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1. Field Expedition 2009

1.1 Logistic Summary

Date Location

Work

April 2009

20  Scotia-SFJ

24 SFJ-Swiss Camp

24 Swiss Camp - NASA U
26 SFJ-NASA SE

26 NASA SW - Saddle

27  SFJ - Swiss Camp.

27 SC-Up50-CP1-SC
28  SC (Swiss Camp)

29 JARL, JAR2

May 2009

3 sC

4 JAR1

4 SC

6 Moulin
11 JAR2
14  SC-SFJ

15  SFJ-SDome-SFJ
16  SFJ-Dyell-SFJ

17 SFJ-US
17 SFJ-Summit
18  Summit
20  Summit
23 Summit

29  Summit-SFJ
30 SFJ-NEEM

31 NEEM-SFJ)
June 2009
1 SFJ-CPH

Team members (Steffen, Colgan, McGrath) w/C-130
Cargo load

AWS download, extend tower

AWS download, upgrade instruments

AWS download, upgrade instruments

Put in (Steffen, Colgan, McGrath, Zwally)

AWS download, GPS download

AWS download

AWS download

Corner reflectors placed for over flight
Snow pit and AWS work

Free Spirit Film team arrives

GPS download, AWS re-drilling
Re-drilling and upgrade

Swiss Camp pull-out

AWS download, upgrade instruments
AWS download, upgrade instruments
Team members Colgan, McGrath back to US
Team Steffen and Schroff to Summit
AWS download, upgrade instruments
AWS upgrade

50 m tower upgrade

Team Steffen and Schroff return to Kanger
Upgrade NEEM AWS, royal visit

Return from NEEM royal visist

Steffen leaving via Copenhagen
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1.2 Automatic Weather Station Maintenance

Figure 1.1: Greenland Climate Network (GC-Net) automatic weather stations as of summer 2009. The red
arrows indicate the Twin Otter flight path for the AWS maintenance described in the logistic summary.
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1.3 Personal

Name Institution Arr. Dep.

AWS support, Swiss Camp research, Summit station

Konrad Steffen CU-Boulder 4/20 6/2

William Colgan CU-Boulder 4/20 5/17
Dan McGrath CU-Boulder 4/20 5/17
Jay Zwally NASA-GSFC 4/26 5/11

2. Introduction

2.1 Overview

The GC-Net currently consists of 17 automatic weather stations and four smart stakes distri-
buted over the entire Greenland ice sheet (Figure 1.1). Four stations are located along the
crest of the ice sheet (2500 to 3200 m elevation range) in a north-south direction, Eight sta-
tions are located close to the 2000 m contour line (1830 m to 2500 m), and three stations are
positioned in the ablation region (50 m to 800 m), and two stations are located at the equili-
brium line altitude at the west coast and in the north.

The GC-Net was established in spring 1995 with the intention of monitoring climatologi-
cal and glaciological parameters at various locations on the ice sheet over a time period to
assess the climate and its variability. The first AWS was installed in 1990 at the Swiss Camp,
followed by four AWS in 1995, four in 1996, five in 1997, another four in 1999, one in 2002
one in 2003, and the latest one at NEEM in support for the new deep ice core in 2006. Our
objectives for the Greenland weather station (AWS) network are to measure daily, annual and
interannual variability in accumulation rate, surface climatology and surface energy balance
at selected locations on the ice sheet, and to measure near-surface snow density at the AWS
locations for the assessment of snow densification, accumulation, and metamorphosis.

In addition to providing climatological and glaciological observations from the field, fur-
ther application of the GC-Net data include: the study of the ice sheet melt extent (Abdalati
and Steffen, 2001); estimates of the ice sheet sublimation rate (Box and Steffen, 2001); recon-
struction of long-term air temperature time series (Shuman at al., 2001), assessment of sur-
face climate (Steffen and Box, 2001), and the interpretation of satellite-derived melt features
of the ice sheet (Nghiem et al., 2001). Potential applications for the use of the GC-Net data
are: comparison of in-situ and satellite-derived surface parameters, operational weather fore-
cast; validation of climate models; and logistic support for ice camps and Thule AFB.

2.2 GC-Net Users

The GC-Net data request from the beginning of 2009 to present (23 April 2010) register 184
individual user request (Table 2.1). The web interface allows us to capture the email and af-
filiation of all GC-Net users, including a short description of their use of the Greenland Cli-
mate data. The data request is processed on a UNIX 4-processor workstation and the data is
transferred on a FTP site for direct downloading. We will continue to maintain the main por-
tal for all GC-Net data distribution, the main raison being the frequent data reprocessing to
increase data quality.
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Table 2.1: User requests for GC-Net data since January 2009. Approximately 5 Giga-Bytes of data were dis-
tributed via the FTP server for a total of 184 user requests.
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3. Results

3.1 Swiss Camp Climatology: 1991-2009
3.1.1 Temperature

The mean annual air temperature at Swiss Camp is -12.3° C (1991-2009), with the coldest monthly
temperature in February (-32° C) and the warmest monthly temperature in July (Fig. 3.1.1). Sum-
mer months with above freezing occurred in 1995, and from 1997- present.

Month

1992 1994 1996 1998 2000 2002 2004 2006 2008

Year
Figure 3.1.1: Interannual variability of monthly mean air temperatures (1991 — 2009) at the Swiss Camp,
located at the equilibrium line altitude on the western slope of the Greenland ice sheet.

The mean annual temperature has increased by 3.8 °C using a linear regression model as shown
in Figure 3.1.2. The minimum temperature in 1992 was the result of the aerosol loading caused by
the Mt. Pinatubo eruption. The linear regressing model at 95% confidence shows that the Pinatubo
cooling and also the subsequent warming from the mid 90’s were outside the 95% level of confi-
dence. The warming that occurred since 2000 to present shows approximately the same trend then
the 18-year time series. The warmest mean annual temperature was recorded with -10.3° C in 2007.
The lastest two years of the time series show a slight cooling as part of the climate variability
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Figure 3.1.2: Swiss Camp mean annual temperature 1991 — 2009 (black line) with a linear regression model
(red line) and 95% confidence levels (dashed red lines).
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Figure 3.1.3: Swiss Camp mean monthly temperatures, and mean seasonal temperatures for summer,
spring, fall, and winter for 1991 — 2009

The statistical analysis of the Swiss Camp air temperature record reveals large interannual va-
riability in all seasons with increasing temperatures throughout the recording period (Fig. 3.1.3).
The mean spring temperature increased from -17.5° C to -12.5° C, and fall temperature increased
from -12.7° C to -11.0° C between 1991 and 2009, using a linear model. The winter temperature
showed the largest increase of 6.3° C, whereas summer temperatures increased 2.3° C during the 16
years (1991 — 2008). The climate record at Swiss Camp shows a clear warming trend that started
around 1995, consistent with the Arctic warming discussed in Fig. 1.1.
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3.1.2 Radiation

Radiation has been monitored continuously at Swiss Camp since 1993. The time series of mean
monthly net radiation values is shown in Figure 3.1.4 (1993 — 2009). The largest monthly mean
net radiation is found in summer 2007 (> 60 W m™), coincident with air temperatures above freez-
ing, indicating a strong albedo-feedback mechanism at the ELA. Most of the annual snow cover
melted and the bare ice surface was exposed, reducing the monthly albedo value to 0.4 (Fig.3.1.5).

1994 1996 1998 2000 2002 2004 2006 2008

Year
Figure 3.1.4: Interannual variability of monthly net radiation at the Swiss Camp (1993-2009).

It is worth discussing the three anomalous periods 1995, 1998, and 2001-2009 (Fig. 3.1.4). The
summer season is characterized by a positive net radiation flux, which is indicative of the length of
the melting season. High net radiation values can either be the result of low albedo values (i.e.,
2003-2009, Fig. 3.1.5), reduced cloudiness (increase in insolation), or increase in atmospheric tem-
peratures (increase in long-wave radiation). The mean summer net radiation has been higher during
the new millennium (30 W m™) compared to the previous decade, with the exception of record high
values in 1995, as a result of increased atmospheric temperatures leading to increase in surface melt
(albedo reduction).

3.1.3 Accumulation and Ablation

Interannual variability of snow accumulation varies between 0.07 and 0.70 m water equivalent
(w.e.), whereas the snow and ice ablation varies between 0 and 1.7 m (w.e.) for the time period
1990-2009. The mean net surface mass balance hovered around zero in the 90’s with large devia-
tions from the mean (Fig. 3.1.6), and a net mass loss is apparent starting in 2001 to present. The
equilibrium line altitude (ELA) is no longer located at Swiss Camp (1100 m elevation) with a net
surface loss of 4.0 m, and moved tent’s of kilometers inland.
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Month

1994 1996 1998 2000 2002 2004 2006 2008

Year
Figure 3.1.5: Interannual variability of monthly mean albedo at the Swiss Camp (1993 — 2009).

Figure 3.1.6: Net surface mass balance for the Swiss Camp location (red bars) total degree day totals nor-
malized by the mean over the time period 1991-2009, and cumulative net balance (thick black line).

3.2 Moulin and Englacial Modelling

Three models were established to understand the influence of melt water on the englacial tempera-
ture of the ablation zone. The Sermeq Avannarleq outlet glacier immediately to the North of Jakob-
shavn where the University of Colorado currently has four Greenland Climate Network (GCNet)
Automatic Weather Stations (AWS hereafter) JAR 1, JAR2, Swiss Camp and Crawford Point was
used as a study site. Three individual models were developed in order to understand the processes
involved:
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1. The Fuzzy Logic Moulin Risk model was developed in order to understand the distribution
of water infiltration into the ice as a function of Moulin locations and water availability in
the ablation zone.

2. The dual-column cryo-hydrologic heat exchange model was designed to understand the in-
teraction between the cryo-hydrologic system and the ice. The model was used to under-
stand the influence of the annual melt season, the surface snow cover in winter and the
temperate ice at the ice/water interface.

3. The cryo-hydrologic flowline model was used to estimate the influence of the surface melt
on an entire ice sheet. This model allows us to estimate the temperature increase we can
expect due the equilibrium line rising and increasing the area of the ablation zone.

3.2.1 Fuzzy Set Surface Melt Model

According to Corne et al. (1999) fuzzy set theory is a valid approach to understand an ill-defined
phenomenon in glaciology. More established methods such as low-order nonlinear differential equ-
ations optimized by inversion perform better in well studied areas due to the fact that they have
more parameters (Clark & Murray, 1995). In unknown areas the close fit to the known variables
can become a handy cap: Fuzzy set theory results are less wrong in these locations as they do not
search for the best fit model. According to fuzzy set theory there are problems where there is no
best fit model. In the case studied here, where the reliability of the map, the accuracy of the moulins
and the digital elevation model are unknown, fuzzy set theory is a valid approach to get a first esti-
mate of the distribution of moulins and the driving forces that cause a moulin to develop in one
place but not in another.

Despite the three variables aspect, elevation and slope being selected for their easy accessibility
and using the two most simple operators ‘union’ and ‘intersection’ it could be shown, that moulin
locations can be discriminated from a study site such as the Sermeq Avannarleq Glacier. A result-
ing map of the fuzzy set approach can be viewed in Figure 3.2.1. Using a flowline derived from the
Rignot et al. (2006) velocity analysis the probability of water penetrating the ice along the flowline
could be calculated. This was used as a surface boundary condition for the along flow model. The
resulting probabilities for three different fuzzy maps are shown in Figure 3.2.2. Despite the three
model approaches showing different heights of probability, their peaks are at the same locations
along the flowline.

3.2.2 Dual Column Model

During the melt season large amounts of melt water are generated at the surface of the ablation
zone. The water run-off and penetrates the ice by means of fractures, crevasses and moulins (Foun-
tain and Walder, 1998). The water runs through conduits englacially until it reaches the bed of the
ice sheet from where it flows to the margin and into the ocean. As the water runs through the ice
over a period of 8-12 weeks depending on the length of the melt season, it is prevented from freez-
ing due to turbulent flow. The ice at the ice/water interface warms therefore to the pressure melting
point resulting in a temperature gradient between locations close to water supply and insulated
areas. A warming of the ice is the result. At the end of the season the ice at the conduits consists of
a fraction of water (<0.5%, Duval, 1977). As this water freezes it releases latent energy. The ap-
proach used in the dissertation involves a dual-column model, in which the first column is a mod-
ified column model (Budd, 1961; Hooke, 1977) for glacier ice to include a cryo-hydrologic heat
exchange term. The second column represents the cryo-hydrologic system. For simplicity measures
we view the ice and cryo-hydrologic systems as dual overlapping continua, as in the dual-porosity
models for flow in fractured rock (e.g. Barenblatt, 1962). At larger scales, equations for spatially
averaged temperatures may be written for each continuum, incorporating an aggregated exchange
flux with the other continuum. The results of this model indicate three major findings:
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Figure 3.2.1: The bounded difference approach using union to combine slope and aspect. The result was in-
tersected with the elevation membership function.
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Figure 3.2.2: The three intersection approaches are compared for the moulin membership along the Sermeq
Avannarleq flow line. The bounded difference approach results in the highest degrees of membership whereas
the connective has the lowest.
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1) The dual-column cryo-hydrologic model can warm ice within two decades, where the
common model needs centuries to thousands of years. Due to the melt water the tempera-
ture of the ice in the ablation zone can adapt more rapidly to a changing climate (Figure
3.2.3).

2) Despite there being a seasonality in the generation of melt water, the ice temperatures at
depths of 100m and more show no seasonality in temperature when the new steady state
temperature is reached (Figure 3.2.3).

3) The ice sheet temperature is not influenced as much by the volume of melt but of the distri-
bution of the cryo-hydrologic network. A denser network can warm the ice to a higher tem-
perature in less time (Figure 3.2.4).
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Figure 3.2.3: The top image describes the temperature at three depths in the ice column. The temperature at
2m depths keeps a seasonality, which is influenced by the surface air temperature. The seasonality at larger
depths however is lost despite having a clear seasonality in the temperature in the cryo-hydrologic column
(lower image). The cooling of the ice becomes less with time in the second column due to the warming of the
ice.

3.2.3 FlowLine Model

In a final part of the dissertation the cryo-hydrologic heat exchange term is implemented into a
simple flowline model in order to simulate the influence of cryo-hydrologic warming on the engla-
cial temperature profile along the flowline of the Sermeq Avannarleq Glacier in western Greenland.
The temperature profile is first computed at the divide. Subsequently, the calculated temperatures at
upstream columns are used in the specification of the horizontal advection term in the immediately
downstream columns. The temperature calculations are advanced sequentially along the down-
stream direction. A similar approach is taken as in the Budd column model including a diffusivity
term, horizontal and vertical advection and internal deformation (Funk et al., 1994). The Fausto et
al. (2009a) lapse rate of 0.7K/100m was used. JAR2 was used as an anchor point. In addition the
increased ablation and accumulation rates described by Fausto et al. (2009b) were used, increasing
the velocity.
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The flowline model result show that neglecting the influence of melt water in the ablation zone
which leads to an underestimation of the ice temperature (Figure 3.2.5). The cryo-hydrologic heat
exchange term has the largest influence in regions at the equilibrium line. Cold ice from the accu-
mulation zone flows into this region, the percolating melt water can elide the cooling. In a changing
climate where areas that were formally in the accumulation zone and hence containing cold ice be-
come exposed to melt, the ice’s temperature can be raised. Without the inclusion of melt water it
takes centuries for the ice sheet to adjust to the changes due to the slow processes of advection and
heat conduction. The inclusion of melt water as a form of energy transport into the ice speeds the
process of the ice sheet up to decades rather than centuries.
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Figure 3.2.5: Using the best estimates for the current climate, the geothermal heat flux as well as ice velocity.
The comparison of the model runs with the cryo-hydrologic term on as well as off shows that the inclusion of

the melt water raises the ice temperature by as much as 9K! We therefore conclude that the underestimation
of ice velocities in current models may well be caused by underestimating the ice temperature.

3.2.4 Future Work

Despite using the common topographic features elevation, slope and aspect Moulin risk maps could
be produced which are credible. The physical explanations however are not satisfactory. It is there-
fore proposed here to use other more exact and physically appropriate variables. These include:
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1) The second derivative of elevation and hence the slope of the slope. The second derivative
is proportional to the shear stress. High values would therefore indicate a high risk for cre-
vassing and hence an increased probability of Moulin development.

2) Basin size could be used to calculate where large amounts of melt water can collect. This
would allow the inclusion of water availability.

The possibility of the interaction of cold air in the conduit system during autumn and winter has
been neglected in the dual column approach. The possibility of cold air infiltrating the ice sheet has
to be considered in the future. In addition the idea of water entering the ice by means of moulins
has to be reconsidered. McGrath and Colgan (2010) calculated that approximately 65% of the gen-
erated melt water of the catchments area enters the ice through the CU Moulin. 7% evaporates and
the remaining 28% infiltrates the ice sheet through cracks. In addition the model presented here de-
notes the importance of a dense cryo-hydrologic network rather than the importance of large
amounts of water. In future work the focus will be on the development and maintenance of the en-
glacial river network using the Spring Hutter equations as well as Clarke’s (2003) and Badino’s
(2002b) insights.

The flowline model has indicated the large influence of melt water and the possibility of rapid
temperature changes due to the changing climate. In future work the focus will be on the influence
of increased precipitation, the geo thermal heat flux and possible two dimensional approaches to
understand the temperature profile in a catchment basin. In addition we propose to develop a fully
transient enthalpy based model.

3.3 Glaciohydrology
3.3.1 Theoretical motivation

The velocity observed at a glacier’s surface is the result of three mechanisms of ice flow: (i) inter-
nal deformation, (ii) basal sliding and (iii) basal sediment deformation. In situ observations in
Western Greenland show that the basal sliding velocity of marginal ice varies with surface meltwa-
ter input to the englacial system on synoptic time-scales (Zwally et al., 2002; Bartholomew et al., in
press). The relatively rapid response of basal sliding to perturbations in ice sheet glaciohydrology
contrasts with the more lengthy responses (i.e. centurial to millennial) of internal and basal sedi-
ment deformation velocities to changes in glaciohydrology (Marshall, 2005). Recent interferome-
tric synthetic aperture radar (INSAR) measurements have confirmed that a seasonal basal slide cycle
is spatially widespread in the marginal ice of Western Greenland (Joughin et al., 2008).

The suggestion that changes in glaciohydrology may have been responsible for the eventual
demise of the Scandinavian Ice Sheet (Arnold and Sharp, 2002), combined with projections of in-
creased Greenland Ice Sheet surface meltwater production over the next century (Hanna et al.,
2005), provide an impetus to conceptually understand and quantify the seasonal basal slide cycle of
the Greenland Ice Sheet. Describing the relation between surface meltwater production and basal
sliding, as well as quantifying the temporal and spatial distribution of basal sliding variability, are
pressing objectives for three main reasons: (i) to establish whether a non-linear relation between
meltwater input and basal sliding exists, (ii) to reduce uncertainties in satellite-derived INSAR
mass-balance estimates due to intra-annual basal sliding variations, and (ii) to reduce uncertainties
in the projected dynamic contribution of the Greenland Ice Sheet to sea level rise due to inter-
annual basal sliding variations.
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Figure 3.3.1 — Left: The Sermeq Avannarleq flowline overlaid on observed ice surface elevation (Scambos
and Haran, 2002). Right: The terminal portion of the flowline, just north of Jakobshavn Isbrae, overlaid on
inferred ice surface velocity (Rignot and Kanagaratnam, 2006). Swiss Camp is identified with a star.

3.3.2 Empirical motivation

CU-ETH ("Swiss") Camp is situated along the terminal portion of the Sermeq Avannarleq ("Dead")
Glacier flowline in Western Greenland (Figure 3.3.1). This 530.5 km flowline runs from the main
ice divide of the Greenland Ice Sheet (at 71.54 °N, 37.81 °W) to the glacier’s tidewater terminus (at
69.37 °N, 50.28 °W). Twelve years (1996 to 2008) of differentially-corrected in situ global posi-
tioning system (GPS) data demonstrates that Swiss Camp experiences an annual velocity cycle (J.
Zwally, personal communication). This annual cycle is comprised of four phases: (i) a spring spee-
dup event, (ii) a summer slowdown event, (iii) a fall recovery event (in which velocities return to
winter mean velocity from fall minimum velocity) and (iv) sustained winter speeds.

We can efficiently characterize the annual velocity cycle at Swiss Camp using a simple function
comprised of two Gaussian curves superimposed on the mean winter velocity, where one curve
represents the summer speedup and the other curve represents the fall slowdown (Figure 3.3.2).
Gaussian curves were chosen to represent the summer and fall velocity anomalies because the am-
plitude, width and timing of these curves can be independently parameterized. Thus, for each of the
twelve years for which data is available, the surface velocity (us) at Swiss Camp on a given Julian
Day (j) may be characterized by three terms:

- 2 N2
Ug = Uy + (Umax — Uw) * EXP (”ﬂ) — (U — Umin) - EXP (]]ﬂ) Eq. 3.3.1

Dmax Dmin

The winter velocity of a given year (u, = 113.3 = 1.7 m/a) was calculated as the mean of ob-
served velocity values between JD 300 and 100. The summer maximum (Umax = 158.0 £ 43.2 m/a)
and fall minimum (umin = 99.2 + 8.0 m/a) of a given year velocities were taken from 3-day mean
GPS velocity observations. The remaining four parameters specify the timing and shape of the
summer speedup and fall slowdown curves and were manually evaluated for each year. Jyax (209.5
* 8.8) and Jnin (246.8 £ 9.4) represent the Julian Date of summer maximum and fall minimum
velocity respectively. Dpax (15.0 £ 7.7 d) and Dpin (22.5 £ 2.6 d) represent the duration of the
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summer and fall velocity anomaly. The mean value of each parameter can be used to model the
mean annual ice velocity cycle at Swiss Camp over the twelve year period (Figure 3.3.2).

Figure 3.3.2 — Twelve years (1996 to 2008) of surface ice velocity versus Julian Date at Swiss Camp (grey
lines) and the mean modeled annual velocity cycle (red line) according to Equation 3.3.1.

3.3.3 Alpine glaciohydrology theory

Alpine glacier studies suggest that changes in basal sliding velocity are due to changes in the rate of
water storage (i.e. total glacier water inputs minus outputs; Kamb et al., 1994; Fountain and Wald-
er, 1998; Anderson et al., 2004; Bartholomaus et al., 2008), rather than changes in effective engla-
cial water pressure (Py) relative to ice pressure (P;), or "floatation fraction” (i.e. P,/P;). This ex-
plains why meltwater pulses can initiate bursts of basal motion, while sustained meltwater input,
which leads to the establishment of efficient subglacial conduits and low subglacial water pressures,
does not lead to sustained basal slide (Bartholomaus et al., 2008). Changes in the rate of water sto-
rage (dS/dt) are due to changes in both meltwater production (i.e. glacier "input™) and subglacial
water transmission ability (i.e. glacier "output™). Two distinct basal sliding states exist in an alpine
glacier: (i) when meltwater input exceeds subglacial transmission ability, and (ii) when transmis-
sion ability exceeds meltwater input (Anderson et al., 2004).

At the beginning of the melt season surface meltwater inputs exceed the transmission capacity
of the nascent subglacial system. This results in the pressurization of subglacial conduits and basal
sliding (Fountain and Walder, 1998; Anderson et al., 2004; Bartholomaus et al., 2008). The sub-
glacial water system grows throughout the melt season. At the end of the melt season, basal sliding
velocities begin to decrease once meltwater inputs fall below the water transmission capacity of the
now established subglacial water system (i.e. dS/dt is negative; Anderson et al., 2004). Empirical
observations from alpine glaciers suggests that the rate of change in water storage (dS/dt) is propor-
tional to basal sliding velocity (up) according to (where k and p are integers):

w, ~ k- (2)" Eq. 3.3.2
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3.3.4 Hydrology model

Figure 3.3.3 — Graphical over-
view of the 1D hydrology model
framework (Equations 3.3.3 to
3.3.5).

We have generated a 1D (flowline) hydrology model, predicated on alpine glacio-hydrology
theory, to investigate the annual velocity cycle at Swiss Camp in the context of changes in the rate
of water storage (dS/dt). Once accounting for bulk ice porosity, changes in englacial water height
(he) can be taken as a proxy for changes in total glacier storage (dS/dt; Equation 3.3.3). The rate of
change in englacial water height (dh/dt = dS/dt) can be translated into basal sliding velocity (u,) by
using the robust in situ velocity observations of the annual velocity cycle at Swiss Camp to create
an empirical sliding "rule™ (Anderson et al., 2004). The rate of change in englacial water height at a
given point along the Sermeq Avannarleq flowline can be described in 1D (x) as:

2 = wop T = w(m, +niy) — T2+ menow — 2 Eq. 333
The first term on the right is the sum of the rates of surface (my) and basal (m,) meltwater input
multiplied by a unit width (w; Figure 3.3.3). The second term is the horizontal divergence of water
flux (dQ/dx). The third term is the meltwater generated by viscous melt inside each conduit (m)
times the conduits per unit width (n;w). The final term is the change in conduit storage volume (S¢)
over time (dSc/dt). Horizontal englacial water flux variations (dQ/dx) are calculated according to
non-uniform flow, whereby discharge (Q) is dependent on the englacial water height gradient
(dhe/dx; Equation 3.3.4). We may use a semi-circular conduit geometry to calculate the conduit wet
cross-sectional area (A;) and effective hydraulic diameter (Dy.), based on conduit radius (r), at each
node.

8 y,  [(dhe)”
Q=\/%-AC-D,{C-(E) MW Eq. 3.3.4

Changes in conduit storage volume (i.e. conduit size) over time (dSc/dt) occur due to: (i) the
conduit volume increase due to ice volume lost by viscous melt (m¢/p;), and the conduit volume
change due to internal deformation. Internal deformation, which is the result of differences between
ice and water overburden pressures (P; - Py), can either increase or decrease conduit volumes (Equ-
ation 3.3.5). The deformation term is highly non-linear, being very sensitive to both the Flow Law
Parameter (A), and the Glen Number (n).
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ase _ |Pi—Py| n_ ﬁ
L = 245, () - Eg. 3.3.5

The primary driver of this simple hydrology model is surface meltwater input (ms). We use ob-
served mean annual ablation rates (Fausto et al., 2009), derived from GC-Net data, to prescribe the
mean ablation rate along the terminal portion of the flowline. We distribute the mean ablation rate
across the observed melt season with a first-order treatment, whereby the ablation rate increases
linearly from zero at the onset of melt to a peak mid-season, and then decreases linearly back to
zero at the cessation of melt (Figure 3.3.4).We derive an englacial entry fraction of ms (< 1) using
the ratio of ablation to accumulation at each node. To do this, we employ modeled mean annual net
surface balance (Box et al., 2004) and mean annual accumulation (Burgess et al., 2010) rates de-
rived from GC-Net data.

Figure 3.3.4 — Left: Annual accumulation, ablation and surface balance with elevation along the Sermeq
Avannarleq flowline (Box et al., 2004; Fausto et al., 2009; Burgess et al., 2010). The AWS locations of JAR1-
3 and Swiss Camp are denoted. Right: Annual observed surface ablation (melt) rate, along the terminal por-
tion of the flowline, which drives the glaciohydrology model.

3.3.5 Ice dynamic model

The ice dynamic portion of this flowline model has been discussed at length in previous Greenland
Climate Network (GC-Net) annual reports. Briefly, the ice dynamic model calculates the velocity at
which the ice in the study area flows through a sophisticated solution to the vertically-integrated
continuity equation:

dH; . . aQ

— = (s + 1) —— Eq. 3.3.6
where the rate of change in ice thickness (dH;/dt) at a given point along the flowline is the sum of
surface (ms) and basal (mp) mass balance and the horizontal divergence of ice flux (dQ/dx; Pater-
son, 1994).

Important components of the flowline model are: (i) longitudinal coupling (van der Veen,
1987), (ii) a temperature-dependent flow law parameter (Huybrechts et al., 1991), (iii) a Wisconsi-
nan flow enhancement factor of three (Reeh, 1985; Paterson, 1991), (iv) a floating tidewater termi-
nus with equilibrium calving flux and (v) a semi-implicit numerical method that allows time-steps
of up to 25 years. At present, an estimated spatial and temporal distribution of basal sliding is used
as a basal boundary condition in a ice dynamic model, until reliable basal sliding velocities are ob-
tained from the hydrology model.
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Figure 3.3.5 - Top:lce velocities along the terminal portion of the Sermeq Avannarleq flowline. Bottom:
Surface ice velocity compared to in situ GPS velocity (blue; Zwally, personal communication) and InSAR
velocity (cyan; Rignot and Kanagaratnam, 2006) observations. Left to Right: Early and late melt season.

3.3.6 Preliminary results

Initializing the 1D ice dynamic model with observed Sermeq Avannarleq flowline ice topography
(Bamber et al., 2001; Scambos and Haran, 2002; Plummer et al., 2008), and forcing it with
observed surface mass balance (Box et al., 2004) results in steady-state ice velocities after a 500-
year spin-up. Following spin-up, an estimated annual basal sliding cycle can be prescribed as a
basal boundary condition, and the model closely reproduces in situ differential GPS velocity
observations (Figure 3.3.5). Although modeled surface ice velocities compare reasonably well with
observed in situ velocities, modeled surface ice velocities (as well as DGPS velocities) are
consistently higher than those inferred by INSAR interferometry (Rignot and Kanagaratnam, 2006).

Initializing the 1D hydrology model with an "empty" Sermeq Avannarleq glacier profile and
forcing it with observed ablation rates (Fausto et al., 2009; Figure 3.3.6) results in a steady annual
englacial hydrology cycle after a 15-year spin-up. At present, subglacial conduits do not penetrate
all the way from the margin to Swiss Camp. Sensitivity studies are being conducted to find the
parameter space and sliding "rule” which most faithfully reproduce the observed velocity record.
The relations between ice thickness (H;) and maximum subglacial conduit radius (rmax(Hi)) and
conduit spacing (nc(H;)) are the most difficult hydrological parameters to constrain through
observation.

Preliminary hydrology model results suggest that the time-space dhe/dt "fingerprint" is similar
to that expected for the annual basal sliding cycle (up), whereby there are positive dh./dt values dur-
ing the beginning of the melt season, when increasing u, velocities are observed, and negative
dhe/dt values at the end of the melt season, when minimum uy velocities occur. Therefore, it appears
that basal sliding velocities are indeed proportional to the rate of change of the englacial water
height (Equation 3.3.2). Thus, we have confidence in applying alpine glaciohydrology theory to this
flowline of the Greenland Ice Sheet.
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Figure 3.3.6 - The terminal portion of the Sermeq Avannarleq flowline. Top to bottom: Meltwater input due
to surface (ms; red) and basal (m,; magenta) mass balance. Englacial water height (he) within the glacier
using observed ice surface (black) and bedrock (brown) topography. Conduit radius (r). Rate of change in
englacial water height (dh./dt). Left to Right: Early and late melt season.
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The novel aspect of using the dh./dt pattern to reproduce u, values is that it reproduces the pe-
riod of negative values following peak summer melt. This period of negative values is due to the
model reproduction of the subglacial conduit behavior predicted by alpine glaciohydrology theory,
whereby englacial water pressures increase throughout the summer melt season until they are suffi-
cient enough to establish conduit drainage through increases in both viscous melt due to conduit
discharge (driven by an increasing englacial water height gradient; dh./dx) and decreasing deforma-
tion closure rate (driven by decreasing effective pressure; P;-P,; Equation 3.3.5).

3.3.7 Outlook

This project seeks to create a physically-based glaciohydrology model to describe the temporal and
spatial distribution of basal sliding of Sermeq Avannaleq flowline, in Western Greenland. Prelimi-
nary analysis of in situ velocity measurements from Swiss Camp yields a seasonal velocity cycle
reminiscent to that expected from alpine basal sliding theory. Thus, we are confident that the appli-
cation of alpine glaciohydrology theory to the Greenland Ice Sheet allows the distribution of basal
sliding to be estimated under future warming scenarios. We expect a general increase in the magni-
tude of the annual basal sliding cycle over time, with a corresponding inland migration of the boun-
dary to which conduits penetrate. We speculate that the magnitude of basal sliding and the duration
of the sliding season are both sensitive to distance inland from the margin. Thus, we expect small
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changes in the boundary of the onset of basal sliding or the duration of the sliding season to result
in non-linear changes in annual total ice discharge to the ice sheet margin.

Describing the relation between surface meltwater production and basal sliding, as well as
guantifying the temporal and spatial distribution of basal sliding variability, are pressing objectives
for three main reasons: (i) to establish whether a non-linear relation between meltwater input and
basal sliding exists, (ii) to reduce uncertainties in satellite-derived INSAR mass-balance estimates
due to intra-annual basal sliding variations, and (ii) to reduce uncertainties in the projected dynamic
contribution of the Greenland Ice Sheet to sea level rise due to inter-annual basal sliding variations.
The theoretical and modelling advances of this project will also be applicable to assessing stability
of other ice sheets and glaciers.

3.4 Moulin Basin Summer Water Budget
3.4.1 Introduction

The Greenland Ice Sheet is losing ~200 Gt yr™* through increased surface meltwater runoff and en-
hanced outlet glacier flow (van den Broeke et al., 2009; Velicogna, 2009; Hanna et al., 2008). Re-
cent observations find a relationship between meltwater production and accelerated glacier flow in
the ablation zone (Zwally et al., 2002; van de Wal et al., 2008; Shepherd et al., 2009). These stu-
dies hypothesize that meltwater produced at the surface rapidly drains to the ice-bedrock interface
through moulins and englacial conduits. Recent observations find vertical uplift (jacking) and hori-
zontal accelerations (50-100%) approximately 2 hrs after peak surface ablation, suggesting a very
rapid transfer of water through 1 km of ice (Shepherd et al., 2009). Diurnal velocity increases are
manifested as a seasonal speed-up, observed using InNSAR (Joughin et al., 2008) although these
changes do not appear to have a long-term effect on ice sheet velocity (van de Wal et al., 2008).

A key component in the coupling of meltwater production to enhanced glacier flow are observa-
tions of supraglacial stream discharge and the spatial distribution of meltwater input to the ice.
Previous studies on the GrIS rely on modeled meltwater production through positive degree-day
modeling as the input term (Reeh, 1991; Braithwaite, 1995) with limited in situ stream discharge or
spatial distribution of meltwater input. A necessary step forward then is to examine the quantity of
water (as a percentage of total meltwater production), the temporal lag between meltwater produc-
tion and drainage and the spatial distribution of the input.

3.4.2 Methods

The site of this investigation is a small supraglacial stream basin in the ablation zone of the western
flank of the Greenland Ice Sheet (Figure 3.4.1). The supraglacial hydrology network of this basin is
dendritic, with multiple tributaries collecting into a single large stream that discharges into a moulin
located at 69.554 °N and 49.899 °W and 776 m elevation. Panchromatic WorldView-1 imagery (50
cm horizontal resolution) was acquired of the study site 15 July 2009. Manual identification of su-
praglacial tributaries was used to delineate the extent of the basin, which was found to have an area
(A) of 1.14 km?.

A river gauging station was deployed on the main supraglacial stream ~ 30 m upstream from
the moulin between 3 and 20 August 2009 (Julian Dates 215 to 232). During this period of the late
melt season the surface of the basin consisted of hummocky ice. The river gauging station recorded
water surface height with a Campbell Scientific SR-50 gauge and stream velocity with a Geopacks
MFP51 Flowmeter. An automatic weather station was also deployed ~ 160 m from the gauging sta-
tion. The automatic weather station recorded ice surface height using a Campbell Scientific SR50
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sonic sensor, air temperature and relative humidity using a Vaisala HMP50, wind speed and direc-
tion using a RM Young 050103 wind sensor and barometric pressure using a Vaisala PTB110. An
Extreme Ice Survey time-lapse digital camera (Nikon D200, 20 mm lens) was installed ~ 15 m
downstream of the gauging station and recorded photographs every 15 minutes. These in situ ob-
servational instruments allow us to investigate the water budget of this small supraglacial basin.

Figure 3.4.1. Moulin basin delineated on Worldview-1 Imagery. G is gauging station location, M is moulin
location and A is AWS location.

Assuming conservation of water, we may formulate our basin scale water budget as a simple bal-
ance of inputs and outputs:

0 = (Ivet + Iraiv) — (Qmourin + Qcrevasse + E) + A S Eq. 3.4.1

where Iyer and Igay are water inputs to the basin due to ablation and rainfall, and Qmouwin, Qcre-
vasse and E are water outputs from the basin due to moulin point discharge, crevasse distributed dis-
charge and evaporation. The absence of supraglacial meltwater ponds within the study area sug-
gests there cannot be a significant change in surface water storage over the study period (AS = 0).
Field data may be used to constrain all water budget terms except Qcrevasses. We treat this term as
a free parameter (unknown) when solving the water budget. Thus, we may reformulate the basin
scale water budget as

Qcrevasse = (IveLt + Irain) = (Qmourin + E) Eq.3.4.2
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Meltwater input due to ablation was calculated using a positive degree-day (PDD) model. Posi-
tive degree-day modeling is a simplification of complex energy balance processes, whereby the
sum of positive temperatures over a given time interval is assumed to be proportional to the cumu-
lative ablation over that time interval (Reeh, 1991; Braithwaite, 1995). Cumulative modeled abla-
tion was found to agree best with cumulative observed surface height change over the study period
with a degree-day factor of 8.3 mmWE PDD™. This value compares well with the degree-day factor
of 9.0 mm PDD™ (or 8.25 mmWE PDD™) validated by Thomas et al. (2003) with in situ weather
station data at nearby JAR2 (~17 km SSW at 570 m elevation).

Although the moulin weather station was not equipped to record liquid precipitation, we esti-
mate water input due to rainfall from the in situ Extreme Ice Survey photographic record. The pho-
tographic record indicates that only two brief rainfall events occurred over the 15-day study period.
The first rainfall event, 1.2 hours in duration, occurred on 3 August 2009 while the second rainfall
event, 4.3 hours in duration, occurred on 11 August 2009. Both these rain events fit the description
of being "light" in intensity (< 2.5 mm hr*; American Meteorological Society, 2010). We estimate
the intensity (R) of the events as 0.5 + 0.25 and 1.0 + 0.5 mm hr™* respectively.

Water output due to moulin discharge was determined from gauge station data. Unlike terrestri-
al river gauging where the bed is assumed to be constant over short time-scales, in supraglacial
stream gauging the bed is incising into the ice at an appreciable rate. Thus, both the water surface
and bed elevations vary relative to the fixed impeller elevation through time. The cross-sectional
profile of the supraglacial channel was measured upon installation. We then assumed the channel
geometry incised into the ice surface at a constant rate of -3.2 cm day™. This rate of incision was
calculated as the mean 15-day rate of decrease in water surface height. The photographic record and
measurements upon gauging station removal suggest that the assumption of constant geometry in-
cising downward is justified. Knowing the water bed elevation, water surface elevation and cross-
sectional profile allows the cross-sectional area of the stream (Across) to be determined at any time-
step via numerical integration (dx = 2 cm).

Assuming laminar flow, depth-averaged velocity occurs at 0.42 water column height (H). A
site-specific rating curve was developed using velocity values (n = 88) when the impeller was lo-
cated at 0.42 = 0.03 of water column height. These depth-averaged velocity values (u) were multip-
lied by the cross-sectional stream area to determine the moulin discharge. As these depth-averaged
velocity values span multiple days, during which the stream bottom was incising downward, the
impeller was at 0.42 H during periods of both peak and base flow. Thus, we regard our record of
depth-averaged velocities as robust, in that it is not biased towards periods of high or low flow. As
only one stream flowmeter was available in situ, we must assume there is minimal across-channel
velocity variation. Given the relative wide (~ 2.5 m) and shallow (~ 0.5 m) dimensions of the
stream, this is likely a valid assumption. For periods when the impeller was not located at 0.42 +
0.03 H, discharge was calculated from a site-specific rating curve (Qmouuin = 1.29H? - 0.32H; r? =
0.99; Figure 3.4.2).
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Figure 3.4.2. Instantaneous meltwater production and moulin discharge. A theoretical rate of water output
due to evaporation was calculated based on latent heat flux:

E = Qe/ L*py Eqg. 3.4.3

We assume a latent heat flux (Qg) of 6.8 W m™, which has been observed during the month of
August at the nearby JAR2 automatic weather station (~17 km SSW at 570 m elevation; Box and
Steffen, 2001). The latent heat of sublimation (L) and density of water (p,,) are taken as 2.834.10° J
kg™ and 1000 kg m™ respectively (Box and Steffen, 2001).

3.4.3 Results

The mean rate of meltwater input due to ablation was 2.46 x 10* WE m® day™ over the 15-day study
period (Figure 3.4.5). In comparison, the mean rate of water input due to rainfall was 681 WE m?®
day™ over the study period. Thus, the total water input due to rainfall (0.3 %) is negligible in com-
parison to the water input due to ablation (99.7 %). Moulin drainage, which occurred at a mean rate
of -1.51 x 10* WE m® day™ over the study period, is the dominant water output term, comprising 62
% of water output from the basin. In comparison, crevasse drainage comprised 37 % (9.2 x 10° WE
m?® day™) of water output from the basin. Water output due to evaporation was negligible, with only
1 % (2675 WE m® day™) of water leaving the basin via evaporation. Although crevasse drainage is
an inherently negative term, on the last day of the study period, observed moulin discharge ex-
ceeded meltwater production, resulting in a positive crevasse drainage value. This positive value,
however, is within error of zero.
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Figure 3.4.3. Daily volume of water budget components.

3.4.5 Discussion

Over 60% of meltwater produced in the basin enters the englacial system rapidly at the main mou-
lin with mean peak discharge occurring at 15:45 (local). The discharge peak only lags mean peak
meltwater production by 3.5 hrs implying a very rapid transfer of meltwater from the surface to the
englacial hydrologic system. The study period occurred late in the melt season, where it is reason-
able to assume that the englacial and basal hydrologic systems have sufficiently evolved to drain
meltwater. Thus, the large diurnal cycle in moulin drainage would result in the englacial and basal
conduits cycling between open-channel flow for most of the diurnal cycle and a pressurized channel
configuration during peak discharge. Shepherd et al. (2009), working in a similar region of the GrIS
in the late melt season, observe peak (1-4 cm) vertical uplift and horizontal displacement ~2 hrs
after peak modeled meltwater production and hypothesize that this signifies that the subglacial sys-
tem had become pressurized. However this result represents a discrepancy with our observed 3.5 hr
lag between peak meltwater production and moulin discharge. This provides further evidence that
the englacial transfer of meltwater is very rapid, even through 500-1000 m thick ice.

Diurnal and seasonal variations in meltwater input have been implicated in observed speedups
along the western margin of the GrIS. Zwally et al. (2002) observed 5 to 28% seasonal increases in
ice velocity near Swiss Camp that was correlated with seasonal meltwater production. The seasonal
acceleration is most significant (~50%) along the broad regions of the western margin that are land
terminating while less significant (~10-15%) for outlet glaciers, whose velocity is more directly
related to changes in backstress at the calving front (Joughin et al., 2008). Importantly, it seems
that while the ice velocities in the ablation zone respond quickly to changes in meltwater input, over
longer time scales, the internal drainage system evolves to effectively drain the increased input (van
de Wal et al., 2008). Observations of alpine glaciers support the hypothesis that englacial and basal
conduits respond to the transient water supply, which varies on diurnal and seasonal time scales.
When the input exceeds output, storage occurs at the bed surface, most likely in linked cavities pe-
ripherally located to conduits (Harper et al., 2004; Bartholomaus et al., 2008). Water pressure in-
creases as input continues, leading to jacking, a reduction in the effective pressure at the bed inter-
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face and finally, an increase in basal sliding (Bartholomaus et al., 2008). Conduit size can increase
in response to this forcing through frictional melting or, as is most likely the case for the diurnal
cycle, the water input decreases, allowing the linked cavities to drain, increasing the effective pres-
sure and reducing basal motion (Bartholomaus et al., 2008). GPS measurements along the western
margin of the GrIS fit this hypothesis with uplift (jacking) and acceleration following peak meltwa-
ter input in the late afternoon, followed by a surface lowering and subsequent slowdown, presuma-
bly as the linked cavities drain and the basal sliding subsides (Shepherd et al., 2009).

While 60% of meltwater is transferred rapidly into the englacial system, the remaining 40% ei-
ther flows into crevasses or other small moulins within the basin. The paucity of melt ponds within
this basin suggests that this water is drained or that there is sufficient englacial storage to account
for this volume. However, the input of this water is distributed across a much greater surface area
and thus the meltwater volume per crevasse/moulin is significantly smaller. This reduced volume
coupled with a potentially intermittent input source (due to ice movement/deformation) would like-
ly result in a more transient and less efficient drainage system, resulting in a longer transfer time
than the main moulin system.

Previous studies have correlated meltwater production from a PDD model with diurnal and sea-
sonal variations in ice velocity (Zwally et al., 2002; Shepherd et al., 2009). This correlation is
based on the assumption that meltwater input to the bed increases linearly with meltwater produc-
tion. Our observations of mean daily meltwater production are linearly correlated with moulin
drainage, supporting this assumption (Figure 3.4.6; Q=0.26*MPDD + 0.1; r’=0.56).
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Figure 3.4.4. Moulin discharge (Q) as a function of meltwater production (PDD).

3.4.6 Conclusion
A comprehensive water budget is presented for a 1.14 km? basin on the western margin of the
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Greenland Ice Sheet for a 15-day period during August 2009. Meltwater production was the domi-
nant input term and was calculated using a PDD model with an 8.1 mm WE day™ degree day factor.
Mean meltwater input was 2.46 x 10° WE m® day™ of which 1.51 x 10* WE m® day™ was drained
via the primary moulin in the basin, accounting for 62% of the loss. Crevasse drainage, a free term
in the water budget, accounted for 37% of the loss. Rainfall and evaporation were negligible terms
in the water budget. Meltwater input to the ice sheet via the moulin had a distinct diurnal cycle,
peaking at 15:45 local, 3.5 hrs after peak meltwater production. The dominant diurnal cycle in
meltwater input will likely cycle englacial and basal conduits between extended periods of open
channel flow and brief periods of pressurized channel configuration, with important implications
for basal water pressure and basal sliding. Future work will focus on constraining ice velocity and
uplift coincident with supraglacial stream discharge measurements.

4. Proposed Field Activities and Research Objectives 2010

4.1 AWS Maintenance

The automatic weather station network will be maintained and upgraded. In the north, (GITS,
Humboldt, Tunu-N, Petermann ELA, and NASA-SE new dataloggers (Campbell CR1000) will be
installed. The new aws at the UJS/EU drilling site (NEEM) will be maintained, and we plan to visit
Summit and NGRIP In the southern part of the ice sheet we will service the DYE-2, Saddle, NASA
SE, Saddle, and S-Dome (Fig. 1.1), download the data and collect snow stratigraphy information.
The profile JAR2, JAR1, CU/ETH, and Crawford 1 will be serviced while at the Swiss Camp.

The field season 2010 will concentrate to upgrade AWS’s on the Greenland ice sheet with up-
dated data loggers and some new instrumentation. Further, we will install new GPS unites for those
AWS’s that transmit via GOES satellite and need a very accurate time stamp. Several AWS’s have
melted out in the ablation region near Swiss Camp and need to be re-drilled.

4.2 GPS Network Maintenance

Our effort to monitor the ablation along a transect from the Swiss Camp to the ice margin will con-
tinue. We will service the GPS network in collaboration with Dr. Jay Zwally (NASA-GSFC); in
collaboration with Dr. Jose Rial (Duke University), we will install a seismic network at our main
moulin location. We will continue to collect high-resolution surface topography data using Trimble
Pathfinder differential GPS measurements along several transects in the lower ablation region. In
addition, we will acquire ICEBRIDGE laser altimeter data to derive e a high resolution elevation
model for the Jakobshavn ablation region in the vicinity of our AWS’s.

4.3 Ground Penetration Radar

We have collected a number of ground penetrating radar (GPR) profiles along the western slope of
the ice sheet (Jakobshavn and Kangerlussuaq region) in previous field seasons (1999, 2000, 2003,
and 2007, 2008). The analysis of this data set showed that the accumulation could vary up to 40%
between the trough and the ridge of the undulation. The surface topography with scale length of
several kilometers plays an important role for the spatial variability of accumulation, the mass
transfer, and the surface energy balance. We will repeat some of these GPR measurements during
the spring 2010 field season along the same profiles to verify the recent accumulation changes and
high percolation events in that region. We also purchased a new MALA 10 KHz ground penetrating
antenna to map the underside of the Greenland ice sheet below Swiss Camp towards the ice margin
in view of our moulin modeling. We will try to assess the sub glacial conduit density and the occur-
rence frequency of moulin (relics) in spring 2010.
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