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Objective of Study
Black carbon, also called soot, is a dark aerosol emitted by the incomplete
combustion of fossil and biofuels. In the atmosphere, black carbon absorbs radiation,
causing atmospheric heating. Black carbon deposition on snow and ice darkens the
surface of glaciers and snowpack, reducing albedo or reflectivity. In sufficient
concentrations, black carbon can accelerate snowmelt and change the timing of runoff
(Hansen and Nazarenko, 2004; Ramanathan and Carmicheal, 2008). However, there is a
lack of field measurements about the spatial distribution of black carbon and the degree
to which the albedo change caused by BC can result in changes to runoff.
Glaciers and seasonal snowpack in Washington State have shrunk considerably in
recent years, potentially disturbing the availability of water resources throughout the year
(Elsner, 2010; Pelto, 2008; Riedel and Larrabee, 2011). I hypothesize that black carbon
deposition is a contributing factor in snowmelt, glacial retreat and decreased snowpack in
Washington, along with documented decreases in precipitation and warmer temperatures
(Mote et al., 2005). The objective of this study is to determine the distribution and
amount of black carbon being deposited on snow and glacier ice in Washington State,
which could affect the timing of snowmelt and contribute to glacier retreat.
Background and Context for Study

Black carbon alters climate by absorbing radiation in the atmosphere and decreasing
the albedo of clouds, snow and ice. After carbon dioxide, it is the largest contributor to
global warming (Ramanthan and Carmicheal, 2008). However, given the short amount of
time that black carbon stays in the atmosphere, emission reductions of black carbon can
quickly initiate cooling and reverse its negative
effects (Ramanthan and Carmicheal, 2008).
Previous studies have documented that
impurities such as black carbon and dust deposited
on snow and ice can accelerate melt (Flanner,
2007). Over the period of a year black carbon
deposition on a Tibetan glacier was estimated to
reduce albedo by 2.0-5.2% and increase annual
runoff by 11- 33% (Yasunari et al., 2010) (fig.

Figure 1: Runoff as a result of albedo change due
to black carbon concentration. Red and green
lines represent albedo decrease of 5% and 2%,
while orange and blue lines represent the
respective increase in runoff. Modified from
Yasunari (2010).

1). A modeling study simulating black carbon
deposition on the snowpack from 2003 to 2004
in the western United States predicted that
black carbon could substantially reduce snow
water equivalent (SWE) in the spring season
(Qian et al., 2009) (fig. 2). In Colorado, large
dust on snow events resulted in the
disappearance of snow cover 18-35 days earlier
in the season when compared to years without

Figure 2: Modeled seasonal change in snow water
equivalent (SWE) in mm. Colored bar on right
shows the change in SWE in mm. This model
suggests that decreases in SWE due to black carbon
deposition on snow could be between 2 and 50 mm
during the 2003-2004 season. Modified from Qian
et al. (2009).

large dust deposition events, demonstrating that albedo reductions can greatly affect the

timing of snowmelt (Painter et al., 2007). While dust is not thought to be a dominant
impurity in Washington’s snow, the study in Colorado highlights the potential for
impurities such as black carbon to reduce the reflectivity of snow, leading to more rapid
snow and ice melt and causing peak runoff to occur earlier. Possible black carbon sources
in the region include forest fires, burning of fossil fuels largely concentrated in
metropolitan areas and trans-Pacific transport of Asian emissions (Hadley et al., 2010;
Qian et al., 2009; Bond et al., 2004).
Understanding the factors that drive snow and ice melt is particularly important in
Washington State, because glaciers and snowpack act as a large natural reservoir that
release water by melting from April to September. As a result, the state’s water resources
are dependent on the persistence of snow throughout the summer dry season (Mote et al.,
dasf
Precipitation

20

12,000

Centimeters

9,000

15
6,000

10
5

Runoff

3,000

2005; Vano et al., 2010) (fig. 3).

Cubic Meters per Second

25

However, the April 1st SWE in
the Cascade Range decreased
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Figure 3: Monthly annual precipitation and runoff in a snowmelt
dominated drainage. Most precipitation falls between October and
April. Snowmelt provides water resources during the dry summer
months. Modified from the Climate Impacts Group, University of
Washington.

addition, Washington’s North
Cascade glaciers lost 20-40% of
their volume from 1984 to 2006

(Pelto, 2008). The retreat of these glaciers has critical consequences for many watersheds
in the region, as 5-45% of runoff between May 1 and September 30 is from glacial melt
(Riedel and Larrabee, 2011). Although an increase in Washington’s temperature since
1950 is an important factor in the shrinking of glaciers and decreasing snowpack (Mote et

al., 2005), the role of black carbon deposition in decreasing snow albedo and thus
accelerating melt has yet to be investigated. This study will determine the spatial and
temporal variation in black carbon concentsrations throughout glaciated and snow
covered regions of Washington. This is necessary to subsequently determine the degree
that black carbon affects albedo and expedites snow and glacier-melt, releasing melt
water earlier in the season.
A previous pilot study, assessing black carbon deposition in Central Washington,
sampled snow from Blewett Pass on a weekly or biweekly basis (Jenkins, 2011). This
study showed that black carbon concentrations in this area’s snowpack increase in the
spring and are high enough to reduce albedo and cause accelerated melt (Jenkins, 2011).
However, this study did not characterize local scale spatial variations in black carbon
deposition, and the measured black carbon concentrations were underestimated due to
changes in the sample that occurred during storage in the liquid phase, and a loss of black
carbon particles during nebulization. With improved analytical and sample storage
protocols, black carbon concentrations in this study will be more accurately determined.
Methods
To investigate the deposition of black carbon on snow in Washington State, snow
samples and ice cores will be collected and analyzed for black carbon. Throughout the
2012 and 2013 winters, I will collect surface snow samples (to understand the timing of
deposition), as well as samples from snow pits (to understand the persistence and possible
migration of black carbon in the snowpack through the season) at Blewett Pass (1300 m
elevation) (fig. 4). To gain insight in to the local scale variability in deposition, samples
will be collected from multiple columns within each snow pit and during each sampling

session several other snow pits and surface samples from throughout the meadow will be
taken. In addition to samples collected at Blewett Pass, this spring I collected snow cores
from the top 3-5 m of the snowpack from the Nisqually (2400 m elevation, Mount
Rainier), and Emmons (3000m elevation, Mount Rainier) glaciers, while the National
Park Service collected similar cores from the N. Klawatti (2300 m elevation, Primus
Peak) and Sandalee (2300 m elevation, McGregor Mountain) glaciers (fig. 4). During
August and September of 2012 10-20 m long ice cores will be collected from the Blue
(2250 m elevation, Mount
Olympus) and Sandalee
(2300 m elevation,
McGregor Mountain)
glaciers (fig. 4). I estimate
ice cores will provide a 5

Figure 4: Map of sample sites. Blewett Pass, close to Ellensburg, enables
consistent and convenient snow sampling. Glacier study sites distributed
across western Washington provide diverse geographic coverage and will
allow me to investigate the regional variability in black carbon deposition
Photo: Google Earth.

to 10 year record of black
carbon deposition,
enabling temporal

variability over this period to be characterized. Analysis and comparison of samples from
these glaciers will provide insight into the local and regional variability of black carbon
deposition, the timing of black carbon deposition and the actual concentration of black
carbon in Washington’s snow and ice. With this information we will be able to begin to
assess the impacts of black carbon on water resources and regional versus long-range
sources of black carbon. The glaciers have been monitored annually for glacial mass

balance over the last 19 years (Riedel and Larrabee, 2011; Pelto, 2008), so I can evaluate
the potential relationship between black carbon and glacial mass balance.
Due to issues of storing samples in the liquid phase, I have collaborated with the
National Park Service to coordinate the rapid removal of snow and ice samples from the
field via helicopter, snowmobile or skis to ensure that samples remain frozen until
analysis. Additionally, at the Nisqually, Emmons and Sandalee sites I will be
accompanied by scientists and rangers from National Park Service to ensure reliable and
safe travel and sample collection. During these excusions into the mountain environment,
extreme caution will be used with particular awareness to terrain, snow conditions,
weather and fatigue.
I will determine black carbon concentration using a Droplet Measurement
Technologies Single Particle Soot Photometer (SP2), which measures the mass of
individual black carbon particles (Stephens et al., 2003). Allowing the use of small
sample volumes, the SP2 is unaffected by the presence of other impurities, such as dust,
which can cause analytical errors in other black carbon analytical methods. Using the SP2
to analyze snow and ice samples is a relatively new method, and minimal inter-method
comparison work has been conducted. Thus, select samples will be analyzed for black
carbon using a Sunset Lab OC-EC (organic carbon- elemental carbon) Aerosol Analyzer,
an extensively used thermo-optical instrument that is sensitive to the composition of other
snow impurities (Chow et al., 2004; Andreae and Gelencser, 2006).
I will use the black carbon concentrations measured in the snow and ice to estimate
albedo reductions using a previously established, empirical relationship between black
carbon and albedo reduction (Yasunari et al., 2010).

Expected Results
My proposed research will build upon the pilot study discussed above by
characterizing the spatial and temporal variability of black carbon deposition throughout
glaciated and snow covered environments in Washington State (fig. 4). Because the
dominant wind direction is from the southwest, black carbon concentrations on the Blue
Glacier are anticipated to be lower than the Klawatti and Sandalee Glaciers, which lie
downwind of metropolitan areas in the Puget Sound. Much of the black carbon on the
Blue Glacier could be attributed to trans-Pacific transport (Jaffe, 2003) or local sources.
Additionally, sample locations from around the state, including a site sampled frequently
at Blewett Pass will help characterize the temporal variability and a site in the Methow
Valley within a burn may yield higher black carbon concentrations. With the conclusion
of this thesis, the black carbon concentrations will be determined in many of Western
Washington’s glaciated and snow covered regions, which will contribute greatly to
understanding factors that influence the deposition of black carbon on Washington
State’s snow.
Dissemination of Results
Results of the study will be presented at the American Geophysical Union (AGU)
2012 fall meeting and published in a peer-reviewed journal. Presentation and publication
of findings will allow them to be integrated into future scientific work characterizing
Washington’s glaciers, snowpack and water resources. In addition to sharing the results
of this research with scientific and resource management communities, the project will
provide opportunities for undergraduate students at Central Washington University to
participate in original research including sample collection and analysis. Additionally, a

middle school student from the community will assist in sample collection. I would be
very interested in speaking engagements with community groups who are particularly
impacted by glacial retreat and the changing snowpack of the Pacific Northwest. This
would be especially important if black carbon is shown to be a contributing factor in
accelerating snowmelt, as regional efforts to reduce black carbon emissions could then
provide a means to increase albedo and slow snowmelt.
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Schedule
December 2011 to April 2012- Collect samples at Blewett Pass
April 2012 to September 2012- Collect samples from Blue, N. Klawatti, Sandalee,
Nisqually, Emmons Glaciers and Easton.
May 2012 to November 2012- Analyze samples.
September 2012 to November 2012-Analyze results and prepare AGU presentation.
November 2012 to April 2013- Prepare thesis.
May 2013- Defends thesis.

Budget
Budget
Supplies: $4500
Travel: $2450

Analytical Costs: $ 9000
Budget Justification
Supplies
Laboratory
Freezer chest for storing samples before analysis: $1000
Clean gloves: $50
Vials: $600
Nitric Acid: $150
Quartz fiber filters: $300
Computing
Computer for processing SP2 data: $1500
Field Supplies
Clean gloves: $50
Whirlpak bags: $700
Ceramic scalpels: $400
Total Supply Cost: $4750
Travel
Private vehicle @ $.51 mile, 3980 miles=$2000. Includes 1 trip to Cascade River
Road, WA (420 miles), 1 trip to Hoh trailhead (600 miles), 1 trip to Baker Lake
(220), 2 trips to White River Campground (500), 2 trips to Paradise, WA (500) 2 trips
to Washington State University for SP2 instrument calibration (720 miles) and 10
trips to Blewett Pass (800 miles).
Per Diem ($15/day for 30 days)= $450
Travel Total: $2450
Analytical Costs
SP2 Analytical Costs (tubing, gases, standards, consumables, instrument calibration
and maintenance) = $10 per sample, 900 samples
Analytical total: $9000
Amount and nature of other available funds, facilities, and materials.
$7050 of supplies and travel is funded from a proposal titled Response of River Runoff to
Black Carbon in Snow and Ice in Washington State. My advisor, Dr. Susan Kaspari, is

the principle investigator for this grant. Additionally, I have procured $1500 from the
GSA Graduate Student Research Grant as well as $700 from the American Alpine Club.
Additionally, the Central Washington University Department of Geology houses the
Droplet Measurement Technologies Single Particle Soot Photometer (SP2) and the
Sunset Lab OC-EC, which analyze snow samples for black carbon. Furthermore, Dr.
Susan Kaspari also owns the ice drill, which will be used to collect ice cores.

