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Abstract

Adler, John (Ph.D., Geography)

Assessing Supraglacial Water Volume and the Changing Dynamics of the Surface

Topography Near the Jakobshavn Glacier, Greenland

Thesis directed by Professor Konrad Steffen

On the Greenland Ice Sheet (GIS), the effect of the melt season’s changing
supraglacial lakes on outlet glacier discharge is not well understood. It is known that many
supraglacial lakes drain rapidly during each melt season. While there are conflicting
theories of the significance of supraglacial lake drainages towards enhancing ice sheet
flow, it is highly important to quantify the actual water volume of supraglacial lakes since
their drainage via crevasses or moulins enables the injection of melt water directly into
the GIS.

The 2008 Arctic MUlItiSensor Cryospheric Observation eXperiment (Arctic
MUSCOX) was the first scientific Unmanned Aircraft System (UAS) used in Greenland. The
goal was determination of the changing volumes of supraglacial melt water lakes through
the fusion of disparate data sets from in-situ, airborne, and satellite sensors. Near the
Jakobshavn Isbrae region, four supraglacial lakes at different elevations along a transect at
68.73°N were monitored over the 2006, 2007, and 2008 melt seasons. The changing lake

volumes are calculated for each day of usable MODIS imagery, employing DEM’s from both
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ASTER Global and the MUSCOX lidar survey. During this three year period, no observed
lake was larger in volume than 0.15km3, or larger in area than 10.4km?, implying a size
limit for supraglacial lakes.

In this study a new technique is developed calculating runoff using daily changing
albedo and surface height measurements (dH) from the Greenland Climatic Network (GC-
Net) Automatic Weather Stations (AWS) at locations JAR1 and JARZ2. Runoff is calculated
on a daily basis, both regionally and for a 1,183km? inset strip straddling the transect. At
JAR1 the calculated linear runoff for 2006, 2007, and 2008 is 1.79m, 1.99m, and 1.96m,
respectively; at JAR2 the calculated runoffis 2.11m, 2.86m, and 2.40m, respectively.
Regional projections are made that account for future atmospheric temperature increases
between 0.5°C and 3.0°C; they indicate up to a 43.3% increase in the area available for the
formation of supraglacial lakes in the GIS.

Finally, a proposal is presented to obtain scientific measurements of Arctic Key
Parameters (AKP’s) in the region’s data sparse areas via UAS through the cooperation of

the international community.
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Chapter 1: Project Introduction

Motivation
The southwestern flank of the Greenland Ice Sheet (GIS) has numerous melt lakes

that form on the surface of the ice during the summer melt season. This project calculates
the volume of water present in the supraglacial lakes near the Jakobshavn Isbrae region
on the GIS, shown in Fig. 1-1. The relationship between the ice sheet ablation region and
supraglacial lake formation and drainage is not well understood (Luthcke et al., 2006),
though recently more attention has been paid to this important process. This lack of
understanding is partly due to the challenge and dangers of measuring supraglacial lake
depths in remote Arctic regions, and partly due to the complexity of the physical system

itself.
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Fig. 1-1: Global view of the Greenlandic study area.

Recent studies show supraglacial lake areal extents are between 0.5% and 1.0% of

the ice sheet area in the southwest, northwest, and the northeastern portions of the GIS



(Sundal et al., 2009). This study is in the southwestern portion of the GIS as shown in Fig.
1-2, also seen is the local town of [lulissat and the locations of three Automated Weather
Stations (AWS): JAR1, JAR2, and Swiss Camp. Of note, the town of Ilulissat, Greenland has
an airfield and is an ideal research logistic center from which to assess melt water volume

stored in supraglacial lakes on the ice sheet.

lulissat . s R e
0 - \ F
5] * X1 g °

Fig. 1-2: The ]akobsavn study region near Ilulissat, Gréenland.
(from NASA MODIS imagery, 29 Jul 2006 at 1605z)

If Arctic warming (Serreze and Francis, 2006) continues, it is theorized more melt
and runoff will occur, resulting in more supraglacial lake formations and the appearance
of supraglacial lakes at higher elevations. If supraglacial lakes (also referred to as ‘lakes’
in this study) were static (or even on a static surface), volume estimates, once made,
would be highly reliable over time. However, supraglacial lakes have two complicating

factors: a) the entire base of ice upon which a supraglacial lake sits is itself in motion; and



b) lake drainage events occur, where the entire lake drains in less than 24 hours (Das et
al., 2008) into the ice sheet itself. It is this large quantity of water that can disappear into
the ice sheet that motivates this study.

Ice sheet dynamics is the response of ice sheets to forcing conditions such as ice-
temperature evolution, grounding-line migration, and flow law (Huybrechts and de
Wolde, 1999). The correlation of ice sheet dynamics with supraglacial lake water volume
has not received much scientific attention in the past (Zwally et al.,, 2002), and could be
important if the lakes can directly transfer heat and lubricating fluid to the glacier base,
or if they enhance englacial water movements.

Some speculate that once water moves beneath a glacier, the coefficient of friction
for the glacial movement is reduced, allowing the glacier to move more quickly
downslope to the sea (Vaughan and Athern, 2007). Although the dynamics are not yet
understood, it has been shown that flow rates of some glaciers have doubled over a
recent 5 year period (Dowdeswell, 2006), and that melt water may play an important
role.

Others speculate the melt water will enlarge the existing drainage channels found
within a glacier, creating a more robust drainage network (personal communications
with lan Howat, December 2009 and January 2010). The more efficient water drainage
system would actually increase the coefficient of friction and slow a glacier’s advance.

Another important aspect of the GIS melt water and runoff is its contribution to sea
level rise. During the 20t century the global average sea level rise rate was estimated by
the UN Intergovernmental Panel on Climate Change (IPCC) to be 1.7mm/yr, with a

current rate (1993-2006) of 3.1mm/yr (IPCC, 2007). Greenland’s estimated contribution



to sea level rise ranges between 0.13mm/yr and 0.74mm/yr (van den Broeke et al.,
2009).

While the annual net precipitation differences will affect the absolute amount of
Greenland’s contribution to sea level change, the percent contribution between calving
ice and runoff appears relatively similar to each other. Hanna et al. (2005) found the ratio
between runoff and the summation of calving ice and bottom melt to be 1.0 between
1961-1990, 1.3 between 1993-1998, and 1.4 between 1998-2003. Accurate runoff
calculations are therefore relatively as important as calving ice mass calculations.

If the earth continues to experience climatic warming, logically the amount of liquid
water present on the surface of the ablation zone will increase during the summer melt
season. Further, it is logical to predict that there will be more supraglacial lakes forming
at higher elevations due to an increase in ambient temperature. The result of increasing
melt area with altitude has already been documented by Huff and Steffen in 2005, as
shown in Fig. 1-3. The image shows the increased melt area from 1992 to 2005, as

derived from passive microwave techniques described by Abdalati and Steffen (1997).
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Additionally, higher elevations (>1500m) of the western GIS have a more gradual
slope than the lower elevations (<1000m), as shown in Fig. 1-4. Here, the formation of
supraglacial lakes would also be aided by the topography, since less slope discourages
runoff. Therefore, if climatic warming continues, the higher and flatter areas of the GIS
should begin to experience supraglacial lake formation in addition to the existing
supraglacial lake areas. Thus it is important to develop a way to accurately and efficiently

measure lake water volumes beyond in-situ methods that rely on human deployment,

monitoring, and recovery.



Transec of Elevations across Greenland at 68 .00 North Latitude
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Fig. 1-4: The elevation of the Greenland Ice Sheet at 68° N
from west to east. Note the steeper slope in the west below
1000m elevation. Inset graphic shows the transect line in
red, across the GIS. (Digital Elevation Model from
Scambos and Haran, 2002)

Measuring the volume of a lake requires knowledge of all three dimensions: width,
breadth, and depth. While satellite images such as MODIS (Moderate Resolution Imaging
Spectroradiometer) provide an aerial view of width and breadth, no accurate depth
information is readily available. Limited in-situ measurements of Greenlandic glacial lake
depths have been made (Box and Ski, 2007; Das et al.,, 2008; Luthcke et al., 2006) on a
handful of supraglacial lakes. Box and Ski directly sounded two of the 24 lakes in their
study; their estimated maximum depth of any of the 24 lakes was 12.2m. Das et al. also

measured supraglacial lake depths, finding a maximum measured depth between two



specific points to be 9m. The limited in-situ collections by scientists are due to both
funding and logistic challenges. Traveling in the ablation region by skidoo is potentially
hazardous due to crevasse crossings, and has limited geographical coverage. Flying by
fixed-wing aircraft or helicopter is very expensive; while manned aircraft missions are
tenable for a small number of lakes, it is not economically feasible for the large numbers
of supraglacial lakes that appear on the West Coast of Greenland, as shown in Fig. 1-2.

The mission of the Arctic MUItiSensor Cryospheric Observation eXperiment (Arctic
MUSCOX) is to determine the volume of supraglacial melt water lakes. Arctic MUSCOX
was founded in 2007, and uses small (wingspan <2m) unmanned aerial vehicles (UAV’s)
to collect light detection and ranging (lidar) rangefinder, hyperspectral imagery, color
video, ambient temperature, humidity, and surface temperature information when flying
over supraglacial lakes. The ability to measure numerous supraglacial lake volumes very
rapidly, and at low cost, would enable many new data points for future modeling of
englacial water movements and runoff processes.

As described in this dissertation, employing UAV’s to obtain these data is a practical
and prudent way to gather scientific measurements in remote regions such as the Arctic.
These autonomous flying devices are known in a broader sense as Unmanned Aircraft
Systems (UAS). The term UAS includes the supporting ground stations, communications
equipment, and related system software to ensure successful mission flights; the term
UAV applies specifically to the airborne vehicle. Both acronyms will be used throughout
this dissertation, particularly in Chapter 7, dedicated to the efficacy of using UAS across
the Arctic for gathering scientific data to monitor changes in climate, sea ice thickness,

and ocean surface temperature.



Research Objectives
The overall goal of this study is to determine supraglacial melt lake volumes on a

daily basis during the melt season in western Greenland’s ablation region. A secondary
goal is to characterize these volumes as a percentage of available local runoff. This
information is needed to better understand how large ice sheet melt and runoff
contribute to global sea level changes and outlet glacier movements.

The purpose of this research is to characterize the daily surface runoff in the
ablation region of southwestern Greenland by looking in detail at one area, near the
Jakobshavn Isbrae, during the melt season (defined as May 13t to August 31st) of three
years: 2006, 2007, and 2008. This area was chosen due to the large number of melt lakes,
and its proximity to a usable airfield. The three years were chosen to provide a high melt
year (2007), a moderate melt year (2006), and the reference year (2008) when the UAV
flew.

After calculating the total daily available volume of liquid water, the study will
determine how much water is actually retained in storage form, via daily MODIS satellite
images of supraglacial lakes on the ice sheet surface and a Digital Elevation Model (DEM).
Using various in-situ and remote sensing techniques the following research questions will

be answered:

1. Can automated weather station surface height measurements be used to

calculate daily and seasonal surface melt water equivalent (MWE)?

2. What is the daily and total seasonal runoff for the ablation region in the

observed study area for 2006, 2007, and 2008?



3. Can supraglacial lake volumes be determined from DEM topography at 30m
or 625m resolution, and how do they compare to an unmanned airborne

lidar survey within the study area?

4. Isthe derived lake volume accurate enough to study interseasonal

variability?

5. How much melt water is retained in supraglacial lakes as compared to the

total annual runoff?

Methodological Overview
The July 2008 Arctic MUSCOX project investigated supraglacial lakes near the

Jakobshavn Isbrae region. The combination of laser profiling techniques from the UAS,
moderate-resolution satellite imagery, and the new 2009 ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) Global DEM enabled detailed mapping and
the calculation of supraglacial lake volumes.

Fig. 1-5 is a flow chart introduced to help clarify the process of determining
supraglacial lake volumes relative to calculated runoff for the study region. Inputs are on
the left, and consist of in-situ, DEM’s, and satellite imagery. Outputs are the daily lake
volumes and runoff calculations. The blue shapes in the middle functionally describe the
interactions of the inputs to enable these calculations. It is hoped the graphic will enable

the reader to better understand the interactions described in this dissertation.
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Fig. 1-5: Functional overview of the calculation processes
to determine lake volumes.

Previously, manned airborne lidar measurements of terrain elevation have allowed
for precise determination of ice sheet elevation (Krabill et al., 1995). By flying annually or
bi-annually over the same flight tracks, elevation changes (and hence mass changes) were
determined using lidar measurements. Arctic MUSCOX'’s unmanned flights augment the
previous measurements by producing a high resolution DEM where each flight track is
separated by only 250m, vs. the 5km spacing of the manned missions. Segments of this
project were deliberately flown over the same terrain as the 2008 Airborne Topographic
Mapper (ATM) mission flights to facilitate data comparison.

Most previous investigations into calculating Greenland's melt water and runoff
used broad climate indicators and modeling techniques that rely on both manned and
unmanned weather station observations. Data sets are used from coastal weather

stations, run by the Danish Meteorological Institute (DMI), and interior automated
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weather stations located throughout the ice sheet and run by Dr. Konrad Steffen (Steffen
and Box, 2001). One approach to calculate melt and runoff involves calculating the
number of Positive Degree Days (PDD), and applying this to various elevations along the
western GIS. A second approach, adopted by this study, calculates melt and runoff using
surface height changes observed by the AWS.

Estimates of Greenland’s total runoff for 1995-2007 are on the order of ~400
km3/yr, as shown in Fig. 1-6 (Mernild et al., 2010). This study calculates runoff only in the

vicinity of the Jakobshavn region, but the results could be extrapolated to a larger area.

600
500
400

300

Runoff (km®y™)

1995 1997 1999 2001 2003 2005 2007
Year
-~ SnowModel —=-Boxetal. 2006 -+-Hanna et al. 2008
Fig. 1-6: Three Greenland runoff calculation results

as compiled by Mernild et al. (2010)
In-situ measurements are made by the Greenland Climatic Network (GC-Net) series
of 18 AWS. Two stations in particular, JAR1 (elevation 962m) and JAR2 (elevation 568m)
near the Jakobshavn Isbrae region are used in this study; their locations are shown in Fig.

1-2. Daily average readings of 2m temperature, humidity, albedo, surface height change,
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wind speed, and wind direction were computed for the melt seasons during 2006, 2007,
and 2008 from JAR1 and JAR2. Approximately 110 days were analyzed during the melt
season for each year.

A simulated runoff for each geographic pixel location of the study area was created
by Dr. Sebastian Mernild of the Los Alamos National Laboratory using the four-section
energy balance computer program SnowModel (Liston and Elder, 2006). SnowModel, as
modified by Mernild et al. (2010), computes simulated runoff calculations from inputs of
temperature, humidity, wind speed and wind direction. It is used as a reference for the
calculations made in this dissertation.

This study developed a new runoff model based on observed height changes (dH)
of snow and ice on the surface. The Matlab-based dH Model was created using sonic
height measurements made at JAR1 and JAR2. Daily height changes of the ice sheet were
obtained at these locations and processed independent of the SnowModel program to
calculate linear runoff, defined as the vertical water equivalent of the surface height loss
at a particular location (a datum point).

After obtaining the GC-Net AWS environmental data from Dr. Konrad Steffen, the
AWS data were processed to remove any discovered spurious data. Temperature,
humidity, wind speed, wind direction, incoming shortwave, outgoing shortwave, and
changes in ice/snow height observations were processed to obtained 24-hour averages.
For example, Fig. 1-7 shows in red the 2006 JAR1 raw surface height changes in meters,
as measured by the two sonic instruments. Smoothed individual dH data are shown in
green and labeled “smoothed” for each instrument. The final 24-hour two-instrument

average dH product is shown in black. For the SnowModel simulations, averaged
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temperature, humidity, wind speed, and wind direction were used as inputs. For the dH

Model, incoming shortwave, outgoing shortwave, and surface height change were used as

inputs.
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Fig. 1-7: Example of processed 2006 JAR1 AWS data
processed from surface height change (dH) measurements
averaged over 24-hour periods.

After calculating the regional surface runoff, a small inset strip of supraglacial lakes,
as shown in Fig. 1-8, was selected for detailed analysis. The area was chosen because the
supraglacial lakes cascade downward from 1361m to 993m along a direct line, and Arctic
MUSCOX overflew three of the lakes in 2008. Secondarily, the four chosen lakes were

large enough that 250m resolution MODIS images could detect surface area changes over

time.
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used in this study for detailed volume analysis
and runoff calculations. Lakes 1, 2, and 3 were
overflown by the Manta UAV in July, 2008.
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The location and elevation of each lake are given in Table 1-1; no estimate is given

for Lake 4 from the Arctic MUSCOX campaign because it was the only lake not overflown.

Table 1-1: Location and elevation of each supraglacial lake studied.
Elevations are indicated for each DEM

Lake | Latitude Longitude MUSCOX Scambos - | ASTER
(N) W) (m) Haran (m) (m)
1 68.720 049.500 985 1014 922
2 68.750 049.535 968 997 923
3 68.709 049.025 1204 1215 1154
4 68.674 048.556 - 1363 1270

Three DEM’s are utilized in this study due to the strengths and limitations of each

DEM dataset. The newest DEM, ASTER Global, did not have an outlier removal and
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smoothing filter applied before its release. Even re-posting the ASTER DEM to 500m
resolution and applying a smoothing algorithm resulted in erroneous elevation
fluctuations. The 625m DEM from Scambos and Haran (2002) was employed, but due to
the large pixel size artificially low lake volumes were produced. A third DEM (the
MUSCOX DEM) was created using the lidar elevation points collected during five UAV
flights, providing a detailed physical description of a recently drained lake bottom. The
Lake 1 volume estimate (0.043 km3) from the MUSCOX DEM, compared very favorably to
a volume estimate (0.044 km3) calculated from an in-situ pressure sensor located at the
bottom of Lake 1 (Das et al., 2008).

The MUSCOX DEM, and the in-situ depth gauge were combined to provide a
ground-checked reference for the entire modeled area. This analysis resulted in a
correction factor of 0.42 for the ASTER DEM during volumetric analysis, as described in
Chapter 3.

This study better quantifies surface runoff water estimates by estimating standing
water volume of the surface lakes on the ice sheet as a percentage of total calculated
runoff. The difference between the calculated runoff and standing water is the amount of
water available to move as englacial flow within the ice sheet, or supraglacial flow on the
ice sheet’s surface.

Surface water flow will follow the gradient of gravity, barring some physical
barrier. Physical barriers on the ice sheet consist of crevasses, mounds, and other forms

of frozen water, as shown in Fig. 1-9.
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Fig. 1-9: Notional glacial surface and subsurface features.
(Christopherson, 2009)

Recent work discusses the two processes that must occur before melt water
becomes runoff. First, the percolating melt water must raise the temperature of the snow
pack to the melting point; secondly, the irreducible water content conditions in the
snow/pore matrix must be met; essentially, the capillary pressure airspace voids must be
filled. Assuming these conditions are met, it was found that the maximum extent of runoff
over one season from an elevation of 1700m near the Jakobshavn region would be 5km;
from an elevation of 1000m the maximum extent of runoff would be 12km (Rick, 2008).
This implies surface water could run between relatively close lakes, such as between
Lakes 1 and Lake 2, but it is improbable water from Lake 3 could travel on the surface to
reach Lake 1 or Lake 2.

Runoff is calculated over the entire large study region (13,102km? non-masked)
using two methods: 1) the observed changes in snow/ice height (dH) at two GC-Net AWS
stations converted to runoff values, and 2) employing the energy balance program

SnowModel to compute simulated runoff. Both the dH Model and SnowModel techniques
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are then compared to the in-situ measurements, and the dH Model was selected for runoff
calculations in the smaller inset strip study area (1,183km? non-masked).

To determine the size and location of supraglacial lakes and monitor their changes
over time, MODIS imagery was obtained over the three summer melt seasons (2006,
2007, and 2008). The four targeted lakes are arranged perpendicularly to the contour
lines of the western part of the GIS. Using ENVI image processing software, 129 relatively
cloud-free two-channel MODIS images were selected as usable, and cropped to the large
study area size. Each resized image was then re-evaluated for cloud-free clarity over the
13km by 91km smaller inset strip selected for supraglacial lake volume analysis. Of the
129 initial images, 87 had to be discarded due to cloud obscuration of the lakes in
question, leaving 42 MODIS images to calculate lake volumes.

Once the surface areas of the lakes were calculated, the depths were determined
via Matlab DEM routines using the corrected ASTER DEM elevations. Finally the total
liquid water volume of each lake, for each day, was calculated by combining the surface

area and depth information.
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Chapter Summary
This dissertation’s objective is to develop a method for calculating supraglacial

melt lake water volumes in the ablation zone near the Jakobshavn region of the
Greenland Ice Sheet. This knowledge could help resolve unknown influences that melt
water has on the basal motion of outlet glaciers once the supraglacial lakes drain into the
ice sheet or along the ice surface. Additionally, a new technique to determine runoff from
observed surface height changes is introduced, and the ratio of supraglacial lake volume
(water storage) to total runoff is presented.

The importance of blending various data sources is discussed, including overhead
satellite imagery, unmanned aircraft systems, and in-situ automated weather systems.
The Arctic MUSCOX website (www.arcticmuscox.org) will have selected data from these
mission posted. In the next chapter, background information is presented on Greenland’s

surface energy processes, with an emphasis on the summer melt season.
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Chapter 2: Background

Climatology of the Greenland Ice Sheet
There are four distinct water-related facies, or zones, in Greenland's ice sheet

denoted by the net change in water (mass) balance (Benson, 1960). The original

designation of the four zones is shown in Fig. 2-1, where we see:

=

the dry zone where there is no surface melt,

2. the percolation zone where limited melting is locally absorbed by underlying

snow,

3. the wet or soaked zone where the melt accumulates and can run locally at the

surface, and

4. the ablation region where more water (mass) completely leaves the area via

sublimation, calving, or runoff processes, than remains for the next season.

A second categorization of the Greenland Ice Sheet (GIS) involves dividing it into
two general regions: an annual accumulation zone and an ablation zone, which are
separated by the equilibrium line (Henneken et al., 1994). The equilibrium line altitude
(ELA) is the elevation where there is no net change in ice surface height over a one-year
period, and is a variable height depending upon its physical location in Greenland. Factors
such as latitude (northward is colder, and therefore has a lower ELA), longitude (the
eastern slopes are more moist than the western side of Greenland), and the slope/aspect

of the surface affect the ELA (Zwally and Giovinetto, 2001).
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At the project location, the ELA is estimated to be 1250 meters, as shown in Fig. 2-

2. This places Lakes 1, 2, and 3 below the ELA, and Lake 4 above the ELA (Table 1-1).
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Fig. 2-2: The constantly varying elevation of the ELA.

Dark circles are actual station measurements, diamond points are
model output of the ELA, and the dashed line is a previous ELA
model estimate combining both eastern and western Greenland data
(Zwally and Giovinetto, 2001). This study’s ELA is notionally at
1250m, based on the study location of ~68.3°N.

Energy Balances
While the model development for this study calculates runoff from changes in the

ice sheet surface height (dH) as measured at the AWS sites JAR1 and JARZ, the dH occurs
as a result of changes in surface energy balance. To discuss the surface processes in the
ablation zone, we must first understand the incoming energy to the area, and then learn
how the surface and the atmosphere interact throughout the annual cycle.
Radiative Shortwave and Longwave Fluxes

The sun is the energy input source for the solar system, the earth included. Without
the sun, the earth would slowly radiate its stored internal energy and reduce its
temperature from 288K (Ahrens, 2007) to that of a deep space body, namely 2.7K (NASA,
2009). For all intents and purposes, the bulk of the radiation from the sun is between
0.15um and 3.0um and is called shortwave (SW) radiation as shown in Fig 2-3. The
distribution of the Earth’s radiation is almost entirely between 3um and 300wm, and is

referred to as longwave (LW) radiation, also shown in Fig. 2-3.
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(Christopherson, 2009)

If there was no terrestrial atmosphere on the earth, its emittance as seen from
space would appear nearly like a black body at 255K. Because the earth's atmosphere
absorbs and reemits thermal radiation back towards the surface, the earth system is

approximately 33K degrees warmer, at 288K (Randall, 2007). This results in peak
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radiation emitted at 10um, as described by Wien'’s Law and shown by the nearly similar

273K degree curve in Fig. 2-3.

The incoming solar SW radiation to the earth system is partially reflected back into

space by clouds and the earth's surface. The reflected SW radiation has different

characteristics depending on what type of surface it impinges; of primary importance is

the surface albedo. Albedo is the percentage of incident radiation that is reflected from a

surface, and is wavelength dependent. The remaining incoming solar radiation is either

absorbed or transmitted further into the atmosphere or the earth's surface. Snow has a

high albedo, typically between 0.7 and 0.9; ice has a lower albedo, typically between 0.3
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and 0.5 (Hock, 2005). It is this distinction between snow and ice that the dH Model will
use to determine the type of the surface composition, and thus the density and meltwater
equivalent of the surface height changes. For this study, reflected SW measured by the
AWS will be used to calculate the daily surface albedo, which will be a proxy for snow/ice
determination.

Over short time spans or regional areas, the earth's net energy balance is not
always zero, especially in the polar regions where we have periods of 24-hour sunlight
and 24-hour darkness. This implies the storage, movement, and/or usage of energy on
different scales, both regionally and temporally. The energy storage function can be of
various forms such as increased atmospheric humidity, atmospheric temperature, ice
temperature, and the phase changes of water.

Energy Storage

The atmosphere can store and move energy via horizontal advection and vertical
turbulence processes. These movements redistribute energy from areas with excess
energy to places with relatively less energy. A good example is the re-distribution of
energy due to hurricane activity where warm, moist, air is transferred to a cooler region
hundreds of kilometers away.

Advection, the horizontal flow of an air parcel, will bring changes in the energy
state of a particular area. Advection may bring a warmer or cooler parcel of air, which
will be governed by sensible heat exchanges; it may bring moister or drier air that will be
governed by latent heat exchanges. The advection process relates to new volumes of air

that are continuously brought over the ablation region for interactions with a volume of
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the ice surface, and is measured by the AWS through wind speed and wind direction
readings.

Humidity is the measure of water vapor content in the atmosphere and can be
measured as absolute humidity, or specific humidity. The absolute humidity is defined as
the mass of water vapor to a volume of air; specific humidity is defined as the mass of
water vapor over the total mass of air (Ahrens, 2007). Automated weather stations in the
ablation region measure the specific humidity and, as conditions warrant, will indicate
the potential for evaporation, condensation, sublimation, or deposition.

Water is constantly passing between phases between the earth's surface and the
atmosphere. If there are more phase changes to a vapor state than to a liquid, then there
is net evaporation. If there are more phase changes to a liquid than to a vapor, there is net
condensation. The dominant driver in these changes is the water temperature. Increasing
water temperature gives more energy to the liquid water, and molecules can therefore
escape more easily to vapor; a reduction in temperature will cause fewer molecules to
phase change into vapor.

In the ablation region, there are also constant phase changes between snow/ice
and vapor. If there are more net changes from snow/ice to vapor, sublimation occurs. If
there are more changes from vapor to snow/ice, deposition results.

Snow and ice have unique boundary conditions for the energy balance that are
quite different than other materials. Snow and ice appear more volumetric in the SW,
whereas other surfaces have a planar surface boundary that merely absorbs or reflects
shortwave radiation. This enables SW to be transmitted a certain distance into the snow

and ice such that volume scattering takes place (Oke, 1987). The distance is determined
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by Beer's Law: F = Fo e -kx), where Fy is the initial intensity of radiation at a particular
frequency, x is the distance into the volume, k is the absorption coefficient, and F is the
resultant intensity at distance x (Randall, 2007). For practical purposes, for ice the SW
can penetrate down to 10 meters, while for snow SW can penetrate to 1 meter (Oke,
1987).

Natural surfaces are at the most 5% reflective in the LW (Geiger et al., 2003); highly
absorbent materials will consequently be a high emittance material in the LW. In the LW,
snow and ice are near perfect black bodies, with radiated energy described by the Stefan-
Boltzmann Law: E =¢ -0 - T* (Oke, 1987), where ¢ is the emissivity of the body and o is
the Stefan-Boltzmann constant (5.67-10-8 W/m2K#). Ice has an emissivity of 0.96; snow
has a high but variable emissivity between 0.82 and 0.99, depending on its age and
density (Sellers, 1965). This means the snow and ice surfaces will both strongly absorb
the re-emitted LW from the atmosphere, and radiate strongly in the LW, since both
absorptivity and emissivity are large and reflectivity of LW small.

Sensible, Latent, and Ground Heat Transfers

The translation of energy between two volumes is related to many processes: the
thermal conductivity of an object, the sensible and latent heat exchanges, and the
conduction of energy. In general, sensible heat transfer is the warming or cooling of a
volume (typically a parcel of air) by a process such that a measurable temperature
change results. This will, by default, change the density of the air volume, which will
physically rise or fall relative to its original position. Sensible heat will result in the

atmospheric or turbulent mixing of air parcels within the atmosphere.
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Latent heat exchange is defined as the phase change of water between its solid,
liquid, or vapor forms. Each phase change carries with it an energy level that is either
absorbed or released; the energy amount used is the same for either direction of phase
change. The values for each phase change are given in Table 2.1 (Oke, 1987). These phase
changes enable the storage and release of energy in the earth system; it is this change in
stored energy that enables the earth to regulate its overall energy balance.

Table 2-1: Latent heat exchange values.

Latent heat for ice-liquid exchange 0.34-10°]/kg at 0°C
Latent heat for vapor-liquid exchange | 2.50-106]/kg at 0°C
Latent heat for ice-vapor exchange 2.84-10°]/kg at 0°C

The snow melt process begins with heating at the surface by either the absorption
of SW radiation, or by warm air masses passing overhead and enhancing the sensible heat
flux towards the surface. Initially this added energy begins to raise the snow temperature
both at the surface and internally due to volume scattering. In fact, it has been shown that
the warmest part of the snow is below the surface, somewhere within the first 50cm
(Oke, 1987). The snow begins to raise its temperature until it gets to 0°C, which is the
melting point. As water forms from snow, both on the surface and below the surface, it
then percolates deeper into the snowpack. It will then release heat as it re-freezes in the
cooler interior of the snowpack. This brings heat deeper into the snow pack, helping to
raise its overall temperature.

As this wave of temperature increase continues to move through the snowpack, the
snow densifies from ~0.2g/cm?3 beginning in the fall, to ~0.4g/cm3 in the late spring

(Przybylak, 2003). Eventually the snow becomes firn reaching a density over 0.55g/cm3
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(USGS, 2009). This process both increases the size of the snow particles, and decreases
the albedo.

The movement of heat will be from a higher concentration of energy to a lower
concentration of energy, at a rate defined by the thermal diffusivity, k. The diffusivity of
air, water, and ice are: 20.5, 0.14, and 1.16 - 10-® m?/s, respectively (Oke, 1987). This
indicates the speed at which a temperature wave could propagate through a mass. In this
case, water is the slowest to pass changes in temperature, air is the quickest, and ice
maintains a middle position. If the snowmelt exceeds the sustainable percolation levels,
the melt water will begin to run off, and create small ravines on the surface and
supraglacial lakes at catchment points.

Water has a large heat capacity, C, which is equal to 4.18-106 ] /K-m3 (Oke, 1987);
this allows for water to be a very good storage medium of energy. The air in the
atmosphere has a low heat capacity equal to 0.0012-10¢ J/K-m3 (Oke, 1987), which means
air cannot store heat as well as water. The heat capacity of ice is in between at 1.93-10°
J/K-m3 (Oke, 1987); which indicates it can store heat, but not to the extent of water.
Equivocally, water or ice could be described as a body resistant to quick fluctuations of
temperature change. They naturally dampen the atmospheric fluctuations brought to the
local area via the advection processes. Warmer or cooler air masses can pass across the
ablation region and enable evaporation, deposition, and condensation. On the short-term
scale, the water's high heat capacity enables an extremely important storage component.
Melt

Heat will conduct downward into the ice cap as determined by the thermal

diffusivity of ice. The vapor pressure will be higher in a warm atmosphere than the
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surface vapor pressure; this gradient will enable the movement of water from the air to
the surface via condensation. The condensation process will release even more heat (at
7.5 times the heat of fusion, or the heat required to melt ice), enabling even more melt.
Therefore, any influx of humid, warmer air from the surrounding oceans will further
enhance melt.

Radiative processes drive the local climate processes; van den Broeke recently
illustrated this in his publication describing surface radiation analysis spanning four
years (2003-2007) of the Kangerlussuaq transect (67° N) in the ablation zone (van den
Broeke et al., 2008) at three sites: S5 (490m), S6 (1020m), and S9 (1520m). Site S5 is of
comparable elevation to JARZ, and site S6 is comparable to JAR1. Monthly measured
values of albedo, incoming (positive) SW, incoming (positive) and outgoing (negative)
LW, surface temperature, and the temperature at 2Zm are shown in Fig. 2-4; note the melt
season occurs during months 5, 6, 7, and 8. The bottom left panel shows the four-year
average surface albedo changes from the highly reflective snow to the less reflective ice,
then back to snow over the summer season. This process is what the dH Model is using
for calculating the linear runoff.

The incoming LW and SW greatly increases during the melt season as seen in the
top two panels of Fig. 2-4. For May, June, and July incoming radiation is above ~220W/m?
for all stations in both the LW and the SW; surface melt ensues. In August the LW
continues to provide strong input (at least ~270 W/m? at all locations), but the solar
contribution begins to faulter (below ~210 W/m?) as the sun drops to the horizon. This

data show the important contribution of incoming LW to the summer surface melt. The
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bottom panel of Fig. 2-4 shows both the surface and 2m temperatures in September are

at or below freezing as the surface begins the winter re-freeze at all stations.
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Fig. 2-4: 67° North LW, SW, albedo, surface, and 2m temperatures observed along the
Kangerlussuaq transect at observation stations S5, S6, and S9 for 2003-2007. Temperature
points are monthly averages for each year. (LW, SW, and albedo: van den Broeke et al.,
2008; T (solid lines) and Ts (dotted lines): van den Broeke by personal correspondence).
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Summer
The high albedo of snow and ice will reflect most of the incoming SW, but due to its

magnitude, the SW that is not reflected enables the snow to begin melting. Increased
cloud cover in the summer will bring more incoming LW that should increase melt, but it
will also reduce the incoming SW (Van den Broeke et al.,, 2008). Therefore, the two
processes tend to cancel each other in magnitude (Serreze and Barry, 2005).

The ablation region experiences a diurnal cycle as it melts in the late morning
through the afternoon, and then refreezes in the evening hours. The snow is constantly
emitting LW radiation throughout the 24-hour period, but during the day when the solar
zenith angle is lower, there is enough supplement of SW energy to cause melting.
Additionally, the air mass over the ablation region will usually have a higher temperature
than the snow and ice. Hence surface energy flux will be positive, indicating more energy
into the ice sheet, resulting in further melt, which will bring more heat into the ice pack.

The surface temperature should be 0°C during the melt phase; any additional
energy to the system will result in continuing melt of deeper snow and ice. Therefore, the
magnitude of outgoing LW will remain fixed since the surface temperature should not
increase. Once the snow has melted, the less reflective ice is exposed. This will set up a
positive feedback, as the lower albedo ice will then be able to absorb the incoming SW at
a greater rate, thereby increasing melt.

The resultant melt water will percolate downward until it refreezes; then, any
further melt will become runoff, thus establishing englacial or supraglacial streams and
melt lakes on the surface of the ice. These lakes will grow in size over the summer, partly

due to the lower albedo of water, and partly due to the accumulation of liquid over time.
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Chapter Summary

The ablation zone is where most supraglacial melt lakes form; it is where there is
more surface mass lost than is gained over the year. The driver for the entire Arctic
system is solar input, which is zero in the winter and a maximum during the summer
months. The three forms of water (liquid, ice, and vapor) change state to transfer energy
between the atmosphere and the surface; the three forms of water can also act as storage
mediums for energy. The ice surface absorbs energy from incoming SW and LW radiation
during the summer, and re-radiates LW energy back to the atmosphere during the winter.
During the summer, the transfer of heat directly into the ice sheet creates liquid water
that can flow via riverine structures and collected to form supraglacial lakes. The next
chapter presents the physical characteristics of the GIS, including a detailed discussion of

the ice sheet’s slope in the western region.



Chapter 3: Surveyed Area Characteristics

Geophysical Description of the Greenland Ice Sheet
This project calculates the volume of water present in supraglacial lakes in the

Jakobshavn Isbrae region of the Greenland Ice Sheet (GIS), shown in Fig. 3-1. Greenland
has the second largest ice mass on the earth, after the Antarctic continent. The ice sheet
areais ~ 1.7 x 10km? (Chapter 4 of IPCC, 2007), or about the size of Alaska. Its average
thickness is 1.6km, with a total volume of ice of ~3.0 x 10°%km3, and could conceivably

contribute to ~7.2m of sea level rise (Lubin and Massom, 2006).

lulissat

Image © 2010 TerraMetrics
Ut J
lat 69.020998° lon -48.835787° 139

Fig. 3-1: The Jakobshavn study region near Ilulissat, Greenland.
(from NASA MODIS imagery, 17 Jul 2008 at 1440z)

Greenland is partially located in the path of atmospheric low-pressure systems,
intercepting moisture from cyclonic activity (Steffen and Box, 2001) due to its high

elevations, the highest point being Summit at 3203m (Cullen et al,, 2006). Southeastern
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Greenland has higher elevations than the southwestern portion as was shown in Fig. 1-4;
therefore an eastern front’s precipitation falls on the east flank, making the southwest
region drier than the southeast region (Hanna et al., 2006). As Arctic air temperatures
will likely increase over the next few decades, there will be an increase in atmospheric
moisture content, with the potential for an increase of precipitation; indeed, some have
observed this at elevations higher than 2000m (Hanna et al., 2008). Increased
precipitation could be matched by an increase in runoff in the ablation region, if the
precipitation makes it to the lower elevations. The runoff will likely collect in existing
supraglacial lake areas, or create new supraglacial lakes at higher elevations since the
atmospheric temperature will have increased.

Greenland’s climate is quite different than the climate in Antarctica. On the GIS
large areas experience considerable melt during the summer (Truffer and Fahnestock,
2007), whereas Antarctica experiences little summer melt. The western part of the GIS
has a distinct zone consisting of surface crevasses and melt water retained in supraglacial
lakes which store melt water runoff from locally melted snow and ice, or drainage from
higher elevations. A supraglacial lake can drain extremely rapidly when there is a breach
in the retention along the lake’s side or at the bottom of the lake basin; some drain in time
spans shorter than one day (Das et al., 2008). These breaches allow the entire water
volume to drain via crevasses or moulins (Fig. 3-2), which could eventually reach the base

of the ice sheet (Zwally et al., 2002).
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Fig. 3-2: Cut-away view of supraglacial lakes and crevasses
contributing to basal water levels (Zwally et al., 2002).

From the high point of Summit, the GIS gently slopes towards the coastline, both
eastward and westward, until it begins quickly dropping downward to the sea around the
1500m contour, as shown by the red line in Fig. 3-3. The Equilibrium Line Altitude (ELA)
is the approximate elevation where annual accumulation equals ablation, resulting in no
net surface elevation change. In the Jakobshavn region, Steffen and Box (2001) locate the
ELA at 1150m, slightly different than the 1250m ELA estimate given by Fig. 2-2. Both
estimates are lower than the 1500m elevation contour shown, and are very close to the

coastline throughout Greenland.
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Fig. 3-3: The 1500 elevation contour line
(in red) of the Greenland Ice Sheet.

Along the shore, the outlet glaciers can move between 200 and 1200m/yr (Joughlin
et al., 2008), bringing large ice flows to the sea. In the ablation region, runoff water from
the ice sheet, combined with the calving of icebergs of some of the world’s fastest glaciers,
contributes to global sea level rise. While runoff from the GIS has been calculated (Hanna
et al., 2008), the percentage of melt water retained in the form of supraglacial lakes has
not received the same attention.

One important component influencing surface runoff and supraglacial lake
formation is the slope of the topography (Greuell, 2000). A transect of the GIS along the
68.73° N line of latitude from the western coast (50°W) inward to the east (44°W) is
shown along the red line in Fig. 3-4. This transect was chosen because it bisects the area
flown by the UAV (ladder patterns in yellow and purple), then continues upslope through
the area that produces runoff. The highest point on the transect is at the eastern edge at

2366m, the lowest point is at the western edge at 693 m.
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Fig. 3-4: The transect along 68.73°N analyzed for slope change.

Analyzing the 625m DEM reveals a noticeable slope change, as can be seen in Fig. 3-
5. The slope decreases as elevation increases along the 68.73°N transect, extending from

the western edge of the study region to the east, a distance of 290km.



37

Slope and Elevation changes along transect
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Fig. 3-5: Slope plotted with elevation along the 68.73°N transect.

The slope (green) reduces eastward as elevation (blue) increases.

A three bin histogram depicting all slopes along the transect is shown in Fig. 3-6,
where 65% of the points have a linear rise-over-run gradient less than 0.0082, 32% of the
points have a rise-over-run gradient between 0.0082 and 0.0231, and only 3% of the
points have a gradient above 0.00231. Table 3-1 converts these linear slopes to angular
slopes for ease of understanding, and shows the mean elevation and slope of each bin. It
can be seen the steeper slopes occur at the lower elevations, while the gentler slopes

occur at higher elevations.
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Fig. 3-6: Gradient histogram (rise/run) values along 68.73° North.
Each bin is 0.015 wide, centering on 0.0008, 0.0156, and 0.031
rise/run elevation change values, moving from west to east.

Looking again at Fig. 3-5, the slope can be seen decreasing from nearly 1.0° at the
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coast, to a leveling value of ~0.2° inland. These results compare well with Steffen (1995)

who indicates the ice sheet’s slope above 1200m elevation to average 0.4°.

Table 3-1: Slope calculations along the 68.73° N transect
categorized into 3 bins of varying slopes.

Slope Rise/Run Slope Percentage | Mean Elev (m)
Type Average Average of Bin points of each Bin
Shallower 0.0029 0.166° 65% 1845
Moderate 0.0130 0.745° 32% 1527
Steeper 0.0288 1.650° 3% 961
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Chapter Summary
Greenland has a moist climate and experiences considerable surface melting during

the summer months. From the middle of its plateau at Summit (3203m) the ice sheet
gently slopes towards the coasts, where ice then funnels into outlet glaciers at a much
steeper slope.

A transect along 68.73°N is analyzed between 50°W and 44°W and the changing
slope is classified into three groups, with slopes observed at 0.17° at higher elevations
(1845m), 0.75° at moderate elevations (1527m), and 1.65° at lower elevations (961m). If
atmospheric warming continues, the shallower slopes at higher elevation, combined with
increased melt, could produce supraglacial lakes in areas previously experiencing only
refreezing into the snowpack.

Restating from the motivation portion of this study, if atmospheric warming
continues, the shallower slopes of higher elevations combined with increased melt, could
produce supraglacial lakes in areas previously experiencing only the refreezing of melt
water within the snowpack.

In the next chapter, a description of the data types used in this study, and their

sources, are presented in addition to the corrections that must be applied to these data.
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Chapter 4: Data Types and Sources

Unmanned Flight Operations
The Arctic MUSCOX project was the first scientific use of an unmanned aerial

vehicle (UAV) in Greenland; therefore, the mission profiles were kept to a conservative
length, with the hope of adding more robust flight lines in following years.

The original project was operationally constrained to two pre-defined regions, as
shown in Fig. 4-1, because of the uniqueness of operating a UAV over the ice sheet. Due to
various operational issues, flights were only flown in the southern box (Mission A), which
involved low-level transits over fjords, followed by a steep ascent into the area defined by

the southern box.
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Mission B (not flown, top box indicated by North, West, South & East)
Between July 16 and July 23, 2008, five mission flights (], K, L, M, and Q) were flown

in the southern box. The tracks of all five UAV mission flights are shown in Fig. 4-2, along

with each flight's takeoff date and time. The UAV’s flight elevation ranged between the
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airfield height of 29m (95 ft) to 1524m (5000 ft) along the eastern part of the southern
box. Within this southern box Lakes 1, 2, and 3 were overflown; Lake 4 was to the east at

a higher elevation. The aggregated flight tracks are shown in the upper left image of Fig.

4-2.
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Fig. 4-2: Charts of each Arctic MUSCOX flight path,
including date and take off time. An aggregate chart is shown
in the upper left graphic.
There was considerable coordination between the Danish and Greenlandic
governments to allow the UAV flights, where 17 flights occurred for ~33 total flight
hours. Five of the flights were mission flights to the southern box; the other 12 were test

and evaluation flights preceding the mission flights. The coordinates for the UAV flights to

the southern box are shown in Table 4-1 in the degree/minute format (dd mm.mmm).



Table 4-1: Coordinates of the UAS flights into the study area.

Take Off, near JV/N N69 14.485 WO051 04.342
N69 14.503 WO051 08.650
N69 11.793 WO051 12,799
N69 09.602 | W051 03.418
N69 09.522 | W050 45.082
N69 05.524 | W050 43.466
N69 02.329 | W050 29.688
N68 58.449 | W050 32.631
N68 57.151 WO050 30.226
N68 56.746 | W050 25.432
N68 51.144 | WO050 13.805
End transition (NW) N68 50.000 | W049 50.000

The coordinates of the southern box are shown in Table 4-2.

Table 4-2: Coordinates of the southern operational box.

Point Northwest 68°50’N 049°50°W
Point Northeast 68°50’N 049°00°W
Point Southeast 68°30’N 049°00°W
Point Southwest 68°30’N 049°50°W

Inside the approved southern box, the actual surveyed area during the missions

was ~132km?. The center of the actual operational area flown was 68.73°N, 49.28°W at
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an altitude of 1082m. The tracks were typically 22km in length in the east-west direction,

and 6km long in the north-south direction. These dimensions were chosen to provide
overlap with previous NASA ATM flight paths, ensure repeat coverage over melt lake

areas, and maximize collection over the terrain changes within the approved southern

box. Fig. 4-3 shows the area surveyed by NASA using the ATM lidar system (at 5km track

spacing) with the UAV flight tracks (at 250m track spacing). Note the enhanced data set

provided by the 250m flight line spacing of the Arctic MUSCOX project, which enabled the

generation of a detailed 90m posting DEM.
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Fig. 4-3: All five UAV mission flights plotted (thin lines)
with the ATM flight tracks in the background (thick lines).
Note the gridded patterns over two sections. Although not visible,
Lakes 1 and 2 are under the left grid pattern, and Lake 3 is
under the right. The background image of the supraglacial lakes is
a digital collage of unknown dates courtesy of Google Earth.

Lake 1 is of particular interest because in-situ measurements have been taken

there during the summer seasons of 2006-2007 (Das et al., 2008). The Arctic MUSCOX

Principal Investigator chose to fly grid patterns over this lake in July 2008 (toward the

left of Fig. 4-3) so the in-flight lidar and imagery data could be correlated with the in-situ

pressure sensor placed by the Das group at 68° 43.736'N, 049° 30.239'W. This sensor

captured the rising supraglacial lake height and the lake drainage event on July 10 at

2040Z. From these flight tracks a high resolution DEM of the drained lakebed was

created.

In-Situ Data

The Greenland Climate Network (GC-Net) typically provides 26 climate data

variables throughout the entire year at each AWS site; for this study the temperature,
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humidity, wind speed, wind direction, surface height, and incoming and reflected solar
radiation are used. The AWS logs data at hourly intervals each day on an annual basis; the
full explanation and architecture can be found in Steffen and Box (2001). GC-Net data
from stations JAR1 and JAR2 between September 1, 2005 through August 31, 2008 were
used in this study, providing three years of seasonal melt data, including the extreme melt
year of 2007. While the melt season defined for this study is from May 13 - August 31
each year, the 2005 data were needed to initialize the energy balance model
(SnowModel), which runs internally on an annual cycle. Additionally, it is noted that 2008
was a leap year, which required all algorithms to be modified to ensure the date values
were congruent with 2006 and 2007.

Much time was needed to process the raw JAR1 and JAR2 GC-Net data to ensure the
validity of the data, including extrapolating portions of the data to cover missing data
periods. Specifically, the JAR1 tower fell over in July 2007, requiring data extrapolation
through the end of the melt season. Additionally, while JAR2’s 26 environmental variables
were recorded correctly, the time and date logger did not increment for 3 months in
2007, requiring additional analysis to correct the date and time. Lastly, JAR2 did not
record any data for the 2008 melt season, requiring the comparison of JAR2’s two
previous years’ Melt Water Equivalent (MWE) routines with respect to JAR1 to determine
the 2008 JAR2 runoff values. Descriptions of the data smoothing routines for the GC-Net
data follow in Chapter 5. Each of the following sub-sections provides an overview of each
data type, and the analysis done, before the final linear runoff and supraglacial lake

volume analysis could be accomplished and presented.
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Albedo and Density
Daily solar flux measurements made by the GC-Net stations include incoming and

reflected shortwave radiation. The ratio of the reflected to the incoming shortwave gives
the albedo of the surface. For JAR1 at 962m elevation, there is usually a thick layer of
snow (~0.5m) on the surface in early May, which will have a high albedo (> 0.7).JARZ2, at
a lower elevation of 568m, does not typically have a thick snow layer and will not employ
albedo as a discriminator between ice and snow.

During annual AWS tower servicing at JAR1, manual observations of the depth and
density of snow are routinely taken each year. The May 11, 2008 JAR1 manual
measurement of snow density was 358 kg/m3, with a snow depth of 0.81 meters. Snow
depth for JAR1 was manually observed in 2006 and 2007, but there were no manual
snow density measurements at JAR1 for 2006 and 2007. We find the 2008 snow depth
and density of the dH Model compares well with the observed values, as indicated in
Table 4-3; within 15% and 04 %, respectively.

Table 4-3: JAR1 snow depth and densities
observed and calculated at the beginning of the melt season.

2006 2007 2008

Observed Snow Depth (m) 0.77 0.38 0.81

Calculated Snow Depth (m) 0.65 0.24 0.69
Calc Percentage (Calc/Obs) 84.4% 63.2% 85.2%

Observed Snow Density (kg/m?3) not obs not obs 358

Calculated Snow Density (kg/m3) 320 381 373
Calc Percentage (Calc/Obs) -- -- 104.2%

JARZ2 is almost half the elevation of JAR1, and has a different melt regime. The two
stations are separated linearly by only ~18km, but the lower elevation and steeper slope

of the ice sheet at JAR2 places it into a warmer temperature environment. However, due
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to the two stations’ proximity, it is assumed the daily incoming solar radiation and cloud
obscuration rates are similar at each site.
MODIS

Three years of images from Band 1 and Band 2 of MODIS at 250m resolution were
reviewed for each day of the melt season in 2006, 2007, and 2008. Of the 330 possible
imagery days, 129 relatively cloud-free day images were chosen to be downloaded and
used in this study from the NASA MODIS LAADS (Level 1 and Atmosphere Archive and
Distribution System), located at: http://ladsweb.nascom.nasa.gov/data/search.html. The
images were individually reviewed and cropped to slightly larger than the SnowModel
study region size of 12,500km?; the boundaries were 69° 45’N, 68° 35’N, 050° 25'W, and
47° 15’W as shown in Fig. 4-4. This created MODIS images of 16,475km?, which were
converted into matrixes of 504 rows by 523 columns for subsequent analysis using
Matlab. The images were used to create a digital mask outlining the ice sheet from the
land mass. This area was also used to calculate daily runoff over the entire Jakobshavn
region.

A subset of 42 completely cloud-free images over the 13km x 91km inset strip
shown by the red rectangle in Fig. 4-4 were cropped to provide data for volumetric
analysis of the four supraglacial lakes. This inset strip completely overlaid the Arctic
MUSCOX flight profiles, and allowed for calculations of melt water production that could

drain into the study lakes, including upslope areas.
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Fig. 4-4: The full Jakobshavn study region, with the inset strip
highlighted. The inset strip was used to calculate daily
runoff and supraglacial lake volumes
(July 29t 2006 MODIS images).

Digital Elevation Models in the Region near the Jakobshavn Isbrae
The area of study is southeast of [lulissat, Greenland in the ablation zone, as was

shown in Fig. 1-2. Four DEM’s were used in this study: two small scale, optically-based
DEM'’s, and two large scale lidar-based DEM’s. The DEM’s are necessary to determine
both the daily elevation-dependent runoff amounts, and the supraglacial lake volumes.
The two non-optically based DEM’s used in the study originated from airborne
laser altimeters. One lidar system was the NASA ATM, the other was the Universal Laser
Sensor (ULS) from the University of Colorado Aeronautical Department and flown on the
Arctic MUSCOX UAS. NASA’s ATM is a conical scanning lidar that provides surface
elevation information as a swath; the ULS is a profiling sounder that provides elevation

information as a point.
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The term DEM could be interpreted as a misnomer for the NASA project that has
been monitoring the Greenland ice sheet using regular flight patterns since 1991 (Krabill
et al., 2002). The flight tracks were widely spaced and designed to emphasize changing
ice sheet elevations; there was no intent to create a DEM of Greenland due to lack of
resources (time and money). The focus of the ATM flights was on the outlet glaciers and
other areas of interest and not the entire ice sheet, revisiting the same flight track every
few years to determine changes in elevation, and therefore mass (Krabill et al., 1995).
However, the ATM elevations provide a reference for direct comparison with the UAV’s
ULS lidar. The term DEM will be used to describe the ATM data in this study, as many
swaths were taken in the study area.

The first optically-based DEM was the image enhanced DEM of Greenland by
Scambos and Haran (2002). This DEM is based on the 1km Greenland DEM (Bamber et al.,
2001), but augmented with 44 Advanced Very High Resolution Radiometer (AVHRR)
satellite images. Photoclinometry was used to improve elevation accuracy, and the
horizontal resolution was increased to approximately 625m, from 1km, in both X and Y
directions. While many areas showed increased accuracy due to this process, it is noted
that over the gentle sloping interior ice sheet region, the accuracy actually decreased
(Scambos and Haran, 2002), as validated by airborne laser altimetry profiles. However, as
this study focuses on the ablation region, the Scambos and Haran DEM was chosen as the
primary DEM for runoff calculations. The Scambos and Haran EASE-Grid North projection
was obtained from the National Snow and Ice Data Center (NSIDC) Distributed Active

Archive Center (DAAC) on June 30, 2009.
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A second reason for using the Scambos and Haran DEM was its implementation by
Mernild in the SnowModel energy balance computer simulations to generate runoff
estimates for the years 2006, 2007, and 2008 (Mernild et al., 2010). It must be noted that
the Scambos and Haran DEM was modified by Mernild et al., reposted to 500m resolution
in both directions, presumably to make calculations easier. In this study the original
Scambos and Haran DEM was also reposted to a 500m grid size so results were more
easily compared between the calculated dH Model runoff and the simulated Mernild
runoff calculations. These conversions also enabled the overlay of MODIS 250m images
on the 500m Scambos and Haran DEM. In all cases, images and DEM’s were converted
into a UTM Zone 22N projection.

A second optically-based DEM was used for the lake volumetric analysis, because
the newly released (June 29, 2009) ASTER Global DEM in an EASE-Grid North projection
promised to have much better horizontal resolution, notionally at 30m by 30m. ASTER is
a joint effort between NASA and Japan's Ministry of Economy Trade and Industry (METTI);
it provides 14 visible to thermal imaging bands with resolutions from 15m to 90m,
including one reverse looking imager that provides the stereo imagery
(http://asterweb.jpl.nasa.gov).

The spaceborne ASTER sensor has a 60km swath width, with one nadir pointing
imager and one aft facing imager canted at an angle of ~28 degrees, both in the near-IR
portion of the spectrum. The DEM's created over glacial regions have been shown to have
an accuracy of +/-60m in mountainous regions, and +/-18m in moderately mountainous
areas (Kaab, 2002). Using the two image sensors, a stereo image can be generated, and

from this a DEM created.
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After obtaining the ASTER global DEM dataset from the Land Processes DAAC
(http://asterweb.jpl.nasa.gov/gdem-wist.asp), it was quickly apparent that the data had
errors in the vertical dimension. Perhaps in non-ice sheet areas the ASTER elevation is
more reliable, however it was found to be of varying quality at distances ~60km from the
Greenlandic coastline. The lack of contrast on the ice sheet provides poor capacity for
determining elevation data optically. Indeed, at the elevations of ~1800m where the ice
sheet is sloping at a fairly shallow angle (see Fig. 1-4), the ASTER DEM was highly
anomalous over an 11km distance with readings that vary from below -300m to above
3000m. Fig. 4-5 shows the middle of the ice sheet near the Jakobshavn region with the

black contours indicating below sea level elevations.
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Fig. 4.5: Areas falsely indicating below sea level shown in black
of the ASTER Global data in areas of 1800m elevation near the
Jakobshavn region of the GIS.
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Even after manually reducing and smoothing the ASTER posting size from 30m to
500m in the X and Y directions, the anomalous readings were still present. While the
erroneous elevations were at the eastern edge of the study area, these errors provided a
strong incentive to continue using the Scambos and Haran DEM for runoff calculations,
which were already reposted to 500m without peaks or sinks in the elevation values.

In calculating volumes of supraglacial lakes, however, the lakes’ relatively small
size (10km? or less) preclude the use of the Scambos and Haran DEM. In one case, the
calculation of water volume for Lake 4 in 2008 resulted in no volume, because the lake
size of 0.31km? was smaller than the size of one DEM pixel; thus no elevation change was
calculated and the volume was 0.0km3. Therefore volume calculations required the use of
the higher resolution ASTER DEM with some type of correction algorithm.

The volume of Lake 1 could be considered a known value by using the two
previously mentioned techniques: the UAV lidar survey taken after Lake 1 drained, and
by the in-situ pressure sensor. Therefore a volume calculated using the ASTER DEM could
be corrected to this known volume, and the correction factor used for the other three
lakes.

Lake 1’s volume was calculated using ASTER and the masking technique outlined in
Chapter 6, resulting in an ASTER estimated volume of 0.103km3. Lake 1’s volume was
also calculated using a UAV lidar survey, described below, resulting in an estimate of
0.043km3. Using the assumption that the ASTER elevation errors are fairly similar over
the 13km by 91km inset strip study region while the lake’s surface area remains the same

in both the ASTER and lidar regimes, all ASTER volume estimates were modified using a
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correction factor of 0.42 (0.043 km3/0.103 km3) to the ASTER derived lake depth
calculations.
Utilizing Lapse Rate Extrapolations to Determine the Zero Runoff Elevation

Using lapse rates is a standard practice to predict temperature changes beyond the
point of an actual in situ measurement.

Table 4-4 shows the monthly temperature lapse rates calculated for this region by
Huff (2006). Averaging the lapse rates for July and August (the months with maximum
observed monthly temperatures), a change of 5.0°C/1000m is calculated for elevations
below 1150m; a change of 6.1°C/1000m is calculated for elevations between 1150m and
2000m, and a change of 5.0°C/1000m is calculated for elevations between 2000m and
3300m. This will place a limit on runoff at higher elevations, where the maximum average
temperature is below 0°C.

Table 4-4: Temperature lapse rates upslope from JAR1
going to the East (Huff, 2006)

Month Lapse Rate from Lapse Rate from Lapse Rate

3300m to 2000m 2000m to 1150m Below 1150m

(°C/ 1000m) (°C/ 1000m) (°C/ 1000m)
April 8.60 7.20 7.28
May 7.04 6.54 5.41
June 5.63 6.52 4.78
July 4.49 6.41 4.54
August 5.60 5.80 5.39
September 7.02 8.16 7.44
October 8.50 8.82 6.40

JAR1 is located at 962m, so two calculated lapse rates will be needed to determine
the elevation where there is no runoff. Between 962m and 1150m, the lapse rate was

calculated for 188m at a rate of 0.005°C/m, giving a temperature drop of 0.94°C. As stated
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above, the known average maximum temperature is 4.3°C at JAR1, correcting to 1150m
implies a maximum temperature of 3.36°C.

The highest daily averaged temperatures at JAR1 were 4.8°C, 4.7°C, and 3.3°C on
Aug 15, 2006; July 11, 2007; and July 5, 2008; respectively. Averaging these maximum
temperatures over the three years gives 4.3°C for a representative maximum average
summer day at JAR1 over the study period. Using lapse rates and converting this
temperature to a higher elevation should give the maximum elevation where runoff could
be expected, and an upper limit on supraglacial lake formation. This elevation is
described as the “zero runoff elevation.”

To find the 0°C elevation, the lapse rate of 0.0061°C/m is employed over 3.36°C
yielding an elevation change of 551m. Therefore a DEM mask for no runoff was created at
551m + 1150m = 1701m, or ~1700m. Of note, Sundal et al. (2009) also used 1700m for
their elevation limit when calculating supraglacial lake areas. They described 1700m as
the upper limit for supraglacial lake formations in the southwestern GIS. A zero runoff
elevation of 1700m will be used for all runoff calculations from 2006 to 2008; future
projections of the zero runoff elevation changes will be presented in Chapter 5.

Using a DEM to Program the UAV

To program the autonomous UAV's to fly above the ablation region, apriori
knowledge of elevation data is required to ensure enough altitude is maintained for
safety of flight, while ensuring the UAV is low enough to detect returned lidar pulses. The
625m Scambos and Haran DEM from NSIDC was consulted to program safe flight passage.
The first flight was deliberately programmed to fly between 300m to 500m over the ice

sheet surface elevation. Comparing the observed lidar returns to the expected ice
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elevation values showed adequate terrain coverage and no loss of return lidar signal,
hence confidence was built for programming the following flights at various altitudes.
The resultant flights yielded raw ice surface height data, which after various corrections
detailed below, yielded the ice surface height.

The laser range finder deployed on the UAV internally averages 10 consecutive
pulse returns to produce one laser range data sample which is stored in ASCII format in
the onboard Gumstix computer. These data were analyzed using Matlab, and outliers (any
returns equal to zero or greater than 2500m) were removed. The resulting number of
data points is the equivalent of one laser shot every 6.25cm (calculated at a nominal
aircraft flight velocity of 25m/sec). The resulting laser elevation profile is shown in Fig. 4-
6. The maximum ice sheet elevation detected by the UAV’s lidar system throughout the
study region was 1241m on the eastern edge of Flight Q, while the minimum elevation

was 884m detected during Flight ] as it exited to the west.

MUSCOX Lidar Point Data

Elevation (m)

Long Lat

Fig. 4-6: Laser height profiles showing the sloping terrain
of the supraglacial lake study area.
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Corrections and Calibrations to Airborne Lidar Data
The raw data collected by the UAV included: accelerations, roll, pitch, yaw, binary

GPS differential data, IR surface temperature, meteorological data, pressure, laser range,
time, and other pertinent information. Ian Crocker, a fellow Ph.D. student from the
Aeronautical Engineering Department and team member of Arctic MUSCOX, converted all
raw data into usable Matlab matrixes. Working together, the ground station GPS files, in
addition to the UAV GPS files, were processed to produce a corrected UAV platform
position.

The first correction was post-processing the UAV's raw GPS positional data using

the Novatel Waypoint 8.10 software package as shown in Fig. 4-7.

e 00 | flightQ_project_A.txt
Project: flightQ_project_A

Program: GrafNav VYersion §.16.2428

Profile: greenland_v2

Source: GPS Epochs{Combined)

ProcessInfo: Run (2) by Unknown on 11/11/2008 at 11:31:57

Datum: WGS84, (processing datum)
Master 1: Name kaga, Status ENABLED

Antenna height 8.868 m, to L1-PC {Generic)

Position 69 13 20.28248, -49 48 52.65498, 149.767 m (WGS84, Ellipsoidal hgt)
Master 2: Name Ilulisat_bs2, Status ENABLED

Antenna height 8.868 m, to L1-PC {Generic)

Position 69 14 38.33389, -51 @83 46.86766, 55.787 m (WGS84, Ellipsoidal hat)
Remote: Antenna height @.86@ m, to L1-PC (Generic)
UTC Offset: 14 s

Map projection Info:
UTH Zone: 22

SD/Covariance Scaling Settings:
Position: No scaling (1-sigma)
Velocity: No scaling (1-sigma)
Increase SD on kinematic float: No

CorrTime Date  GPSTime Week UTC-Corr UTCDate  UTCTime X-ECEF Y-ECEF Z-ECEF
H-ELL Latitude Longitude Easting Northing CoG SDHeight SDHoriz ~ HDOP
PDOP  YDOP Q NS

(sec) (MDY} {sec) {weeks) (sec) (MDY} (sec) (m) {m) (m)

(m) (+/-D 1 5) (+/-D 1'3) () () (0eq) () () (dop)
(dop) (dop)

342975.08  7/23/2008 342975.00 1459.00000 342964.00 7/23/2008 342964.00 1424952.300 -1763556.608 5941601.106
45.500 69 14 27.72688 -51 03 40.41868 497578.093 7681240.224 174.7134704590 B8.553 8.235 1.70

3.94 3.556 5

342978.20  7/23/2088 342978.20 1489.00000 342964.20 7/23/2008 342964.20 1424982.288 -1763556.597 5941601.045
45.437 69 14 27.72584 -51 03 40.41885 497575.091 7681240.216 329.1790161133 8.552 8.237 1.70
3,94 3,066 5

Fig. 4-7: A typical post-processed log from Waypoint.

The post-processing corrects for ionospheric errors, satellite vehicle problems,
UAV antenna orientation issues, and other general signal degradation factors. Post-

processing used two ground reference stations: one permanent station (KAGA),
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maintained by the University NAVSTAR Consortium (UNAVCO); and one local reference
station set up and calibrated at the Ilulissat airfield by the Arctic MUSCOX team. The final
corrected product near the airfield placed the UAV to within 10cm in the vertical, and
well under 10cm in the horizontal. However, due to the flight area’s geometry with
respect to the two ground stations, the cumulative errors in three dimensions out near

the four supraglacial lakes of interest could be as high as 5m, as shown in Fig. 4-8.

N

‘Tﬁ‘_
il

Fig. 4-8: Flight Q after post-processing of the raw GPS signal data.
The greens and blues indicate locations with higher
accuracy, while the orange and red tones indicate reduced
accuracies. Each grid cell is 10km by 10km, north is page up.
The exact breakdown of the error colors is shown in Table 4-5 with the quality of

the GPS signals shown using a color scheme. In consultation with the Waypoint Software

vendor, these are spherical errors; meaning differences could be in any direction.
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Table 4-5: Error color bar chart for post-processed GPS positions
in three dimensions, using the Waypoint software.

Color | 3-D Error (m)
Green 0.00-0.15
Cyan 0.05-0.40
Blue 0.20 - 1.00
Purple 0.50 - 2.00
Magenta | 1.00-5.00
Red 2.0010.00

The Manta UAV naturally adjusts its course, altitude, and orientation throughout
the flight to ensure it remains on its pre-determined course. These movements are all
conducted autonomously using an autopilot and logged by the Gumstix computer as roll,
pitch, and yaw (RPY) data coming from three-axis gyros and accelerometers. The RPY
data were analyzed for biases and angular outlier data; a threshold of +/- 3 degrees was
set for roll, and +2 to +8 degrees was set for the pitch (the plane flies with a 5° pitch up
attitude). Yaw data did not require additional filtering. All turn-point data were also
filtered at the end of each track; this filter ensured all range data were truly nadir and not

off-axis shots, which would produce an erroneous DEM as shown in Fig 4-9.
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Ice Elevation [mASL]

Fig. 4-9: Initial DEM in meters generated from the Arctic MUSCOX lidar
without RPY corrections for the turns made by the UAV. Note all
the "deeper"” measurements at the turn-points, some indicated
by the red arrows.

The resulting set of X, Y points that contained corrected airborne platform data is
shown in Fig. 4-10, and became what is called a data 'cloud’, and is not registered in space
or time. Using Matlab, the 'cloud’ was smoothed in time to allow for registration between
the various data sets collected during the missions: imagery, video, and altimetry data. In

the event there were missing data, an average value between the two nearest valid data

points would be calculated and stored.
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MUSCOX w/out Tums
68.82 T T T

Lat

Fig. 4-10: All flight tracks post-processed with turn data removed.

Spatially, the time-smoothed data series could now have subtle offsets in either
latitude or longitude due to winds blowing the UAV slightly off course, or other factors.
The temporally corrected data were then gridded in both latitude and longitude
directions to enable spatial corrections. The final gridded data set was now ready for
analysis. The National Geospatial Intelligence Agency distance calculator was used to
determine the length of one meter at the survey region's central point of latitude and
longitude. One degree of latitude is 111,545m; one degree of longitude is 40,501m
(http://www.nga.mil/

MSISiteContent/StaticFiles/Calculators/degree.html). The aggregated data sets for
each of the five flights was placed into one file, and re-posted as a 90m by 90m grid
pattern over the entire flight region. The resulting DEM spanning the area of Lakes 1, 2,

and 3 is viewable in 3-D using the Matlab software, as shown in Fig. 4-11.
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Elevation (m)o

Longitude

Latitude

Fig. 4-11: The ablation region high resolution 90m DEM
showing actual supraglacial lake depressions,
and potential supraglacial lake locations.

NASA ATM Elevation Information
The NASA ATM laser profiling system has had many repeat track observations over

the Jakobshavn region. It is a conical scanning system, as shown in Fig. 4-12, that
produces enormous data sets which need to be reduced and concatenated before
comparing to the Arctic MUSCOX lidar profiling system. As the manned aircraft flies along
its track, the NASA ATM scans in a circular mode; the result is overlapping lidar returns

that appear as ovals.
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68.65

68.645

68.64 - -

68.635 -

BB.63 B

68.625 1 1 1 | | 1
-49.1 -49 -48.9 -48.8 -48.7 -48.6 -48.5 -48.4

63.652 T T T T T T

68.65

63.648 -

68.646

BS.644 1 1 1 1 1 1
-48.57 -43.565 -45.56 -48.555 -48.55 -48.545 -48.54 -48.535

Fig. 4-12: NASA ATM scanning laser profiler before data reduction.
Top image shows an east-west track, bottom image is a zoomed-in
detail plot of the far eastern section. The colors add a visual 3D effect
for ease of understanding the conical scanning mechanism of the ATM.
The data from the June and July 2008 ATM flights were used in comparison with
the high resolution point measurement laser transects taken during the Arctic MUSCOX

2008 campaign. The wider ATM swaths were reduced to a narrower point path, as shown

in Fig. 4-13. The ATM and UAV lidar returns could then be analyzed together.
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B9

68.95 -

Longitude

68.85 -

685

68.75 1 1 1 1 1 1 1 |
-43.13 -43.12 -43.11 -43.1 -43.09 -49.08 -43.07 -49.06 -43.05
Latitude

Fig. 4-13: NASA ATM Scanning laser profiler after data reduction.
A single (green) path length inside the conical
scanning track of the original ATM data (black).

The results showed errors of up to 4m between the ATM range data and the
MUSCOX range data as shown in Fig. 4-14. The errors were both in the positive and
negative ‘z’ directions, indicating no general bias. All errors are under the 5m maximum
error reported by the ground processing software and are not attributable to a single
source. This comparison does give strong confidence in the unmanned system overall, as
the small craft can produce a DEM within the tolerances imposed by the GPS processing
software. Future testing using properly oriented ground stations would enable a more

robust error analysis; for this study the UAV-derived elevations will be used to directly

calculate the actual volume of Lake 1.
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5.585

3.68

Fig. 4-14: Overlay of the ATM flight track (green) on the MUSCOX
DEM (blue). The x- and y- axes are UTM 22N coordinates;
the z-axis is in meters.

All five UAV flights were flown within two weeks of the Lake 1’s drainage event. It
is assumed in the creation of this DEM that the ice did not change its elevation profile, and
the five sets of lidar returns are measuring the same ice surface. Therefore the aggregated
points of all five flights will produce the high resolution DEM.

Chapter Summary

The first civil unmanned flight operations in Greenland were carried out in the
summer of 2008 by the Arctic MUSCOX project team. A high resolution DEM was created
from an airborne lidar survey over a recently drained supraglacial lake, providing
accurate volume information at 90m postings. Ground processing was required for both
the reference station and onboard GPS data.

In-situ measurements from the GC-Net were obtained over the three-year study

period, 2006-2008, indicating the actual surface height changes and meteorological data
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at two automated weather station locations. The AWS data drove two runoff models, an
energy balance model (SnowModel) and a surface height change model (dH Model). After
comparing modeled runoff output to measured readings at the AWS sites, the dH Model
was chosen to determine runoff for the region.

MODIS imagery was used to determine areal lake sizing throughout the summer; a
corrected ASTER Global DEM was employed to calculate four supraglacial lake volumes
along an inset strip.

Temperature lapse rate and runoff data from previous studies were used to
calculate the elevation where runoff is not expected to occur. In the next chapter,
algorithms are presented for determining the ablation zone’s total surface runoff, as well
as future projections of the zero runoff elevation line (as a function of increased

atmospheric temperature).
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Chapter 5: Melt Water Runoff Calculations and Future Positions of the Zero
Runoff Elevation

Overview
Surface melt water which forms runoff can collect in local catchment areas to form

supraglacial lakes. The calculation of how much water is stored in these lakes is described
below using in-situ surface height change measurements, then converted to a melt water
equivalent for the snow/ice and adjusted for different elevations using a linear
transformation model. After accounting for sublimation, a linear runoff height is
computed in meters. The linear runoff (m) can be multiplied by the area of each pixel
(m?) to get the true runoff (m3 or km3) of the Jakobshavn Isbrae and its surrounding
region.

Earlier, Chapter 4 described the present 1700m elevation limit for supraglacial lake
formation. If the Arctic atmosphere warms by a few degrees over the next several
decades, it is expected that more supraglacial lakes will form on the GIS, including higher
elevations. This chapter outlines the process of calculating these parameters in and
around the Jakobshavn region.

Snow and Ice Density

The density of snow and ice vary dramatically, ~70 kg/m3 to ~150 kg/m3 for very
fresh snow, ~480 kg/m3 for old snow, and ~910 kg/m3 for ice (Oke, 1987; American
Meteorological Society, 2009). Once the snow or ice has melted, the density of the water
increases; at 4°C it is 1,000 kg/m3 (Oke, 1987). Therefore, in order to accurately
determine the calculation of melt water equivalent (MWE) of snow or ice, it is important

to know the type and density of the melting surface.
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Measurements at the GC-Net AWS do not include snow grain size, a key
determinate in snow density (Warren, 1982); therefore an alternate snow density
method using the available observations was developed. Since surface albedo can be
calculated using the incoming and reflected SW, it was determined to use albedo as an
indicator of surface type and density. Albedo ranges previously mentioned of 0.7 to 0.9
for snow surfaces, and 0.3 to 0.5 for ice structures is well accepted. It is also logical to
believe there is not a discontinuity in density between these two ranges of albedo, as
snow transitions into ice. Therefore Table 5-1 was created as a best estimate for the
translation between the domains of albedo and density; it is a useful tool in the
calculations of MWE.

Table 5-1: Albedo-Density lookup table used in Matlab routines.

Albedo Density (kg/m?3) Albedo Density (kg/m?3)
1.000 50.0 0.675 425.0
0.975 87.5 0.650 450.0
0.950 125.0 0.625 475.0
0.925 162.0 0.600 500.0
0.900 200.0 0.575 600.0
0.875 225.0 0.550 700.0
0.850 250.0 0.525 800.0
0.825 275.0 0.500 900.0
0.800 300.0 0.475 902.5
0.775 325.0 0.450 905.0
0.750 350.0 0.425 907.5
0.725 375.0 0.400 910.0
0.700 400.0 <.400 910.0

The dH Model’s algorithm calculates JAR1’s snow density daily based upon
reflected SW, before calculating the total melt water equivalent. When the measured
albedo at JAR1 dropped below 0.60, it is assumed all snow has melted, leaving firn and ice

available for melt. The dates for each year’s occurrence of an albedo less than 0.60 are:
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July 21, 2006; June 21, 2007; and June 26, 2008. Note the order of appearance of surface
ice by year at JAR1 is 2007, then 2008, and finally 2006 towards the end of July; likely
due to temperature changes unique to each melt season.

This study’s algorithms began each year on May 13t and continued through the
melt season until August 31st. Comparing the dH Model output with observed values at
JAR1 in 2008, we see the modeled snow depth was 0.69m vs. the observed depth of
0.81m; the calculat