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Research Problem 
Since 1990, glaciers on the slopes of Mount Baker have lost between 12% and 20% of their 
volume, and retreated up to 520 m [Pelto and Brown, 2012]. While recent increases in 
temperature explain some of the glacial retreat [Mote et al., 2005], light absorbing impurities 
(LAI) deposited onto the glacier surface can also accelerate glacier melt. LAI include black 
carbon (BC) from incomplete combustion of fossil and biofuels, and dust from natural and 
human sources. When deposited on snow and glacier surfaces, these impurities darken the 
surface, increase energy absorption, and accelerate melt [Painter et al., 2007]. Currently, there 
is limited knowledge of the impacts of LAI on snowmelt, despite its potential importance 
contributing to glacier retreat and affecting the availability of water resources [Elsner et al. 
2010]. Preliminary research in Washington State shows that LAIs in summer snow are present 
in concentrations high enough to decrease snow albedo (i.e., surface reflectivity) by 20%, 
substantially affecting the timing of snowmelt [Kaspari et al., 2012]. During summer, snow exists 
only in high elevations. Therefore, the greatest potential for LAI to accelerate melt occurs in 
glaciated regions and on the alpine snowpack, such as those that lie on the flanks of Mount 
Baker. 

In order to assess the impact of dust and BC on glacial retreat at Mount Baker, detailed 
information regarding the temporal and spatial variations of LAI in the snowpack are necessary 
to determine the associated albedo reductions. Analysis of LAI in snow samples collected 
during the summer of 2013 at Mount Baker will constrain the contribution of LAIs to accelerated 
snow and glacier melt. The proposed study will contribute to efforts to forecast glacial health 
and the availability of hydrological resources. 
Background and Relevance 

Glaciers and the seasonal snowpack in Washington State have shrunk considerably in 
recent years, with glaciers losing between 20-40% of their volume between 1984-2006 [Elsner 
et al., 2010; Pelto,2008]. Mount Baker’s Rainbow, Easton and Sholes glacier experienced an 
average terminus retreat of 14 m a-1 from 1990 to 2010 and glaciers on the entirety of the 
mountain experienced a mass balance of -0.57 m.w.e a-1 (meters of water equivalent per year) 
over the same period of time, indicating that the glacier loses more mass through melting than it 
gains through snowfall each year (Fig. 1). These numbers correlate to a loss of 11 m of ice 
since 1990 [Pelto and Brown, 2012]. While increasing temperatures are widely regarded as the 
dominant cause of glacier retreat [Mote et al., 2005; Oerlemans, 2005], the deposition of light 
absorbing impurities (LAI) onto snow and glacier surfaces also appears to contribute to the 
substantial retreat of glaciers and shrinking snowpack in the region [Delaney et al., 2012; 
Kaspari et al., 2012] 

LAI are dark particles that cause darkening (i.e., reduce the reflectivity of the surface) 
when deposited on the highly reflective snow surface (Fig. 2); this results in greater absorption 
of solar energy, heating of the snow and ice, accelerated melt, and changes in the timing of 
runoff [Hansen and Nazarenko, 2004; Ramanathan and Carmichael, 2008]. LAI include BC, 
dust, volcanic ash and colored organic material (e.g., snow algae), with BC and dust being most 
effective at reducing snow reflectivity. BC, also called soot, is emitted by the incomplete 
combustion of fossil fuels and biofuels. In the atmosphere, BC absorbs solar radiation and  
causes atmospheric heating, and is second only to CO2 in contributing to recent climate 
warming [Hansen andNazarenko, 2004; Ramanathan and Carmichael, 2008]. Possible sources 
of BC in Washington include forest fires, regional burning of fossil fuels and wood, and trans-
Pacific transport of Asian emissions [Bond et al., 2004; Hadley et al., 2010; Qian et al., 2009]. 
Natural sources of dust include local outcrops and desert regions, while human activities 
including agriculture,overgrazing, deforestation and construction are increasing dust 



emissions [Tegen et al., 2004]. BC is far more effective at absorbing radiation than dust [Warren 
and Wiscombe, 1980], despite being prevalent in far lower concentrations in Washington 
[Delaney et al., 2012; Kaspari et al., 2012]. A modeling study simulating BC deposition on 
western United States snowpack from 2003 to 2004 predicted that BC could substantially 
reduce the amount of water stored in the snowpack in the spring season [Qian et al., 2009]. In 
Colorado, dust on snow events resulted in the disappearance of snow cover 21-51 days earlier 
in the season, when compared to years without large dust deposition events, demonstrating that 
impurities in snow can greatly affect the timing of snowmelt [Skiles et al., 2012]. 

Our preliminary research shows that LAI increase through the summer months due to 
deposition from the atmosphere and mechanical trapping of LAI on the snow surface as the 
snow melts. As a result the impacts of LAI are greatest in high alpine regions, such as Mount 
Baker, where glaciers and snowpack persist throughout the summer months[Delaney et al., 
2012]. However, we lack detailed measurements constrained in location and time, which can be 
used to quantify the degree to which LAI accelerate snowmelt. In order for an accurate 
assessment to be made regarding the contribution of LAI to glacier melt at Mount Baker, and 
throughout Washington, more measurements are needed that constrain the seasonal variation 
and spatial distribution of LAI. 
Proposed Research 

Mount Baker provides an ideal location to further examine the role of LAl in accelerating 
snow and glacier melt. I propose to collect data pertaining to:  
Spatial Variations of LAI: Because glaciers surround Mount Baker on all sides (Fig. 3), this 
location provides an opportunity to determine LAI concentration with respect to aspect and wind 
direction. Surface samples (see methodology) will be collected at an elevation of 2150 m from 
around the mountain to determine spatial variations in LAI. Locations include the Easton, Talum, 
Boulder, Park, Rainbow, Mazama, Roosevelt and Coleman glaciers (Fig. 3). Sampling of these 
glaciers will be done over a 3 to 4 day period during July to constrain temporal changes to the 
snowpack. LAI also vary with elevation due to differences in snow accumulation rates, 
atmospheric concentrations, and amount of melt. Elevation variations will be characterized on 
Easton glacier by sampling longitudinally every 200 m between 3250m and 1600m during July. 
Because of meter-scale variations in LAI deposition, we will collect 5 samples at each location 
to substantiate larger scale trends from small-scale variations. 
Seasonal LAI Variations: Snow samples will be collected monthly over the summer melt season 
from June to September on the Easton on the southern flanks of Mount Baker (Fig. 3). Sampling 
over this period of time will help determine how LAI concentration develops through the melt 
season and the maximum LAI concentration at the end of the melt season. 
Baseline LAI measurements with respect to the Gateway Pacific Terminal: Construction of the 
proposed Gateway Pacific Terminal at Cherry Point, Washington could produce large amounts 
of dark coal dust and lies proximal to and upwind of Mount Baker. Collecting baseline data 
before the facility is put to use will help determine the potential environmental impacts of the 
facility; the associated dust not only could influence air quality and health in the region, but also 
affect regional hydrology and hasten glacial retreat by increasing LAI, and accelerating 
snowmelt. 
Methodology 
Snow sample collection: We will collect snow samples from the top 1-2 cm of the snow surface 
(where LAI influence albedo the greatest [Painter et al., 2012]). Clean gloves and scrapers will 
be used during sampling, and snow will be collected in either 50 mL polypropylene vials (for 
SP2 analysis, see below) or Whirlpak bags (bulk snow samples for gravimetric filtering, see 
below). Samples will be transported frozen from the field using dry ice in insulated bags and 
kept in laboratory freezers until melted immediately prior to analysis. 
Sample analysis: BC concentrations will be determined using a Single Particle Soot Photometer 



(SP2) in Dr. Susan Kaspari’s laboratory at Central Washington University. The SP2 measures 
the mass of individual BC particles via laser incandescence [Stephens et al., 2003]. The SP2 
requires small sample volumes (~5 mL), sample analysis is relatively quick allowing large 
throughput of specimens, and interference by the presence of other LAI in the sample are 
negligible. We will follow the methodology as described by Kaspari et al. [2011] and Wendl et al. 
[in prep]. Following BC analyses of a bulk sample, the total concentration of LAIs (dust, BC, 
organics) will be determined gravimetrically by filtering the samples through a 0.45μm Millipore 
filter [Painter et al., 2012]. LAI albedo (reflectivity) reductions will be inferred using the measured 
BC and dust concentrations and the Snow, Ice and Aerosol Radiation (SNICAR, Flanner et al., 
2007) model. 


