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Supraglacial lakes over the Greenland Ice Sheet can demonstrate multi-model drainage
states. Lakes can demonstrate incomplete drainage, where residual melt can become
buried under ice and snow and survive throughout the winter. We evaluate atmospheric
factors that influence the propensity for the formation of buried lakes over the ice sheet.
We examine the spatial and temporal occurrence and behavior of buried lakes over the
Jakobshavn Isbrae and Zachariae Isstrem outlet basins and assess the magnitude of
insolation necessary to preserve melt water using a numerical lake model from 2009 to
2012. Buried lakes tend to occur at higher elevations within the ablation zone and those
present at elevations > 1000 m tend to reoccur over several seasons. Lakes without
buried water are relatively small (~1 km?), whereas lakes with buried water are larger
(~6-10 km?). Lake area is correlated with the number of seasons sub-surface water
persists. Buried lakes are relatively deep and associated with complex supraglacial
channel networks. Winter stored water could be a precursor to the formation of
supraglacial channels. Simulations of the insulation potential of accumulated snow and
ice on the surface of lakes indicate substantial regional differences and inter-annual
variability. With the possibility of inland migration of supraglacial lakes, buried lakes could
be important in the evolution of ablation/percolation zone hydrology.

Keywords: supraglacial lakes, lake processes, modeling, remote sensing, Greenland ice sheet

INTRODUCTION

Motivation and Prior Work

Mass loss and thinning of the Greenland ice sheet has been associated with 2°C warming over the
last two decades in southern coastal regions (Rignot et al., 2008; Enderlin et al., 2014). Greenland
experienced mass loss of ~137 and 286 Gt/yr from 2002-2003 and 2007-2009, respectively
(Velicogna, 2009; Shepherd et al., 2012). Melt water generated at the surface of the western
coast of the Greenland ice sheet during the summer flows in supraglacial streams, and collects
in topographical lows creating supraglacial lakes (Bryzgis and Box, 2005; McMillan et al., 2007;
Sneed and Hamilton, 2007; Das et al., 2008; Sundal et al., 2009; Lampkin, 2011; Selmes et al.,
2011; Tedesco and Steiner, 2011; Howat et al., 2013; Yang and Smith, 2013; Koenig et al., 2015;
Palmer et al., 2015). These lakes have been monitored by satellites for lake evolution and lake depth
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(Box and Ski, 2007; Sneed and Hamilton, 2007; Pope et al,
2016). Supraglacial lakes deliver surface melt water to the ice-
bed interface via hydrofracture, moulins, and crevasse drainage,
resulting in local and regional acceleration (Alley et al., 2005; Das
et al.,, 2008; Krawczynski et al., 2009; Colgan et al., 2011; Sole
et al., 2011; Smith et al., 2015; Stevens et al., 2015). The impact
of infiltrating surface melt water on basal friction, inducing
an ice dynamic response has been well documented (Iken and
Bindschadler, 1986; Zwally et al., 2002; Meierbachtol et al., 2013;
Doyle et al., 2014; Willis et al., 2015; Chu et al., 2016). Infiltrated
melt induced ice acceleration is mediated by the configuration
and evolution of the subglacial hydrologic system, regulated by
basal conditions as well as seasonal, annual, and long term melt
input rates (Schoof, 2010; Tsai and Rice, 2010; Dow et al., 2015;
Lindbick et al., 2015; Stevens et al., 2015). Under contemporary
warming scenarios, supraglacial hydrologic systems are predicted
to expand inland and impact ice flow (Parizek and Alley, 2004;
Liithje et al., 2006; van de Wal et al., 2008; Fitzpatrick et al.,
2013; Howat et al., 2013) at elevations less than ~1600 meters
above sea-level (m a.s.l.) due where surface strains rates allows
for the formation of crevasses and moulins (Poinar et al., 2015).
Sole et al. (2013) observe that infiltrated surface melt water
induce acceleration in ice velocities during the summer with a
slowdown in the winter as a function of an efficient subglacial
hydrologic system. Doyle et al. (2014) show that higher elevations
demonstrate sustained acceleration throughout the summer and
winter and attribute this to an inefficient subglacial hydrology at
higher elevations. These results indicate that the impact of inland
expansion of melt water on ice flow will likely be heterogeneous
over the ice sheet.

Supraglacial lakes can demonstrate multi-modal drainage
behavior. Lakes can evacuate water rapidly resulting in complete
drainage. Das et al. (2008) document drainage of a supraglacial
lake over < 24 h. Doyle et al. (2013) observed a drainage event
from a large lake over a 2 h interval. Rapid drainage events
account for ~13% of drainage modes (Selmes et al, 2011).
Supraglacial lakes are known to partially drain over relatively
longer intervals of time. Selmes et al. (2011) indicate that a third
of lakes survey drained slowly with most at higher elevations
maintaining water throughout the season and freezing. Koenig
et al. (2015) have shown that supraglacial lakes can maintain
water through the winter as stored sub-surface mass beneath
an ice and snow lid. Recently, Miles et al. (2017) used Sentinel-
1 C-band synthetic aperture radar (SAR) to detect sub-surface
lakes and monitor the onset and evolution of lake freezing
throughout the winter. They determined that sub-surface lakes
freeze over early in the winter and are generally found at relatively
higher elevation than surface lakes and reach a maximum
elevation up to ~1,900 m above sea level (a.s.l.). C-band radar
is limited in its capacity to detect the presence of buried water
through thick snow and ice layers and results in the potential
for under estimating the number of lakes that harbor water
(Miles et al., 2017).

Surface melt water lakes that become buried and maintain
persistent water through the winter expands the field of
supraglacial hydrodynamics. The lakes could have important
implications for the evolution of ice sheet melt sensitivity and ice

dynamics. Lake water can initiate cracks or fractures, deliver melt
water and heat into the ice sheet resulting in softening of the ice
(Koenig et al., 2015). Storage of melt water in supraglacial lake
basins throughout the winter is extensive along the margin of the
ice sheet, especially below 2000 m (Koenig et al., 2015). While
the distribution of buried lakes has been quantified by Koenig
et al. (2015), the control on the spatial and temporal occurrence
of over-winter stored lake water is not well understood.

Several factors can influence the onset and persistence of
stored water within supraglacial lake basins and drive the
formation of persistent water in supraglacial lake basins. These
factors can be categorized as endogenic or exogenic. Incomplete
drainage due to hydrofracture and/or channelized drainage are
endogenic processes that determine the initial conditions for
a buried lake. Exogenic atmospheric forcing can influence the
survival of residual water in a basin. Atmospheric forcing controls
the timing, rate, and magnitude of lake surface ice formation
during the late summer to early winter and determines the degree
of thermal insulation necessary to preserve melt water that has
not fully drained from a given basin. In this analysis, we focus
only on exogenic factors conducive for melt water persistence
throughout the winter in lake basins.

Objectives

In this work, we seek to establish constraints on the conditions
facilitating the perseveration and over-winter storage of
supraglacial melt water in surface basins. We seek to evaluate
buried lake characteristics derived from surface penetrating
radar (Koenig et al., 2015). We also use optical satellite imagery
acquired over two major Greenland ice sheet outlet basins in
4 years (2009-2012) to map supraglacial lakes and channels
under different meteorological and glaciological conditions. We
implement a numerical, one-dimensional hydrodynamic lake
model to understand first-order conditions across the ice sheet
conducive for the formation of buried lakes.

STUDY AREA

Prognostic investigations of supraglacial lakes predict an inland
expansion and increase in area of up to 53% across the GrIS
with warming temperatures (Leeson et al., 2015). In particular,
the south-western ice sheet has shown over the last 40 years
an expansion in the distribution of supraglacial lakes beyond
an elevation of 1900 m (Howat et al., 2013). Considering that
every closed surface depression represents potential storage of
surface melt water as a supraglacial lake, a substantial proportion
of surface depressions are found in the south-western (23% or
total) and north-eastern (18% of total) sectors. This constrains
the possibilities for future expansion of lakes as these sectors
have the highest potential for water capture relative to other
catchments across the ice sheet (Ignéczi et al., 2016). The north-
east sector is projected to undergo the largest expansion over
the next century, conservatively by ~191% (Ignéczi et al., 2016).
Given this, we focus this analysis on the Jakobshavn Isbrae and
Zachariae Isstrom catchments in the south-western and north-
eastern sectors, respectively (Figure 1).
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FIGURE 1 | (A) Study Areas examined in this analysis (black circles) which includes the ablation zones of the Jakobshavn Isbrae outlet basin in central-west
Greenland ice sheet and Zachariae Isstrem in the north-east. Superimposed over a shaded relief map of the Greenland ice sheet are the locations of detected
sub-surface lakes (red) and operational ice bridge (OIB) flight tracks (gray). (B) Intersection of an idealized OIB flight track over a supraglacial lake depicting radar
samples from which the presence and depth of buried water was determined (from Koenig et al., 2016).

DATA

Supraglacial Lake and Channel Data

The contrast in surface reflectance between ice and water in
the visible parts of the electromagnetic spectrum allow for the
identification of lakes and channels on an ice sheet surface.
Satellite observations of supraglacial lakes and channels were
used in this analysis. Supraglacial lake boundaries and the planar
trace of supraglacial channels within the Jakobshavn Isbrae
study region were manually delineated from high-resolution,
cloud-free Landsat-7 enhance thematic mapper (ETM)+ scan
line corrector (SLC)-off panchromatic data centered at path
(009), row (011) from the United States Geological Survey Land
Processes Distributed Active Archive Center (USGS LPDAAC!)
with a nominal spatial resolution of 15 m (Lampkin and
VanderBerg, 2011, 2013). Lakes filled with surface melt water
were visually delineated based on several criteria. First, only lakes

Uhttps://earthexplorer.usgs.gov/

with reasonably discernible boundaries were delineated. Small
lakes less than the width of missing scan lines, which can range
from 30 m near the scene center to as large as ~490 m near
the edge, were not included in the inventory and therefore not
analyzed. Additionally, rectilinear features, indicative of a stream
or stream—like structures, were not mapped. The boundaries
of a water—filled lake were delineated through identification of
spatially closed features with low digital number (DN) values,
indicative of increased surface absorption due to the presence
of water across ETM+ panchromatic bands. The hydrologic state
for each lake during the 16-day interval between Landsat image
dates was determined. We regard the hydrologic lake state in
this analysis as ‘filled’ or ‘fully drained’ lakes. Drained lakes were
determined by removing lakes that were filled in a previous image
and not present in a subsequent image, which indicates complete
drainage. Partial drainage of lakes is not evaluated in this analysis.
Supraglacial channel networks were classified into three main
hydrologic configurations: Tributary, Connector, and Terminal.
Tributary channels are those that terminate into another channel.
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Connector channels are those that link supraglacial lakes.
Terminal channels are those that terminate into lakes, crevasse
fields or moulins (Lampkin and VanderBerg, 2013). Procedures
used to map lakes and channels over Jakobshavn Isbrae were
used to delineate features within the Zachariae Isstrom study
region in this effort. The presence of missing data in Landsat
scenes due to a scan line corrector failure (SLC-off data) can
have an impact on the ability to map lake and channel features.
We implemented a set of consistent guidelines in mapping
features given the missing data. Only lakes features whose
boundaries were not substantially eclipsed by missing lines were
delineated. Smaller lakes feature that were less than the width
of missing lines were not mapped. For additional information
on data processing and feature delineation procedures, see
Lampkin (2011) and Lampkin and VanderBerg (2013). Temporal
distribution and list of Landsat scenes used in this analysis
are presented in Supplementary Appendix Al (Supplementary
Appendix S1) and Supplementary Appendix Tables Al1.1, A1.2
over both study regions.

Ice Penetrating Radar

Detection and mapping of subsurface water, snow, and ice
thickness layers was derived from the Center for Remote Sensing
of Ice Sheets’ (CReSIS) ultra-wideband Snow Radar. The CReSIS
radar system was flown during NASAs operational ice bridge
(OIB) campaigns from 2009 through 2012 (Leuschen, 2014;
Koenig et al,, 2015). The snow radar operates from ~2 to
6.5 GHz and uses a frequency-modulated continuous wave
(FMCW) configuration to a depth of tens of meters at ~ 4 cm
vertical resolution through snow and firn (Panzer et al., 2013;
Rodriguez-Morales et al., 2014).

Meteorological Data

Surface energy balance data from the Modeéle Atmosphérique
Régional (MAR), a polar regional climate model (RCM) coupled
to a snow energy balance model (Fettweis et al., 2013) were used
to force the hydrodynamic lake model (model description in
section “Model Description” and Supplementary Appendix A2).
Forcing variables are summarized in Supplementary Appendix
Table Al.1. Daily MAR data version 3.5.2 grids sampled at
10 km were extracted over the ice sheet. Energy balance products
derived from this version of MAR were forced with the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim reanalysis data (Dee et al., 2011).

Elevation Data

Surface elevation data was extracted from a digital elevation
model (DEM). DEM surface elevation grids over the study area
were acquired from the Greenland Mapping Project (GIMP)
DEM product (Howat et al., 2015). Estimates of elevation were
constructed from a combination of ASTER and SPOT-5 for the
ice sheet margins with a spatial resolution of 30 m. Estimates
of surface elevation have a relative root-mean-square error (as
compared to ICESat altimetry data) of £ 10 m a.s.l. over the
whole ice sheet with a minimum of &= 1 m a.s.I. in low relief areas
and &+ 30 m a.s.l. in high relief regions (Howat et al., 2015).

Lake Depth Data

Spatially distributed estimates of supraglacial lake depths are
estimated from cloud-free top of atmosphere reflectance data
derived from Landsat-8 Operational Land Imager (OLI) imagery
at 30 m spatial resolution using a multi-band, spectral-based
retrieval algorithm by Pope et al. (2016). Landsat-8 was launched
in 2013. Data from OLI during the summer of 2014 were used
in this analysis (dates of scenes are listed in Supplementary
Appendix Table A1.3). A physical-based retrieval of water depth
was implemented based on the attenuation of light through
the water column using measured near surface reflectance
(Philpot, 1989; Sneed and Hamilton, 2007; Banwell et al,
2014). This approach assumes lake bottoms maintain low slopes
and uniform albedo. Pope et al. (2016) used a ratio of OLI
blue (0.452-0.512 wm) and red (0.636-0.673 m) bands to
delineate supraglacial lake extent. Within these extents, lake
depth estimates were computed using red and panchromatic
band (0.503-0.676 jum) reflectance as input to the physical-based
model. Maximum depths for each lake [Lgept(max)] only over
the Jakobshavn Isbrae study area are analyzed during the 2014
melt season. Unarchived data were provided by Pope et al. (2016,
personal communication).

MATERIALS AND METHODS

Detection of Sub-Surface Water, Ice, and

Snow Interfaces

We evaluate the spatial distribution of the presence and depth
to the buried water surface only for lake features where OIB
flight tracks intersect the areal boundaries of supraglacial lakes
mapped from Landsat imagery (Figure 1B) over both the
Jakobshavn Isbrae and Zachariae Isstrom study areas. Where
present, snow/lake-ice interface and lake-ice/water interfaces
were manually digitized from Snow Radar echograms to
determine the depth from the snow surface to the water surface
of buried lakes. The depths to these interfaces were assessed
with an average uncertainty of ~9% (Koenig et al., 2015). In the
analysis, only the depth from the surface to the lake-ice/water
interface and snow/lake-ice interface were considered. We do not
distinguish between fully lakes with and without ice/snow caps in
this analysis. Both are treated as lakes without buried water.

Derivation of Supraglacial Lake
Morphology

Here, we introduce a metric for quantifying lake-boundary shape
and explore if it is influential for the onset and duration of
accumulated snow and ice as well as partitioning of water to
channelized runoft. Lake morphology could be related to lake
depth such that the distribution of heat throughout the water
column could influence heat fluxes. We quantify the degree
to which a lake basins boundary deviates from a circle, which
effectively represent the minimum circumscribed circle relative to
an irregularly shape lake boundary. We define a geometric metric
(Viake)> given by

Ylake = Alake/ Ao (1)
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where Aj. is the area of lakes delineated from satellite imagery
and A. is the minimum area of a circle that encapsulates the
irregular boundary of a lake delineated from imagery. Given this,
0 < Ylake < 1 where yje = 1 indicates a lake with a boundary
that is equivalent to a circle and yj,, = 0 an eccentric boundary
that deviates from perfect circularity.

Modeling Lake Surface Ice and Snow

Accumulation

Model Description

We modify the one-dimensional, Multi-Year Simulation
Model for Lake Thermo- and Phytoplankton Dynamics
(MyLake; Saloranta and Andersen, 2007) to model the seasonal
evolution of snow and ice accumulation on supraglacial lakes.
MyLake simulates variations in the vertical distribution of
lake state variables: temperature and density versus depth,
evolution of surface ice and snow. We leverage MyLake
hydro/thermodynamic (Ford and Stefan, 1980; Riley and Stefan,
1988) and snow/ice simulation (Lepparanta, 1991; Saloranta,
2000) schemes by introducing a custom ice-basin substrate
within the model domain (Figure 2), hereafter we refer to this
modified version as MyICELake. Ice evolution schemes are based
on Lepparanta (1991) and Saloranta (2000). We do not utilize
Mylake schemes related to mass inflow/outflow, sedimentation,

or biochemical dynamics. The model is suitable for lake dynamics
specific to colder climates (Saloranta and Andersen, 2007). In
particular, Mylake has been used to assess the evolution of lake
ice under a range of conditions. Dibike et al. (2012) examine
lake ice onset and duration over cold-region conditions in North
America between 40and 75° latitude.

The model domain is partitioned into n horizontal layers at
depths zj, . ..., zy4+1, where the surface z; = 0 and volume of
each zone i is such that z; < z < 2,4 (Figure 2). MyICELake
is capable of simulating the evolution of ice accumulation and
melt at the lake surface and snow accumulation on top of the lake
ice. For additional details about the model see Supplementary
Appendix A2.

Model Experiments

The model is configured to represent an idealized lake with
an inverted, symmetric half-sphere with 10 layers (Figure 2A;
see Supplementary Appendix Tables Al.1, Al.2 for model
parameters and forcing details). Simulations in this analysis
are diagnostic and are configured to implement only essential
processes relevant to the formation of lake ice and accumulated
snow. This effort is not a comprehensive treatment of all
processes known to be active in lake dynamics. Model time step
is set to 1 day and the simulation period for each season runs
from January 1 to November 1 from 2009 to 2012. For each

q,
R A
‘|: c ice © ¢

R, (for h;=1m)

o

ice shejtjﬂf/

reference layer of ice (qy).

B
— lake surface

1
2
3

N+1

z lake bottom

yJ\X B T

FIGURE 2 | Supraglacial lake one-dimensional evolution model (My/CELake) schematic showing (A) vertical model domain profile highlighting horizontal layers (of
thickness dz) over which state variables are assumed to be uniform for N + 1 layers, (B) showing modeled accumulated snow (black dots) and ice (blue dots) layers
(of thickness hs and hje, respectively) over the lake surface over which estimates of insulation capacity (gss) are assessed relative to the insulation capacity of a 1 m
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season, the period from January 1 to May 1 is considered a
spin-up period resulting in the effective analysis period spanning
from May 1 to November 1. The simulation interval includes
periods preceding and following the melt season as this allows
for the evaluation of the onset of accumulation and melting of
lake surface snow and ice. Model lake surface meteorological
parameters are provided from MAR output. At each time step
MyICELake estimates accumulated snow and ice thickness on the
lake surface. We evaluate the spatial distribution of snow and ice
thickness over the GrIS during the analysis period at elevations
between the ice sheet edge and 2000 m. We assess the mean
annual snow (< hs; >) and ice thickness (< hj, >), onset date
of snow (¢;) and ice accumulation (@jc), and the mean rate of
change in snow (< Ahg >) and ice (< Ahjc >) accumulation for
each season. We evaluate model performance to estimate snow
and ice thickness relatives to measured thickness derived from
airborne OIB snow radar data (see Supplementary Appendix S2
and Supplementary Appendix A3).

Thermal Insulation of Supraglacial Lakes by Snow
and Ice

We are particularly concerned with the ability of accumulated
snow and ice to insulate and preserve residual lake water
throughout the winter. Once meltwater persists in a supraglacial
basin beyond the summer, insulation is enhanced by the
magnitude of ice and snow formation on the water surface. Ice
formation is the result of radiative and turbulent heat losses
from the relatively warm lake surface to the cooler atmospheric
boundary layer. When lake water temperature (T) exceed the
maximum density temperature (~3.98°C for fresh water; T),),
heat loss from the lake surface can induce convection within
the water column driven by density differences resulting in
removing heat from depth (Kirillin et al.,, 2012). As heat loss
continues, convection can continue at T < T, and the cooling
rate accelerates until T—0°C inducing ice formation. After the
initiation of ice formation, it can continue to thicken as long
as the released latent heat can conduct through the ice layer
into the atmosphere (Lepparanta, 2009). Given this, we derive
idealized estimates on the degree to which snow and ice insulate
supraglacial lake water and evaluate the ice sheet wide variability
in these insulation conditions.

Treating ice (snow) as a solid, uniform boundary between
the surface water layer and the atmosphere (Figure 2B), we can
quantify the minimum depth at which the ice (snow) needs
to be to behave as a thermal semi-infinite solid to a transient
perturbation imposed at the ice (snow) surface. The diffusion of
heat due to conduction through a solid is given by:

o’T 10T @
ox* o ot
where T is temperature, o thermal diffusivity expressed as k/cp
and ¢ time. For a one-dimensional (flow in x-direction only)
steady-state case, with no internal heat generation we can have:

0 oT
° () = .

where k is the thermal conductivity of the body. Therefore, the
heat flux (qy) through a body is expressed by Fourier’s Law:

G=—kA— (4)
where A is the area of the body perpendicular to the direction
of heat flow. We can quantify the degree of insulation by
recognizing that Equation (4) can be used to define thermal
resistance (R;) as the ratio of driving thermal potential to the
corresponding transfer rate where:

_oT L

Ri = = — 5
== (5)

such that 0T is the overall temperature difference across the
body, and L is the thickness of the ice and snow layers. For a
multi-component system, we can derive an estimate of composite
thermal resistance (R Figure 2B), based on the combined
impact of individual thermal resistance from snow (R;) and ice
(R;) such that R, = R; + R;. We determine R, over the GrIS
using mean accumulated snow and ice thickness over the Fall
season from MyICELake based mean surface temperatures from
MAR (< T, >; computed from September to November) for
each analysis year. Rearranging Equation (A2.6), we estimate the
steady-state heat flux through the accumulated snow and ice
layers (gss) and a reference flux (g,) which is derived with the
same dTas g, for a fixed 1 m thick ice layer.

RESULTS

Wintertime Sub-Surface Lakes Over
Jakobshavn Study Area

Annual changes in the duration of occurrence and properties
of detected buried lakes in the Jakobshavn Isbrae study area
are assessed for lakes that intersect 2009 to 2012 OIB flight
lines (Figure 3). From a total of 67 mapped lakes, 42 (~63%)
did not contain water and 25 (~37%) maintained buried water.
Most lakes with buried water, 23 (92%) are beyond the southern
margins of the Jakobshavn Isbrae. There are very few, 2 (8%) that
extend beyond the northern margin. Even within the southern
margin region, about half (~47%) of all lakes examined (42 total)
do not have buried water. Those supraglacial basins where over-
winter buried water was detected south of the ice stream at lower
elevations (< 1000 m a.s.l.) tend to maintain buried water for only
one season in four between 2009 and 2012, while those at higher
elevations can have over-winter buried water more frequently.
Though the sample is limited, there is no spatial pattern for the
presence of buried lakes that persist over multiple seasons unlike
those that appear for a single season.

The magnitude in mean area of lakes with and without buried
water can be as large as ~5 km? with a range of ~9 km?
(Figure 4). Lakes without buried water are relatively small
(~1 km?). Larger lakes tend to maintain buried water for more
seasons, where the largest lakes (~6-10 km?) recur for all four
seasons in the study (Figure 4). The range in lake area can be large
for both lakes with and without buried water (~ 6 km?) with the
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FIGURE 3 | Spatial distribution of supraglacial lakes without buried winter-time stored water (yellow squares with black dot) and those with sub-surface water
(colored circles) over the Jakobshavn Isbrae study area (yellow boundary). operational ice bridge (OIB) flight tracks are superimposed over a Landsat panchromatic
gray-scale image. Color of circles indicates the number of seasons over the study period that a given lake contained sub-surface water throughout the winter.
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exception of buried lakes that reoccur for two seasons (~1 km?).
The distribution in area of drained lakes exceeds 1 o relative to
the distribution for lakes with buried water which reoccur for > 2
seasons (Figure 4).

While a sample of 4 years is short and thus increases
the probability of misinterpretation, we examine the temporal
variability in occurrence of buried water versus elevation from
2009 to 2012 (Figure 5). There is little variation in mean elevation
for drained lakes over this analysis period. Changes in mean
elevation for buried lakes vary from ~1400 to 1100 m (a.s.l.).
Buried lakes tend to occupy relatively high elevations (~1300-
1500 m a.s.l.) during the 2009 season and decrease to a mean
elevation of ~ 1100 m a.s.l. in 2010 with an increase in elevational
dispersion. The 2011 and 2012 seasons show a return of buried
lakes to mean elevations comparable to the 2009 season with
similar magnitudes in dispersion. Temporal changes in elevation
are evaluated concurrent with changes in the mean elevation of
the snow line (blue line, Figure 5). The annual snow line shows
the largest change in elevation between the 2009-2010 and 2011-
2012 seasons of ~150 m (a.s.l.). The change in the snow line
elevation between 2010 and 2011 is < 50 m a.s.l. (Figure 5).

Maximum depths for each lake estimates over Jakobshavn
Isbrae (Figure 6) can be as high as 2000 mm (2 m) for lakes
without buried water and 1500 mm (1.5 m) for lakes with
sub-surface water at ~1550 mm (1.5 m). Mean of Lgepsn(max)

calculated over the study area are 500 mm (0.5 m) for lakes
without buried water while those with sub-surface are ~
1000 mm (1 m; Figure 6). Mean of Lyepsn(max) between lakes
with and without sub-surface water are within 1 ¢ of each other.
Lakes with and without buried water tend to have ypae < 0.5,
indicating a geometry that substantially deviates from circularity.
The difference in mean yj,.between lakes with and without
sub-surface water is small (< 0.1) with comparable ¢ and range
values (Figure 6).

Winter-Time Sub-Surface Lakes Over

Zachariae Isstrom Study Area

Over Zachariae Isstrom, flight tracks intersect 140 lakes
(Figure 7). Most Zachariae Isstrom lakes are not buried. Only
19 (~14%) contained water through winter. Given Zachariae
Isstrom flight tracks are not repeatedly flown each season, we are
unable to assess lake duration (Figure 7). Buried lakes are broadly
distributed spatially with some moderate clustering upstream of
the terminus of Zachariae Isstrom along the main ice stream
at elevations between ~600 and 900 m a.s.l. and south of the
main ice stream elevations between ~300 and 600 m. Figure 8
shows the areal extent and elevation distribution of lakes with
and without sub-surface water. Lakes without water have a mean
area of ~1 km? while lakes with water are larger at ~3.5 km?,
The spread of lake sizes tends to smaller for lakes without
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FIGURE 4 | Box-plots showing the areal distribution of lakes with and without sub-surface water over the Jakobshavn Isbrae study area. Depicted are the mean,
standard deviation, minimum and maximum of lake area and further decomposition of lakes with sub-surface water as a function of duration from 2009 to 2012.

water. The means of the two lake states are within 1 ¢ of each
other with comparable maximum area of ~9 km?. Outliers in
both distributions favor large magnitudes in area. There is little
difference between the mean elevation of lakes with and without
sub-surface water (< 200 m a.s.l.; Figure 8). Lakes without sub-
surface water tend to be distributed at slightly lower elevations
with a large standard deviation. The elevation distribution of
lakes without buried water tends to be symmetric, while lakes
with sub-surface water are asymmetric indicating outliers at
lower elevations (Figure 8).

Buried Lakes and Supraglacial Channels

The presence of sub-surface water stored throughout the winter
within a lake basin has implications for the evolution of
the supraglacial hydrologic environment. Koenig et al. (2015)
assert that winter sub-surface water can initiate supraglacial
channelization. We examine this premise in this analysis over
the Jakobshavn Isbrae study area. During the mid-summer for
a given lake, a fraction of the total water storage capacity of
the lake basin (Vj,,) would fill with melt water of some
magnitude given by its volume (V) such that Vi, < Vigsin
(Figure 9). If the lake partially drains resulting in residual

water left late into the fall season (September-November)
and conditions are sufficient to rapidly accumulate snow and
ice on the surface of the remaining water, then a buried
lake will be formed. This buried water would remain liquid
through the winter. As the following summer generates new
melt and runoff, the mass budget of the lake basins results in
Vigke > > Vpasin» which causing the basin storage capacity
to be exceed and the surplus mass is partitioned into surface
runoff as channelized flow (Figure 9). Though this is not
an exhaust treatment of this process, we wanted to establish
first-order relationships between large supraglacial channel
network structure and buried lakes. Lakes are associated with
all three types of channel network configurations (Connector,
Tributary, and Terminal) with Connector and Tributary classes
comprising the largest occurrences (Figure 10). Generally,
buried lakes demonstrate associations with Connector and
Tributary systems only. The more seasons lakes store sub-
surface water the more they are exclusively associated with
Connector systems (Figure 10). This becomes most apparent for
lakes supporting sub-surface water greater than two seasons and
suggests that buried water may indeed aid in the development of
supraglacial channels.
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Modeled Lake Snow and Ice Thickness lake model. Our interest is to constrain the spatial and temporal

Over the Greenland Ice Sheet conditions that insulate residual melt water through the winter.
We evaluate the conditions necessary to support the preservation =~ We employ MyICELake to model the potential accumulation of
of sub-surface water throughout the winter using a numerical snow and ice on the surface of an idealized lake forced with
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Isstrém study area (green boundary). operational ice bridge (OIB) flight tracks are superimposed over a Landsat panchromatic gray-scale image.
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meteorological data over the Greenland ice sheet. Afterward, we
compute the amount of insulation possible given the degree of
modeled snow and ice accumulation from the MyICELake model.

Spatial and Temporal Distribution in Insulation
Potential

Using Equations (4) and (5) We derive a normalized flux (qss/q;)
to quantify the magnitude and spatial distribution of insulation
potential from 2009 to 2012 over the ice sheet (Figure 11A).
This metric provides a quantitative means of evaluating the
combined impact of both accumulated snow and ice thickness
on insulating sub-surface water within supraglacial lake basins.
The smaller g5, the more modeled snow and ice over the idealized
lake at a given location will insulate the lake water relative to a
reference 1 m thick ice slab. Therefore, large values on (gs/q;)
indicate less insulation potential due to thinner snow/ice lids. We
compute a mean normalized insulation potential from 2009 to
2012 (Figure 11A). Generally, an idealized lake along the coast
will tend to have less accumulated snow and ice resulting in
less insulating capacity. Regional differences show central-west
Greenland as having a comparable level of potential heat flux

(~20%) from an idealized lake as that of the reference and hence
less insulation potential than south-eastern Greenland (~2%).
The south-eastern part of the ice sheet is spatially limited but
maintains high insulation magnitude. The north-western regions
of the ice sheet show moderate gradients in normalized heat
flux unlike the central-west, with a ~12% change over about
240 km. A large proportion of this region is dominated by high
insulation potentials (< 3%). The north-east has areas with low
insulation potential, where normalized heat fluxes can be as high
as 30%, though substantial regions are spatially dominated by
high potentials from the interior to the coast.

We evaluate the temporal changes in annual mean normalized
heat fluxes between years (Agqyeari—year2) over the analysis
period (Figures 11B-D). Generally, Ag2010—2009 Shows a positive
difference at low elevation and negative at high elevations along
the west coast of the ice sheet. The north-west, north-east and
south-east regions are spatially dominated by negative differences
(Figure 11B). These results indicate that in the west there is
a transitional zone where low elevations are less suitable for
insulating sub-surface melt water in 2010 than in 2009 and
visa-versa at higher elevations. For the other regions 2009 was
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During the mid-summer period the volume of melt water (V) is less than the total basin storage capacity (Vpasin). Through late-summer lakes that do not drain
completely maintain buried water and start accumulating ice and snow of thickness (h;) and (hs), respectively throughout the early-winter period. The additional
stored sub-surface water remains insulated throughout the winter and provides a positive mass balance within the late basin at the outset of the following summer.
As next-summer melt infiltrates the basin, the water holding capacity of the basin is exceeded (Vake > > Vpasin), resulting in overflow and partitioning of runoff into
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less suitable for insulating water than in 2010. These regional
patterns for Agao11—2010 are generally similar to those between
2010 and 2009 except in the south-western part of Greenland
where insulation potential are strongly negative at low elevations.
This suggests that conditions in south-western Greenland are
more suitable for the format of buried lakes during the 2011-
2010 season relative to the 2010-2009 season. For Ag2012-2011,
the relative magnitude is greater than the preceding seasonal
differences. Additionally, Aga012—2011 in western Greenland are
now largely positive except at the highest elevations, while the
north-west demonstrates an elevation dependent transition zone

(positive at low elevation and negative at high). North and south-
eastern Greenland are dominated by negative differences.

Accumulation Onset of Ice and Snow Thickness

Evaluating ¢, and ¢jc. provide an assessment of the initiation of
snow and ice thickness accumulation. The earlier the onset of
accumulation the longer the duration of the accumulation season
than the greater the insulation potentially achieved throughout
the winter. The onset of snow accumulation before ice is not
likely to directly contribute to the initiation of insulating the
lake surface, but it can provide important information about the
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FIGURE 10 | Histogram of the occurrence of lakes with and without buried
water associated with supraglacial channels with Connector, Tributary, and
Terminal channel network configurations. Channel networks were derived from
features mapped from panchromatic Landsat Imagery such that Tributary
channels are those that terminate into another channel or supraglacial lake.
Connector channels are those that ‘connect’ supraglacial lakes. Terminal
channels are those that terminate into lakes, crevasse fields, or moulins
(Lampkin and VanderBerg, 2013).

initiation of slush (snow ice) which enhances the ice thickening
process (Ohata et al, 2017). For each season, we determine
the mean, maximum, minimum, and standard deviation of ¢;
and @jc within 500 m a.s.l. elevation bands starting from 500
to 2000 m a.s.l. over Greenland (Figures 12A-D). During the
2009 season, mean ¢ decreases with elevation from ~days 280
to 250 while changes in ¢, as a function of elevation is less
pronounced with a difference of < 5 days (Figure 12A). For both
snow and ice the distribution across elevation are within 1 o.
This is generally true for 2010 through 2012 (Figures 12B-D).
Over most years, the 1000-1500 m elevation range tends to have
the largest spread in onset dates than the other elevation bands.
The earliest accumulation onset date across all years is ~day
180 (late June) for snow and ~day 210 (ice) within the 1000-
1500 m a.s.l. elevation band. The 2010 season also demonstrates
comparable early onset of snow accumulation but at a higher
elevation range (1500-2000 m a.s.l.; Figure 12B). Though, mean
@ice across elevation bands is relatively stable over the 4 years,
there is some variation in standard deviation and range mostly
constrained between ~days 250 and 280. The magnitude of ice
onset is generally less than for snow over all 4 years.

Annual Ice and Snow Thickness Rate of
Accumulation

We derive an estimate of the rate of accumulation by computing
the difference between successive daily snow and ice thickness
(Ahgice = WL — H'..) from the onset date to the end of

the calendar year (Day 365) and compute the mean of these

successive differences over this period (< Abh; e >). We assess
the temporal and spatial distribution in rate of accumulation as
a function of 500 m elevation bands for each season (Figure 13).
Mean < Ahg i, > for each season demonstrate comparable levels
across elevation for each season (< 0.002 mm/day) with ice
maintaining slightly higher values than snow (Figures 13A-D).
There are differences in the distribution of rates both as a
function of elevation and year. The 2009 year has a smaller
standard deviation than other years within the 1500-2000 m
elevation range for both snow and ice (Figure 13A). Within a
given year, standard deviation varies between snow and ice as a
function of elevation. < Ahg > across each season tends to have
greater standard deviations at the 1000-1500 m a.s.l. elevation
band, while deviations on < Ahj, > are generally larger for
between 500 and 1500 m a.s.l. elevation range. Overall, mean
snow and ice accumulation rates are within 1 o of each other
though there are both elevational and seasonal variability in
dispersion and outliers.

DISCUSSION

Drainage and Buried Lakes

In this analysis, we do not explicitly focus on a priori factors
that result in residual water present in lake basins at the end
of summer. The likely condition conducive for the development
of buried lakes is a result of slow draining lakes, which results
in incomplete drainage throughout the summer (Selmes et al.,
2013; Koenig et al., 2015; Miles et al., 2017). The proliferations
of slow draining lakes are known to account for the majority of
drainage type (Fitzpatrick et al., 2013; Selmes et al., 2013). Selmes
et al. (2013) speculate that variability in fracture dynamics could
be responsible for explaining the observation of lakes rapidly
draining in one season and draining partially in a subsequent
season. At higher elevations, the relative magnitude in fracture
toughness required to drive a fracture to depth is likely less than
the ice overburden pressure which closes fractures and limits
the depth of propagation over thicker ice. The occurrence of
buried lakes observed in this analysis is consistent with these
conditions resulting in the prevalent distribution of sub-surface
lakes at higher elevations. This corroborated by the assessment
of Miles et al. (2017) who also observe the propensity for buried
lakes to occur at higher elevations. Additional work is required
to examine the degree to which fracture dynamics impact the
formation of buried lakes.

Processes Driving Insulation of
Sub-Surface Lake Water

Atmospheric conditions and lake morphometry (shape and
bathymetry) can be important factors in controlling the rate
and depth of lake ice formation. Ice can form rapidly on small,
shallow lakes when wind speeds are low as opposed to large,
deeper lakes (Bengtsson, 2012). Thermal inertia is greater for
larger, deeper lakes which would result in the lack of complete
freezing of the water column. In this analysis, lake size and depth
are generally associated with seasonal occurrence of sub-surface
water. Larger lakes tend to be slightly deeper resulting in the
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FIGURE 11 | Spatial distribution in normalized insulation potential (gss/qr) over the Greenland ice sheet due to combined impact of modeled accumulated snow and
ice on an idealized lake surface. Small values of (qss/qr) indicate greater degree of insulation potential. (A) Mean of normalized insulation potential estimated from
2009 to 2012. (B) Difference in normalized insulation potential between 2009 and 2010. (C) Difference in normalized insulation potential between 2010 and 2011.

presence of buried water and greater occurrence of persistent
sub-surface lakes over multiple seasons. Lake area and depth is
an important factor in initiation and growth of ice necessary for
preserving residual basin water.

Atmospheric conditions such as temperature, precipitation,
and wind drive the rate of ice and snow accumulation and
insulation magnitude. If snow accumulates rapidly after the onset
of a thin layer of ice, the weight of the overlying ice can exceed
buoyant forces resulting in the snow becoming partially saturated
and refreeze. This refrozen slush can form superimposed ice
(Kirillin et al., 2012). The presence of accumulated snow or
superimposed ice can drastically reduce heat loss from the lake

to the atmosphere due to their thermal conductivity and insulate
the water at depth to further heat loss. These conditions are likely
driving the formation of buried lakes in regions where gradients
in elevation are large and the magnitude in insulation potential
is substantial. Selmes et al. (2013) have assumed that freeze-
through of slow draining lakes occurs when the temperature
drops below a specific threshold which could be monitored from
measurements of surface temperatures from satellites. Miles et al.
(2017) argue that the use of temperature alone could result in
erroneous estimates of freezing and demonstrate that the lapse
rate is not the only factor controlling the onset of freezing of high
elevation lakes.
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Ice cover stability is greater for small lakes where ice is
relatively static, whereas medium sized lakes are susceptible to
wind-driven stress fracturing due to displacements (Kirillin et al.,
2012). The distribution of supraglacial lake sizes in this analysis
relative to terrestrial lakes can be considered small to medium
size (< 10 km diameter; Leppdranta, 2015) and therefore are
able to maintain stable ice covers. Our analysis demonstrates that
relatively large lakes tend to sustain buried water for multiple
years, but are spatially coincident with lakes that do not have
buried water. Both lake types likely experience comparable
conditions in wind stress, therefore it is probably not a driving
factor in the stability of lake ice cover.

Once ice cover is established, solar insolation can penetrate the
thin ice cover before it becomes optically thick to warm the upper
water column near the ice bottom/water surface interface. This
additional heating can drive vertical convection near the surface.
If the lake is weakly stratified convective mixing can propagate
to depth depending on the ice transmissivity and intensity of
solar irradiance (Mironov et al., 2002; Kirillin et al., 2012). For

supraglacial lakes with depths on the order of 2 m and less,
the enhanced convention can both disrupt ice formation near
the surface (Kirillin et al., 2012) and entrain heat deeper into
water column. For example, the rate of mixed layer deepening
for typical lake depths in this analysis of ~1 m and solar forcing
at the water surface through a column of ice of 10 W/m? is
~0.2 m/day (see Supplementary Appendix B for details). Given
this, over 5 days the water column could be well mixed given the
magnitude of solar input. If an accumulated ice remains optically
thin over some extended period of time during the early winter
and cloud-cover is minimal, than solar induced convection could
be substantial. This is possible for all lakes surveyed in this
analysis, which tend to have depths < 1.5 m.

Lastly, Thermodynamic conditions within the lake basin can
be augmented by the impact of mass influx via channelized
flow. Ice thickness can be affected by inflow as well as
internal stratification. For small lakes, geostrophic currents
could be induced by inflow promoting thinner ice cover due
to frictional heat at the water/ice interface (Bengtsson, 1996;

Frontiers in Earth Science | www.frontiersin.org

November 2020 | Volume 8 | Article 370


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Lampkin et al. Formation of Wintertime Lakes
A Ice B
0.016 |
0.012
_ 0012 -
> >
© ©
ke o  0.008+
E 0.008 - E
= Snow ~
A A 4
3 0.004] max 3 0.004
& &
3 . 3
\V  0.000- median- y 00004
00044 ™" 0.004
2009 2010
T T T
500-1000 1000-1500 1500-2000 500-1000 1000-1500 1500-2000
Elevation (m) Elevation (m)
C D
0.016 -
0.020 -
= >
>
I 0012 g 0.016
L
£ E
g 0.012 -
/\m 0.008 - /\8
Q i
2 =
= = 0.008
g <
v 0.004 - \Vi
0.004 -
0.000 -
0.000 - E'
12011 2012
500-1000 1000-1500 15002000 500-1000 1000-1500 1500-2000
Elevation (m) Elevation (m)
FIGURE 13 | Box-plots showing the distribution in mean rate of change in snow (< Ahs >; white box) and ice (< Ahjce >; gray box) accumulation within 500 m
elevation band increments from 500 to 2000 m (a.s.l.) elevation range. Mean (gray triangles for snow and black circles for ice), median (horizontal line within box),
and minimum and maximum (box whiskers), standard deviation (box edges) in mean rate of change in snow and ice accumulation for (A) 2009, (B) 2010, (C) 2011,
and (D) 2012.

Leppéranta, 2015) resulting in less insulation of buried water.
Additional work is required to explore sensitivity of ice formation
due to mass influx, but it is likely not a significant factor as the
magnitude of channelized discharge subsides as melt production
and runoft decreases into the winter.

Sub-Surface Lake Water and Evolution of
Supraglacial Hydrologic System

We posit that buried lakes could represent the pre-conditions
for supraglacial channelization. It may not be a necessary
condition if the size of the local catchment area over which
runoff is routed to a particular lake is large relative to the
basin storage capacity. In this regard, buried lakes would amplify
the magnitude of discharge associated with lakes under these
circumstances. It is possible that the increased channel network
complexity associated with buried lakes in this analysis represents
hydrologic systems that are configured to accommodate greater
throughput due to basin overfilling. More importantly, buried
lakes could activate channelization of lakes that would normally

have sufficient storage capacity to accommodate all runoff
associated with their local basin. This scenario would result in the
conversion of stored water into channelized flow, which enhances
the number of lakes involved in the transfer of supraglacial
water into the ice sheet. Currently, ~18% of the total volume
of water captured by supraglacial lakes across the GrIS lies
in the north-east and ~23% in the south-west with projected
expansion in these regions up to 35 and 17%, respectively by
the end of the century with the north-east sector having the
most rapid growth (Ignéczi et al,, 2016). This is consistent
with Leeson et al. (2015) assessment that supraglacial lakes
have migrated inland by ~ 60 km over the last 40 years in
response to increased surface melting due to a 2.2°C temperature
increase. This trend is expected to continue with projected
inland expansion to extent near the ice divide by the end of
the century (Leeson et al., 2015). Our results show considerable
inter-annual variability in insulating potential enough to sustain
sub-surface water through the winter, but generally the south-
west and northern regions of the GrIS currently maintain the
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largest insulation potential. Under the Intergovernmental Panel
on Climate Change Representative Concentration Pathways (R)
4.5 and 8.5, global mean temperature will increase by 1.8 and
3.7°C by 2100 (Moss et al., 2008). Warmer temperatures coupled
with regional differences in available surface depressions would
allow for additional capture of surface runoff in those regions
with more depressions (north-east; Ignéczi et al, 2016). If
current trends in insulating potential during the early winter
continue than the formation of buried lakes in these regions
could be an important phase in transitioning infiltration in the
supraglacial hydrology from basin-dominated (hydrofracture) to
channelized-dominated infiltration.

Limitations and Directions for Future
Work

Our treatment of morphometric properties of lakes was
rudimentary in this analysis. We did not account explicitly for
the impact of lake bathymetry on horizontal heterogeneity in
lake surface ice formation and thermodynamics. Cooling of water
is faster in the near-shore zones where the lake is shallow,
T > Tp,. This process results in the production of near-shore
cold, dense water, which starts to sink toward the lake bottom
inducing horizontal currents where central basin water closes
the loop delaying the onset of freeze-up in the central part of
the basin (Leppdranta, 2015). For supraglacial lakes surveyed in
this analysis, we did not assess the bathymetry but speculate
that basins whose area is dominated by shallow regions will
experience more spatially uniform freeze-up relative to basins
dominated by deeper zones. Presuming that asymmetry in the
planar dimensions of lakes is related to bathymetric geometry,
we found that lake shape was not a factor in the presence of
sub-surface water or seasonal duration.

Additionally, our model assumes there are no horizontal
gradients in water temperatures within each layer. This
assumption is not realistic given field measurements of
temperatures from a lake (Lake Disco) in west-central Greenland
(Supplementary Appendix S3 and Supplementary Appendix
A). Mean temperatures range from ~—0.2°C near the lake edge
to ~0.5°C in the center (over a 9 m change in depth). This
0.3°C difference across the lake is sufficient to impact the spatial
distribution in the onset and thickness of lake ice accumulation
and insulation. Horizontal temperature gradients would result in
heterogeneous ice thickness across the lake surface and would
impact the infiltration of heat into the water column. Shallow
water near the edges tend be warmer and would likely maintain
thinner ice. This would allow for more infiltration of solar
radiation and heat from the atmosphere through the ice cover
and drive horizontal transport of heat within the lake basin.
Our model is currently incapable of representing this level
of complexity. This currently prevents assessing the dynamics
of lake ice formation and decay within basins dominated by
shallow water. These basins likely may not stay well insulated
throughout the winter and experience early onset of ice melting
and disintegration in the summer.

The lack of sufficient high temporal or spatial sampling
resolution of lakes over both study areas is a limitation in this

effort. Our analysis was limited to lakes over which OIB flights
intersected. Inconsistencies in temporal sampling has resulted
in limitations in the analysis to appropriately observe temporal
occurrence over Zachariae Isstrom and spatial constraints on
the distance between flight tracks over Jakobshavn Isbrae impact
the number of lakes that can be surveyed. The overall samples
are likely too few to adequately assess the probability of sub-
surface water states over lakes that did not have OIB flight track
intersection. This is in contrast to the more extensive sample
derived by Miles et al. (2017). Though they have assessed the
presence of buried water from a larger sample of lakes, the
frequency of the Sentinel-1 dataset prevents detection of buried
water covered with relatively thicker layers of snow and ice
to those assessed in this study. Our estimates are likely more
accurate but less extensive. There is a need for a technique that
leverages the capabilities of the OIB radar system to detect the
presence of buried water over a broader sample of lakes across
the ablation zone of Greenland.

Additional work 1is required to fully understand the
relationship between supraglacial basin storage capacity
and partitioning of water to channelization. This effort would
require an assessment of the potential total basin storage capacity
based on an assessment of all supraglacial surface depressions
over several seasons. We only assess basin depths for a single
season in this analysis and did not capture the variability in
potential storage over time. Access to a basin depression data set
would allow for evaluating basin bathymetry, which may be a
critical boundary condition in regulating lake thermodynamics
and how those dynamics impact propensity for winter-time
storage. With the emergence of inland migration of lakes, future
work should focus on the prevalence of buried lakes within the
ablation—percolation transition zone throughout the Greenland
ice sheet. Lastly, a comprehensive assessment of the temporal
evolution in supraglacial channel configuration associated with
lakes that have demonstrated buried water would be important.

SUMMARY

We have evaluated the spatial and temporal variability in buried
lakes based on shallow radar data. Our focus was on the
occurrence, persistence, and variability of buried lakes within
two study sites that represent different meteorological and
glaciological conditions. We evaluated the relationship between
the occurrence of buried lakes, elevation, area, and supraglacial
channel networks. We find that most buried lakes tend to
occur at higher elevations through the ablation zone and can
persist for several seasons. These lakes also are large in area
relative to refrozen lakes. On average, lake area is correlated with
the number of seasons sub-surface water persists Buried lakes
tend to be associated with increasingly connected supraglacial
channel networks. These findings have led us to propose a novel
hypothesis that the pre-summer positive mass balance in buried
lakes enhances the possibility for channelized flow from these
lakes in the following summer. We consider this an important
a priori (but not exclusively) condition for the formation of large
supraglacial outflow channels.
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We also apply a numerical lake evolution model to provide
a first-order assessment of the amount of accumulated snow
and ice over an idealized lake across the Greenland ice
sheet. This provides insights into potential modes supraglacial
hydrologic systems may occupy. Using modeled snow and ice
thickness information, we derive an estimate of the insulation
potential due to combined effects of lake surface snow and
ice across the ice sheet. Model results indicate regional
differences in insulation potential as well as substantial inter-
annual variability. Over the analysis period, west Greenland
generally maintains the lowest insulation potential relative
to other regions though our Jakobshavn Basin study area
shows the largest percentage of buried lakes. With the
possibility of inland migration of supraglacial lakes, buried lakes
could drive the evolution of upper ablation/percolation zone
hydrologic systems, particularly in the north-east, south-east,
and wet snow/percolation zone of west-central/southern. Our
results show these regions have sufficient insulation capacity
through the winter to convert stored water into infiltration
via channelized flow. This kind of hydrologic system would
efficiently transfer melt water in lakes to crevasses/fractures
and drive the formation of moulins farther inland. This
could substantially enhance the delivery of surface melt water
to the bed in regions of where the subglacial hydrologic
system could be readily pressurized driving enhanced ice
dynamic response.
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