridded mean annual runoff from the Global Composite Runoff Fields 

(Fekete et al., 2002) database. Spatial resolution is 0.5 deg and gray cells report no data. 

The GOA watershed is indicated by the black line. 

 

 

 
 

Figure 2.13. Modeled mean monthly discharge along the Prince William Sound coastline 

from January 2009 through August 2014.  
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2.12 Appendix 

 

Table A1. Default model parameters and key citations. 

 

Variable Parameter name Default 

value 

Key Citation 

n Number of nearest stations used for 

interpolation 

5 Daly et al., [2002] 

L Curvature length scale (m) used for wind model 500 Liston, [1995] 

wsmin Minimum wind speed (m s
-1

) 1.0 Liston and Elder, [2006] 

Г Monthly temperature lapse rate (°C km
-1

) 4.4-8.2 Kunkel, [1989] 

χ Monthly precipitation adjustment factor (km
-1

) 0.2-0.35 Thornton et al., [1997] 

Train/snow Rain/snow threshold temperature (°C) 2.0 Auer, [1974] 

g Canopy gap fraction 0.2 Liston and Elder, [2006] 

 Cloud fraction adjustment factor 1.0 Liston and Elder, [2006] 

αs,fresh Fresh, non-melting snow albedo 0.80 Schmidt, [1972] 

αs,melt-forest Melting snow albedo, under forest canopy 0.45 Liston and Elder, [2006] 

αs,melt-

clearing 

Melting snow albedo, non-forested area 0.60 Liston and Elder, [2006] 

αice Bare glacier albedo, dry and melting 0.40 Mernild et al., [2008] 

ρsnow Initial snow density 300 Liston, [1995] 

Vice,sc Flow velocity (m s
-1

) through snow-covered ice 0.12 Liston and Mernild, 

[2012] 

Vice,sf Flow velocity (m s
-1

) through snow-free ice 0.20 Liston and Mernild, 

[2012] 

Vland,sc Flow velocity (m s
-1

) through snow-covered 

land 

0.10 Liston and Mernild, 

[2012] 

Vland,sf 

 

Flow velocity (m s
-1

) through snow-free land 0.08 Liston and Mernild, 

[2012] 
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Chapter 3: Hydrologic impacts of changes in climate and glacier extent 

in the Gulf of Alaska watershed  
 

 

 

 

 

 

 

 

 

 

 

Jordan P. Beamer, David F. Hill, Dan McGrath, Anthony Arendt, and Christian Kienholz
 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 

 

 

3. Hydrologic impacts of changes in climate and glacier extent in the Gulf of 

Alaska watershed 

3.1 Abstract 

High-resolution energy-balance models were used to determine the timing, spatial 

distribution, and composition (rain, snow-melt, ice-melt) of runoff from the entire Gulf of 

Alaska (GOA) watershed. In particular, climate models and future emissions scenarios 

were paired with systematically altered land cover to test the sensitivity of the hydrologic 

system to changes in regional climate patterns and glacier coverage. NCEP Climate 

Forecast System Reanalysis (CFSR) data were combined with five CMIP5 / AR5 General 

Circulation Models (GCMs) for two emissions scenarios (RCP 4.5 and 8.5) to develop 

future weather forcing for the 30 year period 2070-2099. A hypsometric model was used 

to estimate future glacier covered area and geometry given predicted equilibrium line 

altitude (ELA) increases of 200 and 400 m. The future climate data indicate an increase 

in annual precipitation of 12% for RCP 4.5 and 21% for RCP 8.5, and an increase in 

annual temperature of 2.5 °C for RCP 4.5 and 4.3 °C for RCP 8.5. Prescribed ELA 

increases reduce the glacier covered area by 34-57% compared to present day conditions. 

With the paired RCP/ELA runs, the annual GOA-wide runoff increases by ~10% for the 

RCP4.5 / ELA200 case and ~15% for the RCP8.5 / ELA400 case. The total glacier runoff 

decreases by 15% for RCP4.5 / ELA200 and decreases by 30% for the RCP8.5 / ELA400 

case. Both the GOA-aggregated results and results for individual watersheds are useful in 

terms of identifying the hydrologic regime changes that will accompany a changing 

climate in Alaska. Additional runs that perturb only the climate data and only the glacier 

cover provide insight on the underlying mechanisms controlling runoff changes. 

 

3.2 Introduction 

In coastal mountain regions, hydrologic complexity is layered together with 

oceanographic complexity and the biophysical influence of runoff generated by rain, 

snow, and glaciers extends into marine ecosystems through impacts on coastal currents 
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(Royer, 1982), biogeochemistry  (Frey et al., 2007), and ecology (Hickey and Banas, 

2003; Reisdorph and Mathis, 2014). Thus, improving our understanding of the land-to-

ocean water flux delivered from mountain environments will provide important 

information on boundary conditions for nearshore marine ecosystems. In all mountain 

regions, there is a significant interest in understanding the present distribution of runoff 

and how that distribution can change in response to changing precipitation, temperature, 

and land cover / use. In coastal mountain regions, where runoff traverses the entire 

watershed from glacier to coastline, climate change impacts will be more intricate as 

important feedbacks develop between individual processes (changes in glacier mass 

balance, evapotranspiration, etc.). 

 

The southern Alaska coastline spanning the Gulf of Alaska (Figure 3.1) receives extreme 

amounts of precipitation (750-900 km
3
 yr

-1
) and is an interface between ice covered 

mountains, rainforest ecosystems and marine estuaries and fjords. GOA glaciers account 

for 10% of Earth’s non-ice sheet glaciers by area (Pfeffer et al., 2014), and collectively 

are losing mass at a rate of 64  ± 10 km
3
 yr

-1 
(Larsen et al., 2015).  Beamer et al., (2016) 

calculated an average freshwater flux of 760 ± 60 km
3
 yr

-1 
from the GOA watershed over 

the period 1980-2014, composed of 63% snowmelt, 20% rainfall, and 17% bare ice melt. 

Glacier volume loss (GVL) contributed 8% of the total average freshwater flux. Spatio-

temporal variability of this flux into the GOA has strong effects on local (Etherington et 

al., 2007) and regional (Weingartner et al., 2005) oceanography.  

 

Climate models predict that the GOA will become warmer and wetter in the future (S. A. 

McAfee et al., 2014), with reductions in glacier volume and extent (Bliss et al., 2014; 

Huss and Hock, 2015; O’Neel et al., 2015). Increased precipitation and atmospheric 

temperature, decreasing snow/rain fraction, and changes in land cover will lead to 

changes in the timing, magnitude, and composition of the freshwater discharge to the 

GOA (Radić and Hock, 2013). 
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Looking to the past for precedent, Bieniek et al. (2014) analyzed divisional and statewide 

changes in air temperature and precipitation for Alaska from 1949-2012. During this time 

period the statewide mean annual air temperature increased by 1.7 °C, with strongest 

warming in the winter (3.7 °C). Changes in precipitation were less obvious due to 

geographical and seasonal heterogeneity, but their findings indicated an increase in 

precipitation in the southern coastal divisions in autumn and winter, with decreases in the 

spring months.  Arendt et al. (2009) correlated increased summer and winter temperatures 

(1.0 and 2.0 °C, respectively) between 1950 and 2002 for climate stations in Alaska with 

regional glacier mass loss, with increased summer air temperatures being the main driver 

of change. Coastal glaciers were found to be most sensitive to increased winter air 

temperatures (and freezing level heights) and prone to increased winter ice melt and 

reduced snow accumulation.  

 

Hodgkins (2009) showed significant streamflow changes in Alaska between the cool and 

warm phases of the Pacific Decadal Oscillation, and the large impact that basin glaciation 

had on the magnitude and direction of change. Glaciated (>10% glacier-covered) 

locations had increased streamflow for winter, summer, and annual time periods, due to 

enhanced glacier ice melt and increased rainfall amounts. In non-glaciated (<10% glacier-

covered) locations, streamflow had less increase in winter and annual time periods 

(compared to glaciated), and decreased during the summer months due to earlier 

snowmelt. Bennett et al. (2015) analyzed changes in extreme streamflow events from 

1960 to 2013 for interior Alaska watersheds, all having glacier cover less than 5%. In 

general, winter minimum streamflow increased and the summer maximum streamflow 

decreased. They found an increase in peak flow events during late summer / fall and late 

April-early May (snowmelt period), and a decrease in the late May to early summer post-

snowmelt period from an earlier snowmelt. The primary driver of change for the glacial 

and high-elevation watersheds was the spring air temperature, and winter precipitation 

was the primary driver of change in lower snowmelt-dominated basins. 
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There are only a limited number of studies that explore the impact of climate and glacier 

change on the hydrology of Alaska and most focus only on changes on glacier surfaces. 

Bliss et al. (2014) used a temperature-index model and an ensemble of 14 GCMs to 

simulate projected changes in glacier cover and runoff for regional subsets of Alaska. For 

the Representative Concentration Pathway (RCP) 4.5 scenario, reductions in both glacier 

volume and area resulted in a decrease in annual glacier runoff of 30% between the 

periods 2003-2022 and 2080-2099. Huss and Hock (2015) also used a temperature-index 

model to model the surface mass balance for each 10-m elevation band for all Alaskan 

glaciers. The model was driven with temperature and precipitation projections (monthly) 

from 14 GCMs and three emissions scenarios (RCP 2.6, 4.5 and 8.5). They found that 

between 2010-2100 the total glacier mass for the Alaska region, currently ~16,400 km
3
 

water equivalent (w.eq.), decreased by 42% and 58% for RCP 4.5 and 8.5 scenarios, 

respectively.  

 

The current study is the first to model hydrologic change for both glacier and land 

surfaces in watersheds draining into the GOA and it extends the process-based study of 

historical conditions in this area by Beamer et al. (2016). Here, we quantify the changes 

in coastal runoff that will occur due to increases in precipitation and temperature and 

decreases in glacier cover. We do this by varying these drivers both individually and in 

tandem. This systematic sensitivity study allows us to determine what controls the 

partitioning of runoff among contributing sources (rainfall, snow-melt, ice-melt) in 

mountain regions and to identify the pathways for change in this partitioning in the 

future. 

 

3.3 Study Area 

The GOA drainage basin shown in Figure 3.1 was delineated from the GTOPO (Global 

30 Arc-Second Elevation) digital elevation model with the coastal boundary running 

from the Alaska-Canadian border to Wide Bay on the Alaskan Peninsula. This drainage 
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contains hydrologic unit 4 (HUC4) 1901 (Southeast Alaska) and 1902 (Southcentral 

Alaska) from the national hydrography dataset (NHD) along with portion of western 

Canada, and has a total area of 420,300 km
2
. The high mountains (elevations > 4 km) 

along the GOA coastline coupled with abundant moisture produce precipitation amounts 

in excess of 12 m yr
-1

 in the southeastern panhandle, and averaging 2.0 m yr
-1

, arriving 

primarily in autumn and winter as snow (S. McAfee et al., 2014). The land cover in the 

GOA basin is a mixture of forests (30%), grassland/shrub (27%), bare soil/rock (18%), 

permanent snow/ice (17%), and lakes/wetlands (8%), based on the North American Land 

Change Monitoring System (NALCMS) land cover map 

(http://landcover.usgs.gov/nalcms.php, last accessed 13 Oct 2014). The GOA basin also 

contains a complex mix of climate zones (Bieniek et al., 2012), ranging from a maritime 

region which includes southeastern Alaska, the south coast, and southwestern islands; a 

continental zone in the interior basin areas; and a transition zone between the maritime 

and continental zones that includes the southern portion of the Copper River watershed, 

the Cook Inlet area, and the northern extremes of the south coast area. 

 

Using a 1 km spatial grid,   Beamer et al. (2016) delineated the individual watersheds and 

found more than 14,000 coastal watersheds and pour points in the GOA. Coastal 

watersheds with areas less than 1,000 km
2
 (n = 14,098) made up 34% of the total area 

and contributed 48% of the annual runoff volume (760 km
3
) and 40% of the glacier 

runoff volume (290 km
3
). Coastal watersheds with areas between 1,000 and 10,000 km

2
 

(n = 24), made up 15% of the total area and contributed 19% of the total runoff and 29% 

of the glacier runoff volume. The large inland watersheds with areas greater than 10,000 

km
2
 (n = 5) made up the remaining 51% of the area, 33% of total runoff, and 31% of the 

glacier runoff volume. These results show the very large fraction of distributed (non-

point) runoff typical of coastal landscapes occupied by glaciers. 
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3.4 Data and Methods 

3.4.1 Hydrologic Model 

There are many options for regional modeling of hydrologic processes, although options 

narrow for domains that contain both significant snow (Sturm, 2015) and glacier ice 

(Hock and Jansson, 2006) components. Following the approach of Beamer et al. (2016), 

we use an integrated suite of gridded meteorological (MicroMet; Liston and Elder, 

2006a), energy-balance snow and ice melt (SnowModel; Liston and Elder, 2006b), soil 

moisture and evapotranspiration (SoilBal; Beamer at al., 2016) and linear-reservoir runoff 

routing (HydroFlow; Liston and Mernild, 2012) models to model the pathways of water 

from precipitation input to coastal runoff. The model components are only briefly 

reviewed here; readers are directed to the original publications for full details. 

 

3.4.1.1 MicroMet 

MicroMet (Liston and Elder, 2006a) is a data assimilation and interpolation scheme that 

distributes meteorological parameters to the spatial resolution of the DEM and land cover 

grids. Input to MicroMet can come from either scattered weather stations, or from 

gridded weather reanalysis products. In the latter case, the grid cell centers are treated 

exactly as weather stations. MicroMet pre-processes data by removing outliers and 

replacing missing values and then distributes parameters using known relationships 

between weather variables and topography. If solar and longwave radiation input data are 

not available, MicroMet will calculate these values with additional sub-models, 

considering the influence of cloud cover, and topographic slope and aspect. 

 

3.4.1.2 SnowModel 

SnowModel uses the high-resolution (model grid) meteorological output from MicroMet 

to compute the full evolution of snow water equivalent (SWE) using an energy-balance 

approach. Energy balance methods are more physically robust than temperature index 
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methods, which lump together and parameterize multiple processes in terms of a single 

variable (temperature). This increase in robustness comes at the expense of computational 

cost and greater input data requirements. The processes in SnowModel include: (1) 

accumulation from snow precipitation; (2) blowing-snow redistribution and sublimation; 

(3) snow-density and mass transfer evolution; and (4) snowpack ripening, refreezing, and 

melt water flow. SnowModel was originally developed to model the snowpack, but it was 

extended by Mernild et al., (2007) to account for the additional melt of glacier ice after 

the seasonal snowpack melted away. In this study, the surface energy balance and 

associated hydrologic fluxes were modeled on a sub-daily timestep, capturing the diurnal 

fluctuations in snow- and ice-melt, including hydrologically important rain-on-snow 

events.  

 

3.4.1.3 SoilBal 

The SoilBal submodel for SnowModel was developed by Beamer et al. (2016). First, 

potential evapotranspiration (PET) calculations based on air temperature, top-of-canopy 

net radiation and the Priestley-Taylor equation (Priestley and Taylor, 1972) were 

included. Second, routines were added to solve a soil water balance (Flint et al., 2013) 

using SnowModel grid-cell runoff and PET as hydrologic input, and gridded soil water 

storage at field capacity and wilting point. SoilBal produces daily grids of actual 

evapotranspiration (ET), surface runoff, and baseflow runoff. The resulting surface runoff 

and baseflow output are then used as input to the runoff routing model. 

 

3.4.1.4 HydroFlow  

The HydroFlow runoff routing model (Liston and Mernild, 2012) simulates transport of 

runoff produced from rainfall, snow-, ice-melt, and baseflow across glaciers and land to 

downslope areas and basin outlets. A coupled system of equations solves for fast- and 

slow-response flow and the final solution yields a discharge hydrograph for each grid 
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cell. Summation of the hydrographs of all coastal grid cells provides the discharge of the 

entire GOA basin. Results for other watersheds are easily obtained by aggregating the 

runoff from the grid cells of interest. 

 

3.4.2 Model Forcing Data 

The modeling suite requires spatially gridded maps of elevation, land cover, and soil 

texture. In principle, these grids can be varied temporally, to account for rapidly changing 

landscapes, but that was not done in this study. The model workflow also requires time 

series of weather data from weather stations or gridded products. The USGS Hydro1K 

North America dataset derived from the GTOPO30 dataset was selected as the elevation 

model. Baseline vegetation classes for each grid cell were obtained from the NALCMS 

Land Cover 2005 map. The land cover had to be regridded to align with the elevation 

grid. Additionally, it was necessary to adjust the vegetation classes to be consistent with 

the classification scheme defined in Liston and Elder (2006b).  Soil texture data were 

obtained from the gridded Harmonized World Soil Dataset (HWSD; Version 1.2, Fischer 

et al., 2008), available at 1-km resolution. Finally, glacier ice cover was obtained from 

the Randolph Glacier Inventory (RGI; Version 3.2, Pfeffer et al., 2014). The RGI 

coverage has a total glacier area of 72,392 km
2
 in the delineated GOA drainage. While 

the NALCMS has a ‘snow and ice’ classification, the RGI data are more current and 

more accurately represent ice cover. Grid cells that were ‘snow and ice’ according the 

NALCMS but not the RGI were assigned bedrock classifications instead.  

 

3.4.2.1 NCEP Climate Forecast System Reanalysis 

For baseline hindcast simulations we used the Climate Forecast System Reanalysis 

(CFSR; versions 1 and 2) of the National Centers for Environmental Prediction (NCEP). 

Taken together, these data span the period 1979 to present (January 1, 2011 separates the 

two versions). The reanalysis grid has spatial and temporal resolutions of 0.5° and 6 
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hours, respectively (Saha et al., 2010), with ~1100 grid points in the GOA model domain. 

Beamer et al. (2016) considered a total of four reanalysis products and determined that 

CFSR provided the most accurate regional simulations compared to GRACE satellite 

data in terms of annual amplitudes and long-term losses (ice loss) in the GOA region. 

This is consistent with the comparative study of reanalysis products by Lader et al. 

(2016).  

 

3.4.2.2 Model Calibration 

The distributed hydrologic model used in this study has a large number of parameters. To 

inform the selection of model parameters, a phased approach was adopted as described in 

Beamer et al. (2016) and only summarized here. Simulations were carried out for four 

catchments (on Wolverine, Gulkana, Mendenhall, and Eklutna glaciers), where glacier 

mass balance measurements and streamflow measurements were simultaneously 

available. These four domains were selected since they sampled the major hydrologic 

regimes (rainfall, snowmelt, and glacially dominated) found in the region. Beamer et al. 

(2016) identified that model results were most sensitive to four model parameters: 

precipitation adjustment factor (χ), glacier ice albedo (αice), and fast and slow response 

times (kf and ks). The lattermost parameters represent (i) the time scale of channel flow in 

streams and through glaciers, and (ii) the time scale of transport through snow and ice 

matrices, and soil.  

 

Validation simulations using the best set of model parameters produced statistically 

significant (p < 0.001) coefficients of determination (r
2
) values of 0.63-0.77 for seasonal 

(winter and summer) point glacier mass balance at the four monitored glaciers and Nash 

Sutcliffe Efficiency (E) values of 0.85-0.91 for monthly streamflow at the four stream 

gage stations. 
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3.4.2.3 Future Climate Data 

There are numerous strategies for future climate data in studies of hydrologic change. 

The simplest approach (e.g., Engelhardt et al., 2015) is to impose spatially and seasonally 

constant changes in precipitation and temperature. This can be done as a pure sensitivity 

test, or the imposed changes can be realistically constrained by climate model output. 

More recent efforts have sought to preserve the spatial and temporal (seasonal; 

interannual) variability present in projections of future climate. GCM spatial resolution is 

typically coarse; the average resolution for the models in CMIP5 is just under 2°. Some 

studies (e.g., Huss and Hock, 2015; Bliss et al., 2014) have used this native resolution 

while others have downscaled the GCM data to a finer resolution using statistical (e.g., 

Immerzeel et al., 2012) or dynamical methods (e.g., Shrestha et al., 2013). Similar 

choices must be made with temporal resolution. GCM output is commonly available at a 

sub-daily time step, although users often coarsen it to daily or monthly increments. The 

recent studies of glacier change by Huss and Hock (2015) and Bliss et al. (2014) used 

monthly time steps. 

 

At the time of this study, high spatial resolution dynamically downscaled CMIP5 GCM 

data were not available for the Alaska region. Bieniek et al. (2015) describe their 

dynamic downscaling of the ERA-Interim product for Alaska and note their pending 

future extensions to GCM output. With that data not yet available, we adopted a hybrid 

approach to preparing our future climate data. This approach retains the spatial resolution 

of the CFSR reanalysis product, but perturbs both the precipitation and temperature fields 

based on historical and future GCM climatologies. This approach by definition retains the 

temporal characteristics of the CFSR time series and is therefore not suited for assessing 

changes to peak flow characteristics or other quantities dependent on the temporal 

structure of the signal. 

 

Our specific approach uses GCM products prepared by the Scenarios Network for Alaska 

+ Arctic Planning project (SNAP; https://www.snap.uaf.edu/). SNAP provides 

https://www.snap.uaf.edu/)
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downscaled temperature and precipitation monthly time series (as well as 30-year 

monthly climatologies) using CMIP5 GCM data. The GCM data are statistically 

downscaled to high spatial resolution (2-km) but low temporal resolution (monthly) grids. 

The five GCMs provided by SNAP were the top performing models (lowest bias) 

according to Walsh et al. (2008), who compared 15 different GCMs in Alaska and 

Greenland to temperature, precipitation, and surface pressure fields from ERA-40. SNAP 

also provides the 5-model mean as a sixth product. 

 

For each combination of GCM product (six total) and RCP scenario (two; 4.5 and 8.5 

were studied) the gridded climatologies of mean monthly air temperature and total 

precipitation from historical (1980-2009) and future (2070-2099) periods were acquired 

from SNAP. The future and historic temperature climatologies were differenced to 

generate the climate anomaly grids. In the case of precipitation, the ratio between the 

future and historic climatologies was computed in order to obtain the anomaly grids. 

These anomaly grids were then applied to the CFSR data set in order to create a future 

dataset with the correct spatial and seasonal (monthly) distribution of mean variables. 

 

3.4.2.4 Future Glacier Cover Extent 

The glaciers in the GOA are anticipated to retreat significantly by the end of the century 

(e.g. Huss and Hock, 2015). Given the significant contribution that glacier areas make to 

downstream runoff, it is necessary to model their future extent prior to conducting studies 

of future hydrologic response. Options for evolving the glacier cover range from 

approaches based on mass balance models and geometric adjustments (e.g., Huss and 

Hock, 2015; Radić and Hock, 2006; Radić et al., 2013) to more complex models that 

include ice dynamics (e.g. Clarke et al., 2015). The appropriate choice is not always 

clear, particularly for large-scale regional simulations, and it is not always the case that 

more sophisticated model physics are better, especially when either the necessary input 

data are lacking or the model is not run at sufficient resolution to implement those 
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physics. For example, Radic et al. (2013) note that ice thickness, required for a 

physically-based ice flow model, is available for less than 1% of the glaciers in the world.  

 

In this paper, our goal is not to evolve the glacier cover directly, but instead to test the 

response of a particular, well-constrained, future landscape to particular climatic forcing. 

To assess this sensitivity, we therefore systematically altered glacier cover using a simple 

hypsographic model based on the approach of Paul et al. (2007). This approach 

determines the changes in glacier extent as a function of changes in equilibrium line 

altitude (ELA) and accumulation area ratio (AAR). It relies on the documented 

relationship between increasing air temperatures and increasing ELA (Gerbaux et al., 

2005; Klok and Oerlemans, 2002; Kuhn, 1980).  

 

For this study, we began by deriving 10 m hypsometric bins for each individual glacier in 

the Alaska region using the Randolph Glacier Inventory (Pfeffer et al., 2014) and a multi-

source DEM consistent with the inventory (Kienholz et al., 2015). We assumed an initial 

steady-state AAR of 0.65 using Pelto and Brown, (2012) to determine the initial ELA of 

each glacier and then subsequently raised the ELA by 200 and 400 m, respectively, for 

RCP 4.5 and 8.5. These increases were taken from the differences between the mean 

2010 ELA and the mean 2070-2100 ELA for the Alaska region glaciers (~90% of which 

are in the GOA) reported by Huss and Hock (2015). The first set of future glacier cover 

masks was created by combining these ELA increases with the historic AAR value of 

0.65. A second set of masks was produced by using the above ELA increases, but 

allowing for an evolving AAR. Huss and Hock (2015) report AAR values, for the 2070-

2100 period, of 0.44 for RCP 4.5 and 0.34 for RCP 8.5. This additional degree of 

freedom in our experimental matrix allowed us to specifically test the sensitivity of 

runoff and its partitioning to future land cover. The updated glacier cover grids were used 

to generate new SnowModel land cover files. Each glacier ice cell that was removed due 

to ELA increase was replaced with a bare ground cover cell; we did not account for 

vegetation / soil succession in this study. We also kept our DEM input constant, not 
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considering terrain lowering due to glacier thinning. Note that the glacier cover masks 

were kept constant during the 30-year modeling period; i.e., we did not account for 

additional glacier retreat during these 30 years.  

 

The hypsographic model is clearly a first order approach to determining likely future 

glacier cover. It is fully decoupled from and only provides an input (glacier cover) to the 

hydrologic modeling. However, given that our future landscape is informed by process 

based studies (Huss and Hock, 2015), our results provide a valuable and well-constrained 

look at how the overall hydrologic response of coastal mountain Alaska in the future. 

 

3.4.2.5 Model Run Configuration 

We performed a phased series of tests (Table 3.1) with the different climate / land cover 

combinations to quantify the sensitivity of future GOA runoff to perturbations in climate 

and glacier cover. The first tests perturbed climate forcings, but kept the land cover fixed 

at present day. The effects of altered precipitation and temperature were studied 

individually and then in conjunction. The second tests retained historic climate (CFSR), 

but altered the glacier cover as described above. A final set of runs simultaneously 

adjusted the climate and land cover inputs to the model. This systematic approach 

allowed us to determine the main controls on changing streamflow. 

 

3.5 Results 

We primarily present results aggregated to the entire GOA (shown in Figure 3.1), for the 

purpose of comparison with Beamer et al. (2016). We present a more limited number of 

results on a watershed-by-watershed basis. The GOA drainage contains several 

transboundary watersheds spanning both Alaska and Canada. On the Alaska side we used 

the U.S. Geological Survey (USGS) watershed boundary dataset (WBD) 8-digit 

boundaries (HUC8) as the official boundary and on the Canadian side we used a 
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combination of the unofficial NHN WorkUnits (1:50K) and the official Canadian 

Fundamental Drainage Areas (FDA 1:1M).  

 

3.5.1 Historical Conditions 

CFSR produces a mean annual runoff volume of 760 km
3
 yr

-1
 with a strong seasonal 

amplitude, having a maximum runoff in June, and a minimum in February (Figure 3.2). 

Approximately 38% of the annual runoff volume is derived from glacier runoff 

(combined rain and melt of snow and ice from glacier surfaces). The seasonal runoff is 

partitioned into three surface water sources: melt from base of the snowpack, direct 

rainfall on snow-free surfaces, and bare glacier ice melt once seasonal snowpack is 

removed. Snowmelt dominates from April to July (63% of annual total), while ice melt 

and rainfall dominate in August and September (17% and 20% of annual total, 

respectively). Runoff to the GOA exhibits a strong spatial gradient of decreasing runoff 

depths (from >3 m to <0.1 m) with distance from the coast (Figure 3.3).   

 

3.5.2 Effects of Climate Forcing 

3.5.2.1 Changes in Precipitation and Temperature 

Figure 3.4 shows the climatology of GOA aggregated mean air temperature and 

precipitation for historical conditions (CFSR) along with the 5-model mean for RCPs 4.5 

and 8.5. The vertical bars indicate the standard deviation of the results from the 5-model 

ensemble of runs. The mean annual air temperature for the future period 2070-2099 

increased by an average (± one standard deviation) of 2.5 ± 1.2 °C and 4.3 ± 1.7 °C for 

RCPs 4.5 and 8.5, respectively. While all months see temperature increases, the largest 

increases are observed in November. In terms of spatial variability, the greatest increases 

are found in the north of the domain. 
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The historical mean annual precipitation input for the GOA was 814 km
3
 yr

-1
, with a 

maximum of 98 km
3 
in October and minimum of 46 km

3 
in June, and similar spatial 

gradients to those in runoff (Figure 3.3). The mean annual precipitation input for the 

future period 2070-2099 increased by 12% and 21% for RCPs 4.5 and 8.5, respectively, 

with the largest increases in October. Similar to air temperature, the largest (percent) 

increases in precipitation are in the northern end of the GOA with some areas receiving a 

40% increase in annual precipitation, and watersheds in the southeast having little or no 

change in annual precipitation.  

 

As a result of the increased air temperatures, the partitioning of the precipitation changes 

to become more rain-dominated. The fraction of annual precipitation falling as snow 

reduces from 50% for the historical case to 35% and 25% for RCPs 4.5 and 8.5, 

respectively (Figure 3.5a). Changes in snowfall amounts are partially offset by the 

increased precipitation, but overall the annual snowfall reduces to 78% and 60% of 

historical volumes for RCPs 4.5 and 8.5. For historical simulations, the peak snowpack 

water volume occurred in April (Figure 3.5b), with an average peak snow water 

equivalent (SWE) volume of 364 km
3
. For the future simulations, the peak SWE remains 

in April, but the peak SWE volume decreases by 17% and 30% for RCPs 4.5 and 8.5. 

This reduction in peak SWE volume reduces spring runoff, decreases snow accumulation 

to replenish glaciers, and decreases spring snow extent. 

 

3.5.2.2 Changes in Runoff 

Figure 3.6 summarizes the mean annual hydrograph for the baseline run, and the runs 

where climate forcings have been altered but the modern RGI glacier cover has been 

retained. The black lines in both Figures 3.6a-b are the baseline result driven by the 

original CFSR reanalysis data, which produces a mean annual runoff of 760 km
3
. Figure 

3.6a shows the effects of individually altering the temperature and the precipitation fields 

for the RCP 4.5 scenario only. Note that only the 5-model mean was used to drive these 
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simulations. For the case where only precipitation was altered, there is a slight (8%) 

increase in total runoff, but negligible change in runoff from glacier surfaces. The 

increase in May-July is due to an increase in the availability of snowpack to melt. No 

winter increases in runoff are found since the increased precipitation in those months falls 

as snow. For the case where only temperature was altered, there is a larger (18%) 

increase in total runoff, most of which comes from glacier surfaces (51% increase). 

Seasonally, most of the increase comes in fall and winter and is due to a lower snow/rain 

fraction, more frequent rain-on-snow events, and greater late summer melting of glacier 

ice. 

 

Figure 3.6b shows the changes to runoff when both temperature and precipitation are 

altered at the same time. For these runs, both RCP scenarios were considered and runs 

were carried out with all five GCMs The error bars show one standard deviation and 

provide a measure of the variability in runoff due to the variability in input climate. The 

total runoff volume increases by 25% to 951 ± 89 km
3
 yr

-1
 and 46% to 1112 ± 148 km

3
 

yr
-1

 for RCPs 4.5 and 8.5. The corresponding coefficients of variation are 9.3% and 

13.3% for the runoff. These are larger than the coefficients of variation in the 

precipitation input, which are 4.4% and 5.2% for RCPs 4.5 and 8.5. In other words, the 

variability in precipitation input is ‘amplified’ as the water is routed through the 

hydrologic cycle and across the landscape to the coast. Seasonally, the changes in 

hydrograph mirror those from the T only run in Figure 3.6a. The noticeable June increase 

in runoff that had occurred for the P only run in Figure 3.6a is now gone. Recall that that 

increase had been due to the melt of additional stored snow. When the temperature 

increases are also included the additional precipitation input comes more as rain and runs 

off immediately instead.  
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3.5.3 Effects of Glacier Cover 

3.5.3.1 Changes in Glacier Cover 

Figure 3.7 shows the spatial coverage of current and altered glacier cover for 200 and 400 

m ELA increases using the constant AAR (Figure 3.7a) and evolving AAR (Figure 3.7b) 

assumptions. Note that the spatial extent has been zoomed in to focus on the region from 

Prince William Sound to Glacier Bay. Assuming constant AAR, the GOA glacier covered 

area decreases by 34% and 57% for ELA increases of 200 and 400 m, respectively. 

Assuming an evolving AAR, the retreat of the glaciers is much less dramatic overall, 

decreasing by 15% and 33% for ELA increases of 200- and 400-m, respectively. Glacier 

retreat using the constant AAR assumption is spatially uniform with dramatic retreat for 

both large and small glacier complexes, whereas for the evolving AAR case the retreat is 

less dramatic for large glaciers, which in some cases show little or no retreat. These 

changes are also evident in the glacier hypsometry (Figure 3.8). In particular, Figure 3.8a 

shows how the assumption of an evolving (reduced) AAR mitigates the effect of an 

increase in ELA. This is important since the retention of low-elevation glacier ice will 

greatly increase the ice melt contribution to overall runoff. 

 

3.5.3.2 Changes in Runoff 

Figure 3.9 summarizes the mean annual hydrograph, both for total runoff and glacier 

runoff, for the baseline run, and the runs where glacier cover has been altered but the 

present day CFSR climate has been retained. Recall that the baseline simulation produced 

760 km
3
 and 290 km

3 
for the total and glacier runoff, respectively. Unlike Figure 3.6b, 

where 5 climate models were used and error bars indicated the standard deviation of the 

ensemble results, only the 5-model mean was used here. Figure 3.9a shows results for the 

case of a constant AAR. Both the total runoff and the glacier runoff decrease, especially 

the latter. Because the historical climate remains unchanged, the only runoff component 

that changes for this scenario is the glacier ice melt contribution, which decreases in all 
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cases due to the loss of low-elevation glacier extent. The total runoff hydrograph shows 

declines from June to September, the time of peak glacier runoff contribution. Figure 

3.9b shows the results for the case of a variable AAR. In this case the decrease in runoff 

is less dramatic since more glacier ice remains in low lying areas and is available for melt 

by the present climate. 

 

3.5.4 Combined Effects of Climate and Glacier Cover Change 

In the previous sections, we presented results showing the sensitivity of the runoff to 

changes in the individual elements (temperature, precipitation, and glacier cover). In 

order to assess the combined impact of climate and glacier cover change, the final model 

runs used the perturbed climate and altered glacier cover together. As in Section 4.3, we 

used only the 5-model mean climate for RCPs 4.5 and 8.5. RCP 4.5 climate was paired 

with the 200 m ELA increase, and RCP 8.5 was paired with the 400 m ELA increase. 

Figure 3.10a shows the results of future climate paired with constant-AAR glacier cover 

and Figure 3.10b shows the results for the variable AAR case. In both cases, there are 

substantial differences to the mean annual hydrograph. The strong summer peak found in 

the baseline simulations is now weakened and the overall hydrograph begins tending 

toward a bi-modal distribution with a late spring peak due to snowmelt and an early 

autumn peak due to rainfall. Figure 3.10a is particularly useful in showing the loss of the 

summer peak and its cause, which is the strong reduction in summer glacier melt. The 

other major characteristic to note is the strong increases in winter flows. These increases, 

similar to what was seen in Figure 3.6b, are due to a combination of effects including 

increased precipitation in the winter and warmer temperatures that reduce the snow / rain 

fraction. 

 

The effect of assumed AAR is striking, both in terms of overall volumes and in terms of 

partitioning. The future hydrographs in Figure 3.10b are similar in shape to those in 

Figure 3.10a, but show a weaker change in the summer. The glacier runoff is actually 
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found to increase in the variable AAR case and this increase mitigates the reduction in 

glacier area that led to strong decreases in glacier runoff in the constant AAR case 

(Figure 3.10a). In terms of total runoff volumes, the increases predicted by the variable 

AAR case are roughly double those from the constant AAR case. 

 

The model runs with a constant AAR of 0.65 (Figure 3.10a) produce late twenty-first 

century glacier runoff values similar to Bliss et al. (2014) and projected mass balance 

values similar to Huss and Hock (2015). Model runs using the evolving AAR values 

(Figure 3.10b) have too much ice at low elevations and produce large increases in the 

glacier runoff and glacier volume loss rates that are inconsistent with these studies. This 

provides support for the constant AAR approach and we restrict our remaining results to 

this case. 

 

The partitioning of future runoff into the three hydrologic sources is presented in Figure 

3.11. In the baseline case of CFSR weather combined with RGI glacier cover (Figure 

3.11a), the GOA runoff partitioning was dominated by snowmelt (63%), followed by 

direct rainfall (20%) and glacier ice melt (17%). For the RCP 4.5 / ELA 200 scenario 

(Figure 3.11b), the annual GOA runoff partitions into 54% snowmelt, 32% direct rainfall, 

and 14% glacier ice melt. For the RCP 8.5 / ELA 400 scenario (Figure 3.11c), the annual 

GOA runoff partitions into 48% snowmelt, 41% direct rainfall, and 11% glacier ice melt. 

For the future scenarios there is a clear shift to a more rain-dominated climate, with 

decreasing contributions from snow-melt and ice-melt. The runoff hydrograph is 

noticeably flatter for future scenarios, with an increase in spring runoff from an earlier 

snowmelt, a smaller peak flow due lower midsummer meltwater runoff, and an increase 

in fall and winter runoff from more direct rainfall and rain-on-snow melt events. 
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3.6 Discussion 

3.6.1 Limitations / Uncertainty 

Our results that pair the projected climate change with altered glacier cover show 

remarkable uncertainty in the glacier runoff projections (Figure 3.10). The annual glacier 

runoff for period 2070-2099, for example, varies between -34% and +25% relative to 

1980-2009. As a complete summary, Table 3.2 provides, for all of the model tests that 

were shown in Table 3.1, the mean annual total runoff and the mean annual glacier runoff 

for the future period. This variability means that the runoff model driven with output 

from different GCMs and realistic uncertainties in the glacier extent adjustment predicts 

conditions ranging from significant water shortage to considerable runoff surplus for the 

same future time period. The glacier extent change calculated from our hypsographic 

modeling ranged from -15% to -57% among the experiments (varying RCP / ELA and 

AAR). Huss et al., (2014) quantified the uncertainties in the projected annual runoff from 

a glaciated basin in the Alps for different climate models, and found the annual runoff by 

2100 to vary between -57% and +25% relative to historic, and glacier area loss to range 

from -100% to -63%. They noted that the large spread of individual climate models and 

the different approaches to calculating glacier retreat were the primary causes of the high 

uncertainty of future runoff projections in high mountain catchments. 

 

The model runs using historical climate and adjusted glacier extents (Figure 3.9) allow us 

to assess the relative importance of the glacier geometric adjustment and magnitude of 

potential uncertainty. The large uncertainties in predicted glacier extents directly translate 

to uncertainties in the annual glacier runoff. The changes in annual glacier runoff 

produced from the simulations with reduced glacier extents alone ranged from -17% to -

70% relative to historic. This indicates that the glacier runoff component, which currently 

makes up ~40% of the total runoff signal, is highly sensitive to the predicted glacier 

cover. 
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While this sensitivity test was a good start and much better than using present-day ice 

cover for future runs, future versions would benefit from coupling to a glacier retreat 

parameterization, ideally the one of Huss et al., (2010). The Huss approach has 

advantages compared to the other approaches available. First, it models the glacier retreat 

very similarly to a glacier flow model, while being much less computationally intense 

than a flow model. Both volume-area scaling and hypsographic modeling lead to less 

realistic extents. Second, it is mass conserving. Keeping the glacier extent constant 

through the multi-year simulation is not mass conserving, and neither is hypsographic 

modeling or volume-area scaling. Finally, it evolves the surface elevation; both 

hypsographic modeling and volume-area scaling do not. This is important when it comes 

to snow-rain partitioning as many glaciers are several 100 m thick. The reason that we 

did not implement a more sophisticated approach (Huss and Hock, 2015; Huss et al., 

2010) to this study is because we would need continuous simulations and higher model 

resolution, which are not feasible at present at the scale of the entire GOA. Other 

suggestions to improve the modeling include: utilizing dynamically downscaled climate 

model products (Bieniek et al., 2015) and higher resolution land cover / elevation data, 

and including soil and vegetation succession. 

 

3.6.2 Application 

To briefly give context to the utility and application of this modeling work, changes in 

timing, magnitude, distribution, and composition of streamflow can impact important 

species such as Pacific salmon and their riverine habitat. For example, more frequent 

winter floods can scour salmon eggs and increase sedimentation in spawning gravels 

(Shanley and Albert, 2014), and decreased summer flows can lead to warmer water 

temperatures and decrease available spawning habitat (Wobus et al., 2015). While our 

modeling is not designed to look at changes in peak flows, there are other key hydrologic 

parameters important for salmon habitat (Wobus et al., 2015) that our modeling can 

address. These include the timing (month) of maximum flow, magnitude of summer flow, 
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and magnitude of winter flows. As an example, we focus on the first of these. A mean 

annual hydrograph was developed for each watershed (HUC8) shown in Figure 3.3 for 

the baseline case and for the RCP 4.5 / ELA 200 and the RCP 8.5 / ELA 400 cases.  

 

The month of peak flow is shown for these three cases in Figure 3.12. Results from three 

watersheds were extracted to highlight the nature of the shifting hydrograph in different 

regions. These watersheds represent three distinct hydrologic regimes: (a) a snowmelt-

dominated inland watershed with high mean elevation (1190 m) and low (4%) glacier 

cover (Figure 3.12a); (b) a hybrid (hydrograph contains both spring snowmelt and fall 

rainfall peaks) coastal watershed with low mean elevation (280 m) and no glacier cover 

(Figure 3.12b); and (c) a glacially-dominated coastal watershed with mean elevation of 

550 m and high (31%) glacier cover. 

 

The snowmelt-dominated inland watershed (Figure 3.12a) historically had a spring runoff 

onset in May that peaked in June. Warmer spring temperatures cause an earlier spring 

snowmelt onset that begins in April and peaks in May, and lower flows from June to 

August. The flows in October increase due to more rainfall runoff from increased 

precipitation input and higher rainfall fraction. The hybrid coastal watershed (Figure 

3.12b) historically had both a spring snowmelt peak in May and a fall rainfall peak in 

October. The hydrograph shifts to rain-dominated. The warming temperatures result in a 

loss of winter snowpack accumulation and more winter rainfall that runs off rapidly 

causing increased winter flows from October to March. Without available snowpack to 

melt and supplement summer flows, the flows decrease dramatically from April to July. 

The heavily glaciated coastal watershed shows a dramatic flattening of the hydrograph 

(Figure 3.12c) due to a combination of warming temperatures and decreased glacier 

extent. Increased runoff from October to April is due to more precipitation falling as rain 

which runs off immediately rather than being stored as snowpack. The decreased flows 

from May to September are mainly due to loss of glacier melt contribution from the large 

decline in glacier cover (-50% for ELA 200, -88% for ELA 400). 
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These results show the hydrologic complexity of the GOA, and the potentially large, 

complex changes in the hydrologic regime. These modeled shifts are consistent with 

other studies in the region (Schnorbus et al., 2014; Shanley and Albert, 2014; Wobus et 

al., 2015). Schnorbus et al. (2014) found that in the inland basins of British Columbia, 

streamflow projections indicate timing shifts predominantly because of changes in the 

dynamics of snow accumulation and melt. The future hydrologic regimes shift towards an 

earlier spring peak associated with snowmelt with increased winter streamflows, while 

the coastal watershed shifted towards a rain-dominated hydrograph with a fall / winter 

peak. Shanley and Albert (2014) found that in southeast Alaska the mainland watersheds 

had large increases in mean September to March streamflow (100-300%) along with a 

shift towards an earlier snowmelt and transition to rainfall pattern. It should be noted that 

Shanley and Albert (2014) used a statistical discharge model, calibrated for historical 

watershed conditions, to model future climate scenarios. Also, they did not account for 

changing glacier cover. Wobus et al. (2015) modeled future streamflow and temperature 

for watersheds in Bristol Bay (SE Alaska) and found an increase in mean winter flows, 

loss of spring snowmelt freshet, more frequent winter floods, and increased water 

temperatures. 

 

3.7 Conclusions 

We used a suite of high-resolution hydrologic models to quantify the response of late 

twenty-first century runoff from the GOA to temperature and precipitation changes from 

five GCMs and two emission scenarios, and glacier retreat scenarios derived from 

increases in ELA. The results showed significant warming for the future time period for 

all regions in the GOA across all seasons, for all GCMs and emission scenarios. Annual 

precipitation inputs to the GOA also increased for all GCMs and emission scenarios. As a 

result of these trends, the snow / rain fraction of precipitation inputs and the peak 

snowpack volume both decreased resulting in decreased snow cover extent and 
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snowmelt. Using a simple hypsographic modeling approach decoupled from the 

hydrologic model, we estimated the future glacier covered area and geometry using 

incremental increases in ELA. These resulting glacier grids showed a steep decline in 

extent with a wide range (-15% to -57%) that was very sensitive to the selection of the 

representative AAR value, highlighting the importance of accurately predicting future 

glacier cover.  

 

Using the projected climate data and altered glacier cover, model runs were made to 

determine the change in terrestrial and glacier runoff. The total runoff to the GOA for the 

future period increases by 11% to 30%, depending upon choice of RCP and AAR, with 

large increases in winter runoff from increased rainfall contribution and decreases in 

summer runoff from less snow-melt and less ice-melt. Projections of annual glacier 

runoff produced changes of -34% to +25% highlighting the sensitivity of glacier runoff to 

changes in climate forcing and glacier extent. These results indicate that the GOA 

hydrology is complex, and the potential changes that are coming will be complex. 
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3.10 Tables 

Table 3.1. Layout for the experimental design or the climate-glacier sensitivity tests. 

 

      Climate 

  
 

  Historic Future 

  
 

  CFSR RCP 4.5 RCP8.5 

      
 

T only P only T&P T&P 

Glaciers 

Historic RGI X X X X X 

Future 
ELA+200 

(AAR=0.65) 
X 

  
X  

 

ELA+400 

(AAR=0.65) 
X 

   
X 

Future 
ELA+200 

(AAR=0.44) 
X 

  
X  

 

ELA+400 

(AAR=0.34) 
X 

   
X 

 

 

Table 3.2. Mean annual GOA total runoff volumes and glacier-only runoff volumes (in 

parentheses) in km
3
 yr

-1
 for the different glacier-climate sensitivity tests shown in Table 

3.1. 

 

      Climate 

  
 

  Historic Future 

  
 

  CFSR RCP 4.5 RCP8.5 

        T only P only T&P T&P 

Glaciers 

Historic RGI 760 (290) 885 (435) 810 (285) 950 (430) 1110 (560) 

Future 
ELA+200 

(AAR=0.65) 
680 (160) 

  
830 (250)  

  
ELA+400 

(AAR=0.65) 
650 (85) 

   
865 (190) 

Future 
ELA+200 

(AAR=0.44) 
730 (240) 

  
905 (360)  

  
ELA+400 

(AAR=0.34) 
705 (180) 

   
980 (355) 
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3.11 Figures 

 

 

Figure 3.1. (a) - Site map of northeastern Pacific Ocean with thick line indicating extent 

of other panels; (b) - Gulf of Alaska (GOA) and major inland drainage basins; (c) - 

glacier cover clipped to GOA domain.  
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Figure 3.2. Stacked plot of mean monthly runoff volume from the GOA basin partitioned 

into the following components: glacier ice melt, snow melt, and direct rainfall runoff.  

Mean monthly volumes were determined from daily model output over the period 1980-

2009 for CFSR-driven runs.  
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Figure 3.3. Map of mean annual runoff rate (in m yr
-1

) for CFSR-forced simulations 

aggregated to the HUC-8 watersheds within the GOA region.  
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Figure 3.4. Mean monthly air temperature (a) and precipitation (b) aggregated to the 

GOA basin for historical (black line), RCP 4.5 (blue line), and RCP 8.5 (red line) 

conditions. For future scenarios, the solid line gives the mean result and the error bars 

indicate one standard deviation.   
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Figure 3.5. Mean monthly snowfall fraction (a) and snow water equivalent of the 

snowpack (b) aggregated to the GOA basin for historical (black line), RCP 4.5 (blue 

line), and RCP 8.5 (red line) conditions. For future scenarios, the solid line gives the 

mean result and the error bars indicate one standard deviation.  
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Figure 3.6. Climatological hydrograph for the GOA watershed for historical and future 

climate scenarios with present-day glacier cover. (a) - Simulations with individually 

adjusted weather variables. (b) - Simulations with simultaneously adjusted weather 

variables. The simulations in (a) were forced with the 5-model mean. The simulations in 

(b) were forced separately with the 5 GCMs; the solid line gives the mean result and the 

error bars indicate one standard deviation. 
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Figure 3.7. Distribution of glacier cells in the central portion of GOA for ELA increases 

of 200 and 400 m. (a) - ELA increases assuming constant AAR of 0.65. (b) - ELA 

increase assuming evolving AAR values from Huss and Hock (2015).  
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Figure 3.8. Glacier hypsometry based on 50 m elevation bands for various combinations 

of ELA increase and AAR. (a) - Histogram of the glacier cell count in each elevation 

band from sea level to 6000 m a.s.l. (b) - cumulative distribution of glacier cells starting 

at sea level.  
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Figure 3.9. Climatological hydrograph for the GOA watershed using the historic CFSR 

climate and various glacier cover scenarios. (a) – Constant AAR (0.65). (b) – variable 

AAR values from Huss and Hock (2015). 
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Figure 3.10. Climatological hydrograph for the GOA watershed for simulations using 

adjusted climate and glacier cover. For future climate, only the 5-model mean climate 

forcing was used. (a) – Constant AAR (0.65). (b) - Variable AAR values from Huss and 

Hock (2015). 
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Figure 3.11. Stacked plots of mean monthly runoff volume from the GOA basin 

partitioned into following components: glacier ice melt, snow melt, and direct rainfall 

runoff.  (a) – Simulations driven with 1980-2009 CFSR and RGI glacier cover. (b) – 

Climate forcing from 5-model mean RCP4.5 and glacier cover from 200-m ELA increase 

(AAR = 0.65). (c) – Climate forcing from 5-model mean RCP 8.0 and glacier cover from 

400-m ELA increase (AAR = 0.65). 
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Figure 3.12. Maps of the month of peak flow from climatological hydrographs 

aggregated to GOA HUC8 watersheds. Normalized hydrographs for three climate-glacier 

cases from three HUC8 watersheds. Locations of three watersheds (a-c) shown in the 

CFSR (top left) map. 
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Chapter 4. Discussion and Synthesis 
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4. Discussion and Synthesis 

In this chapter I conclude by providing a high-level discussion of my PhD work. The 

discussion section reflects on lessons learned during these modeling studies, identifies 

strengths and weaknesses of the modeling approach, and makes suggestions for future 

regional modeling studies of coastal mountain watersheds. I frame this discussion using 

the general theme of uncertainty in hydrologic modeling. 

 

4.1 Strengths and weaknesses of modeling approach 

I utilized a well-established suite of hydrological modeling tools (MicroMet / 

SnowModel / HydroFlow) in this thesis to model the weather, energy balance snow / ice 

melt, and runoff routing. As discussed in Chapter 1, there are several modeling options 

(statistical, conceptual, and physically-based) for hydrologic modeling. For this research I 

selected this suite of models because of the high-value output products (e.g. SWE depth, 

stream discharge, water balance, etc.) that are available at high resolution and include 

relevant physical processes. These products are in demand by numerous other scientific 

communities dealing with freshwater and cryosphere issues. Physically-based models are 

also the most robust for simulating hydrologic changes due to climate and land cover 

change. 

 

In the GOA SnowModel simulations, I did not utilize the snow transport module 

SnowTran-3D due to the coarse (1-km) spatial resolution of the model domain. On the 

other hand, I significantly improved the modeling suite by adding the SoilBal module to 

simulate evapotranspiration and soil moisture for non-glacier land surfaces. In my 

assessment, a major strength of the modeling system, compared to other widely-used 

modeling packages such as DHSVM (Wigmosta et al., 1994) or VIC (Liang et al., 1994) 

is the seamless joining of the meteorological distribution model (MicroMet) with the 

surface energy balance snowpack model (SnowModel) into a single executable. 

MicroMet spatially interpolates the weather forcing from reanalysis products or scattered 
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weather stations to a high-resolution grid, and then corrects the interpolated fields based 

on known temperature-elevation, wind-topography, humidity-cloudiness, and radiation-

cloud-topography relationships (Liston and Elder, 2006a). Second, SnowModel computes 

the full surface energy balance. This combination allows for physically-based and 

accurate representation of weather inputs and snowpack evolution, and snow / ice melt 

runoff especially important for mountainous regions with complex topography and land 

cover types.  

 

The other two modules, SoilBal and HydroFlow, use more simplified algorithms to 

compute land surface hydrology and route the runoff. For example, SoilBal currently uses 

the Priestly-Taylor (PT) equation to compute the potential evapotranspiration (PET), 

whereas the Penman-Montieth (PM) equation is a more physically based PET equation 

that takes into account vegetation characteristics. The information required to compute 

the PT equation (net radiation, air temperature, etc.) is already available in SnowModel, 

and it is the PET equation used in the soil water balance model I adapted from 

Spittlehouse and Black (1981). More detailed vegetation characteristics would be 

required to parameterize the PM equation (conductance of canopy and atmosphere, etc.). 

HydroFlow routes the runoff through the watersheds using fast and slow flows from a 

linear reservoir routing model but does not explicitly account for flow through the 

glacier, or storage in lakes / groundwater. Despite these simplifications, the modelling 

system was evaluated to perform quite well compared to discharge and glacier mass 

balance observations in the GOA.  

 

In section 4.1.3 I discuss some of the conceptual weaknesses of the modeling system and 

lay out some suggestions for potential improvement. Major operational weaknesses that I 

identified came from getting the model running, post-processing and managing the model 

output. The modeling system requires a large amount of front-end work preparing model 

inputs (weather forcing, DEMs, land cover). Due to the spatially distributed nature of the 

model it is difficult to calibrate with no automated calibration procedure. In addition there 
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are a large number of hard-coded parameters in the MicroMet, SnowModel, and 

HydroFlow model codes that should be moved into the main input parameter file. This 

would simplify changing important model parameters and require less changing and 

compiling of the main FORTRAN codes. For the large scale regional runs, it took 1-2 

weeks to run a (serial) 30 year model simulation, and these runs generated upwards of 

500 GB of data. Parallelization of the codes would greatly benefit large-domain, long-

term runs and / or sensitivity runs scanning a wide range of inputs and model parameters. 

The runoff routing model HydroFlow is decoupled from SnowModel and is not designed 

for multi-year runs over large domains at the resolution (both space and time) that we 

required. The HydroFlow code reads in the entire runoff output files, rather than looping 

through timesteps, which results in memory issues when attempting to read in files over 

~8 GB (equivalent to ~3 years of my model output).  

 

Much of the operational issues (long runs times, large volumes of output, etc.) that I dealt 

with were a result of modeling at a very high resolution in space and time. There may be 

a more optimal resolution to run the model at that could balance model accuracy and 

utility, but this requires testing. In future regional modeling studies, such as the on-going 

use of our modeling as a ‘forward model’ in the GRACE processing chain, and 

development of an operational GOA hydrologic model, it would be worth testing 

different spatial resolutions (i.e. 1-,  2-, 4-km) and temporal (i.e. subdaily, daily, weekly, 

monthly) to quantify tradeoffs and test how sensitive the regional results are to changes in 

the model resolution. If comparatively accurate results are found using a slightly coarser 

resolution model, this would speed up model run times and decrease the volume of model 

output to store and share with stakeholders. 

 

4.2 Hydrologic Uncertainty 

Uncertainty in hydrologic modeling is generally derived from uncertainties in the model 

inputs (primarily climate model forcing), uncertainties due to processes not represented 
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by the model, and simplifications in the hydrological model that impede the reliability of 

the simulations (Huss et al., 2014; Maurer, 2007; Surfleet and Tullos, 2013).  

 

Uncertainties increase when estimating hydrologic changes due to projected climate 

changes, and are attributed to both uncertainties in the future emissions pathway and in 

model projections (Maurer, 2007). One approach to estimating the uncertainty is to 

compute the variability in climate projections from an ensemble of climate models 

(Surfleet and Tullos, 2013), similar to what I did in Chapter 3 with the climate, 

snowpack, and runoff projections from the 5 GCMs and 2 RCP scenarios. This approach 

converts uncertainty in model outputs into quantifiable uncertainty in model output 

(discharge). 

 

In SnowModel, uncertainties arise mainly from processes not represented in the model. 

Routines for simulating the air temperature inversion layer and variable snow and ice 

albedo are not yet included (Mernild et al., 2010a). In addition, changes in the GOA 

glacier area, size, and height according to glacier dynamical processes and glacier calving 

are not calculated in the model routines. Additionally, changes in glacier storage based on 

supraglacial, englacial, and subglacial storage, meltwater routing and evolution of the 

runoff drainage system are not calculated in SnowModel, even though they certainly have 

some influence on runoff magnitudes (Mernild et al., 2010b). 

 

4.3 Recommendations for Reducing Uncertainty 

4.3.1 Weather input data 

The weather forcing (precipitation, temperature, etc.) from gridded reanalysis products in 

Alaska is extremely variable between products. This is problematic when regional 

modeling studies adopt one or the other without a careful study of which is most suitable 

to provide forcing data. In the studies I performed, there did not appear to be a perfect 
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solution, with one weather product being better in one area, and another product being 

better in another area. 

 

This was especially true for precipitation. Mean annual precipitation volumes between 

the four products tested differed by ~400 km
3
 yr

-1
, with NARR as the lowest, and with 

NARR – BC as the highest. Reanalysis products are also sensitive to changes in 

assimilated data, as evidenced by the shift in the NARR precipitation patterns from 2003 

onward. Figure 4.1(a-c) shows annual averages in mean monthly precipitation (MMP), 

obtained from three data sources (PRISM (Daly et al., 1994); NCDC stations; and 

NARR) and for various time periods at three locations. For all three locations, the PRISM 

data generally agree well with the station data. Additionally, at all three locations, the 

station data show only minimal changes from the 1979-2002 to the 2003-2009 periods.  

 

With regards to the NARR data, the results are more variable. At the Skwentna site 

(Figure 4.1(a)), the NARR data show little change between the two time periods. 

Additionally, the NARR data have the correct seasonal variation, but significantly 

overpredict the precipitation compared to the other sources. In this case, a simple bias-

correction of the climatology would satisfactorily resolve the differences seen between 

the NARR data and the actual station data. At the Cordova site (Figure 4.1(b)), the 

differences between NARR and the station data are more complex. During the period 

1979-2002, the NARR data display not only the wrong amplitude, but the wrong annual 

signal as well. As a result the precipitation volume is significantly underestimated and the 

autumn peak in rainfall is completely missed. Over the period 2003-2009, the NARR data 

fare somewhat better, but still prove to be a poor representation of the actual 

precipitation. The Juneau site (Figure 4.1(c)) exhibits behavior similar to Cordova in that 

both the mean annual volume and the annual variation of the NARR data change 

dramatically between the two time periods. The lack of stationarity of the mean monthly 

precipitation in these latter two cases precludes the use of simple bias correction of the 

climatology. 
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A broader perspective into the spatial variation of the stationarity of the NARR data is 

provided by Figure 4.1(d), which shows the ratio of NARR mean annual precipitation 

(MAP) for the period (2003-2009) to that of the period (1979-2002). It is clear that many 

areas providing runoff to the GOA demonstrate substantial increases (up to a factor of 

two) in precipitation in the NARR data from the earlier to the later time period. Second, 

the obvious and unusual line separating much of Alaska from western Canada and the 

southeastern Alaskan panhandle in Figure 4.1(d) is related to the assimilation of 

precipitation data into the NARR product. As noted by Ruane (2010), NARR does not 

assimilate precipitation data north of 42.5 N over the oceans, Alaska, and most of 

Greenland. As a result, NARR precipitation data in much of Alaska are the direct output 

of the underlying ETA regional climate model (Black, 1994). As a final remark, Figure 6 

of Ruane (2010) shows that, in near-coastal areas in southcentral and southeastern 

Alaska, the NARR data (their analysis was 1979-1999 only) have a lower amplitude than 

that of the assimilated data. Put another way, the NARR data in these near-coastal regions 

(therefore a major part of the GOA drainage) are low. 

 

The coarse spatial resolution (30-70 km) of the reanalysis products are a problem because 

they do not adequately resolve the high spatial gradients in the complex mountain ranges 

very well (Lader et al., 2016). As a result, the grid cell center elevations that accompany 

the reanalysis data differ from the actual ground surface elevations, in some cases by 

500-1000 m. MicroMet uses the elevation accompanying a weather station (or reanalysis 

grid point) to distribute weather data to the model grid. Therefore, uncertainty in the 

physical meaning of the elevation of a reanalysis grid cell propagates into uncertainty in 

the weather data at the model grid resolution. 

 

Gridded reanalyses assimilate observations which include weather station data, so they 

should therefore perform well at those station locations. However the reanalysis data are 

often biased when compared to station data in complex terrain. Lader et al. (2016) 
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compared daily minimum / maximum temperature and precipitation from 6 weather 

stations in Alaska to reanalysis data from the nearest grid cell. Temperature bias ranged 

from -5 °C to +5 °C with a cool bias for maximum temperature and a warm bias for 

minimum temperature, and precipitation had a positive bias of +1-2 mm / day up to +5 

mm /day in Juneau. These findings reflect local topographic effects where the nearest 

model grid cell elevation is too high relative to the station. This also gets back to the low-

elevation bias issue, i.e. we don’t have very much information about climate and 

hydrologic conditions at high elevations. We rely on assumed atmospheric lapse rates and 

simple topographic relationships to distribute the observed / modeled climate to the 

higher elevations.  

 

Given the considerable importance of quality weather forcing for hydrologic modeling, it 

is imperative to assess the suitability of multiple products by evaluating local and 

regional performance and accounting for uncertainty. Additional efforts should be made 

to (i) improve the spatial resolution of the reanalysis through downscaling, (ii) remove 

systematic bias in precipitation data, and (iii) strategically increase the number of weather 

stations at high elevations. Dynamic downscaling of the reanalysis to a finer resolution 

grid (5-10 km) could be completed using the Regional Atmospheric Modeling System 

(Ainslie and Jackson, 2010) or Weather Research and Forecasting Model (Bieniek et al., 

2015). Simple bias correction using observed precipitation and SWE ground 

measurements and through water balance techniques could also be used to reduce any 

remaining errors in the precipitation input (Ainslie and Jackson, 2010). 

 

4.3.2 Model calibration 

There are different approaches to calibrating a hydrologic model, and the selection of the 

calibration procedure is determined largely by the goals of your study. If your goal is 

only to get the timing and magnitude of streamflow correct, then you just calibrate the 

model to observed streamflow, recognizing that you may get considerable off-setting 
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errors. This is especially true in glaciated watersheds, where errors in the precipitation 

input could be canceled out by errors temperature and glacier melt rate. Utilizing a 

distributed hydrologic model with many model parameters also brings up the issue of 

equifinality (Beven, 2006). This concept is that you can get the correct answer (e.g. 

modeled streamflow) using multiple different combinations of model parameters. Using a 

single objective makes it difficult to determine what the correct set of model parameters 

(if any) really is. 

 

Our study was interested in getting the full water budget correct, as well as the 

partitioning the runoff into different parts. Thus, a multi-objective model calibration, with 

both observed glacier mass balance and streamflow was utilized. I wanted to balance the 

performance across both the glacier water balance and runoff stages of the modeling 

chain. My intention was to equally weight the errors between the two variables as I 

sought the best set of calibration parameters. 

 

Ideally, I would calibrate the model at each stage of the modeling process (Ragettli and 

Pellicciotti, 2012). First MicroMet would be tuned in order to get temperature and 

precipitation distributed correctly using in-situ observations at weather stations. Then 

SnowModel parameters would be calibrated to get snow depth (SnoTel), snow cover 

(e.g., MODIS) and glacier mass balance correct. Finally, the runoff model would be 

tuned to optimize the agreement between modeled and observed hydrographs. This would 

require that there are sufficient long term observations of T, P, SWE (or MODIS SCA), 

B, and Q being collected simultaneously. 

 

4.3.3 Meteorological distribution 

In MicroMet, the finescale adjustment to the observed or reanalysis meteorological field 

is largely driven by simple topographic relationships, and does not address other factors 

such as topographical aspect. There is an opportunity to improve the physical realism in 
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the spatial interpolations and distributions (Liston and Elder, 2006a). MicroMet 

distributes the precipitation over the domain by interpolating between stations and using 

an assumed precipitation lapse rate. In reality the natural system includes orographically 

induced precipitation variability on mountain slopes that result in large amounts of rain 

and snow on windward slopes and rainshadows on leeward slopes. MicroMet could 

resolve this by implementing a physically-based orographic precipitation submodel (Roe 

et al., 2003). 

 

Another observed phenomenon that commonly occurs in glaciated drainages is the 

formation of a katabatic boundary layer (KBL) on the glacier during the summer that acts 

to cool the air directly above the ice surface, especially at the low lying portions of the 

glacier. The KBL causes the temperature lapse rate on the glacier surface to be lower 

during the summer months than ambient conditions on nearby land surfaces. These lower 

air temperatures influence the surface energy balance on the glacier. Figure 4.2 shows 

scatterplots of observed and MicroMet-NARR simulated 3-hourly air temperatures at an 

off-glacier (left) and on-glacier weather station (right) in Prince William Sound. At the 

on-glacier site, there is a distinct change in slope at around 5 °C, known as the threshold 

temperature. To account for KBL effects, MicroMet could modify the seasonal lapse 

rates for glacier covered cells using a method similar to Shea and Moore, (2010). 

 

For the regional applications of the modeling system, I utilized air temperature, 

precipitation, humidity, and wind data from gridded reanalysis products (MERRA, 

CFSR, etc.). These reanalysis products also offer modeled incoming shortwave and 

longwave radiation output. I could not use the reanalysis radiation fluxes because 

MicroMet is unable to read in spatially distributed radiation data. These reanalysis-

derived radiation components take into account the effects of clouds and aerosols (fog, 

dust, etc.) in more physically realistic ways than the current MicroMet equations for 

radiation fluxes which are based on empirical relationships between 2-m air temperature 

and humidity relationships. It would be a key improvement for Micromet to read in 
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incoming radiation data from multiple locations, either from direct measurements or 

reanalysis products. This would improve the snow energy balance computations leading 

to more accurate simulations of snowpack evolution and snow / ice melt. 

4.3.4 Spatially variable coefficients 

SnowModel was initially developed and applied over relatively small spatial scales (plot 

scale / individual watershed), and to simplify the model parameterization, spatially 

constant parameters were assumed. Note that there are a few exceptions where 

parameters are based upon the gridded elevation or land cover fields. Later regional 

studies with SnowModel applied the model at fairly coarse resolution (5-10 km) to 

regions with fairly homogeneous ground cover (Greenland, North Slope, etc.). With the 

adoption of SnowModel, our modeling approach was constrained to use a large number 

of spatially constant parameters to dictate critical meteorological, snowpack, and 

hydrologic processes. In reality, these parameters vary in both space and time. Including 

spatially variable parameters representative of the variable landscape would improve the 

local scale simulations. Therefore a major improvement to the modeling system for 

regional applications would be to implement spatially varying coefficients. 

 

As an example, for this GOA modeling study, I computed monthly temperature lapse 

rates based on the temperature-elevation relationship in the PRISM climatologies in four 

study watersheds (as discussed in Chapter 2). Due to different climate regimes (maritime 

vs. continental vs. transitional), each of these study watersheds showed a unique pattern 

in monthly temperature and lapse rates. In order to select values representative of the 

entire region, the average was taken and used for the regional simulations. It would have 

been better to use the local values in each of the watersheds. One way to do this would be 

to compute a monthly lapse rate for each grid cell in the model domain using available 

PRISM and DEM data. For each grid cell, the temperature lapse rate would be computed 

using temperature and elevation differences from the neighboring cells. Another option 

would be to compute the free-air temperature lapse rate using reanalysis temperature data 
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sampled from several different pressure levels (500-1000 mb) for each reanalysis grid 

cell as in Huss and Hock (2015). 

 

As a second example, the surface albedo of snow and ice are critical model parameters to 

the energy-balance model. SnowModel currently assumes that snow albedo values are 

spatially constant, using a value of 0.8 for fresh snow and 0.6 for melting snow in a 

clearing, and 0.45 for melting snow in a forest. In reality these values vary in space and 

evolve in time. A more realistic time-varying snow albedo function is now available 

using Strack et al., (2004), gradually decreasing the albedo from 0.8 to a minimum of 0.5 

as the snow ages (Mernild et al., 2010). The surface albedo parameterization influences 

the surface energy balance, specifically the net shortwave radiation component. Not 

accounting for gradual decrease in snow albedo with time overestimates the snow albedo 

between snow events, reducing the amount of energy absorbed by the snowpack causing 

errors in the snowpack density evolution and melt energy available. In future SnowModel 

simulations, the time-varying snow albedo function should be utilized.  

 

Surface albedo parameterization could also be improved by utilizing remotely sensed 

snow and glacier albedo from satellite data (Rittger et al., 2013). Specifically, 

incorporating remotely sensed snow and glacier albedo from MODIS (Painter et al., 

2009) into SnowModel would better account for the spatial variability in snow and ice 

albedo improving the energy balance snow / ice melt and SWE simulations (Molotch et 

al., 2004).  

 

4.3.5 Glacier evolution 

SnowModel uses a static glacier cover in the land cover input file, and does not have the 

ability to evolve the glacier cover like in a glacier flow model. Thus snow that 

accumulates in the accumulation zones on glaciers and at high elevations is not able to 

flow or avalanche downhill as it would naturally. In order to avoid infinite growth of the 
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snowpack in these accumulation areas, the model can be set to simply remove the 

leftover snow at the end of the melt season on a set data (e.g. early September). Doing 

this means that the model does not conserve mass in these areas. In the ablation zones of 

the glacier, the static glacier cover near the glacier terminus provides an infinite reservoir 

of water to melt without retreating or advancing due to changing climate forcings. These 

shortcomings mean that the SnowModel suite cannot be used to evolve a landscape. 

However, that does not diminish its value in modeling the response of a given landscape 

to climatological forcing. 

 

SnowModel’s ability to model hydrological and cryospheric processes could be improved 

in a variety of ways, representing simple to complex modifications. At the most basic, a 

simple extension would be to utilize remotely sensed glacier cover to adjust the glacier 

cover file over the course of the simulation. This requires that high-resolution historical 

satellite data are available for the region, and that the mapped glacier outlines are 

sufficiently accurate. Using a time series of glacier cover extent to update the historical 

glacier cover every 5-10 years would help account for changes in glacier cover due to 

retreat and advance over time (Jost et al., 2012). This approach, of course, is limited only 

to hindcast simulations. 

 

To provide an evolution capability, one intermediate approach would be to adopt a more 

physical glacier retreat parameterization simple similar to Huss et al. (2010). Here, mass 

changes would be available from the model output, glacier outlines and bed elevations 

are available for the GOA region, and typical delta-z vs. elevation curves could be 

derived from laser altimetry data. At the end of each hydrological year, the loss or gained 

ice volume computed using the mass balance model would be converted into a distributed 

ice thickness change (delta-z) and used to update the 3-D glacier geometry. A final option 

would be to tightly couple (at the source code level) SnowModel with a physically-based 

glacier dynamics model. It should be noted that DHSVM has a glacier dynamics model 

already built in and has been used to simulate the glacier mass changes and geometry 
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evolution at the watershed scale in British Columbia (Naz et al., 2014). A model with this 

built-in capability may be preferable to SnowModel for simulating physically-based 

glacier geometry evolution and downstream impacts (e.g. hydrologic regime changes) at 

the watershed scale. 
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4.5 Figures 

 

 

 
 

Figure 4.1. Variations in mean monthly precipitation (MMP) at Skwentna, AK (a), 

Cordova, AK (b) and Juneau, AK (c) weather stations, averaged over 1979-2002 (red 

line) and 2003-2009 (red dotted line). Precipitation estimated by the North American 

Regional Reanalysis (NARR, black lines) and Precipitation Regression on Independent 

Slopes Model (PRISM, blue line) are selected from the grid cell nearest to the station 

location. Panel (d) shows the gridded ratio P of the NARR MAP from 2003-2009 to that 

of 1979-2002 with the locations of Skwentna (503536), Cordova (502173), and Juneau 

(504100) stations. 
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Figure 4.2. Scatterplots of observed and simulated 3-hourly air temperature at an off-

glacier (left) and on-glacier weather stations (right) in Valdez Glacier watershed.   
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