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Abstract. Seasonal meltwater lakes on the Greenland Icel Introduction

Sheet form when surface runoff is temporarily trapped in

surface topographic depressions. The development of suchhe formation of surface meltwater lakes on the surface of
lakes affects both the surface energy balance and dynamid§e Greenland Ice Sheet (GrIS) (and other Arctic ice masses)
of the ice sheet. Although areal extents, depths and lifespafluring the melt season is a widely observed phenomenon.
of lakes can be inferred from satellite imagery, such observaHowever, many of the lakes observed early in the melt sea-
tional studies have a limited temporal resolution. Here, weson have disappeared or decreased in size by later in the sum-
adopt a modelling-based strategy to estimate the season&ier (McMillan et al., 2007; Selmes et al., 2011; Liang et al.,
evolution of surface water storage for the8600 kn? Paak- ~ 2012; Fitzpatrick et al., 2014; Morris et al., 2013). Whilst
itsoq region of W. Greenland. We use a high-resolution time-some lakes drain slowly by overflowing the lowest part of
dependent surface mass balance model to calculate surfage lake rim, allowing water to escape from the depression by
melt, a supraglacial water routing model to calculate lakesurface channel incision, other lakes drain rapidly by water-
filling and a prescribed water-volume-based threshold to predriven fracture propagation (i.e. “hydrofracture”) (Van der
dict rapid lake drainage events. This threshold assumes thateen, 2007; Das et al., 2008; Doyle et al., 2013; Tedesco et
drainage will occur through a fracture W = F5- H, where  al., 2013). The sudden injection of large quantities of surface
V is lake volume H is the local ice thickness ankh is the meltwater to the ice sheet bed and the associated reduction in
potential fracture area. The model shows good agreement bdasal friction has been proposed as a mechanism to explain
tween modelled lake locations and volumes and those obobservations of short-term increases in summer ice velocities
served in nine Landsat 7 ETM images from 2001, 2002 andollowing such drainage events (Zwally et al., 2002; Hoffman
2005. We use the model to investigate the lake water vol-t al., 2011; Banwell et al., 2013). The storage (and subse-
ume required to trigger drainage, and the impact that varyingiuent release) of meltwater in supraglacial lakes is a key con-
this threshold volume has on the proportion of meltwater thattrol in determining both the timing and rate of delivery of wa-

is stored in surface lakes and enters the subglacial drainagér to the subglacial drainage system. This is important as itis
system. Model performance is maximised with valuegipf ~ Widely accepted that the variability in magnitude and timing
between 4000 and 7500%rFor these thresholds, lakes tran- of meltwater input to the subglacial drainage system has a
siently store< 40 % of available meltwater at the beginning greater influence on subglacial water pressures, and thus ice
of the melt season, decreasing4® to 10 % by the middle of ~motion, than simply the total volume of water input (Schoof,
the melt season; over the course of a melt season, 40 to 50 %010; Bartholomew et al., 2011, 2012; Colgan et al., 2011).
of total meltwater production enters the subglacial drainageHowever, despite numerous studies which compare ice ve-

system through moulins at the bottom of drained lakes. locity data to lake drainage observations from satellite im-
agery (e.g. Bartholomew et al., 2010, 2011, 2012; Hoffman

et al., 2011; Sole et al., 2011, 2013; Sundal et al., 2011;
Cowton et al., 2013; Joughin et al., 2013), there is still un-
certainty about how supraglacial lake drainage events affect
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basal water pressures, uplift and ice velocity over seasonadllows for the absorption of solar radiation in lakes to a sim-
and annual timescales. Accurate estimates of potential watgsle overland flow model which assumes that water velocity
storage and the seasonal evolution of surface lake volumes os proportional to the gradient of the surface slope, but do
the GrIS will be an important component of ongoing work to not model the difference between ice- and snow-covered sur-
understand how the ice sheet will respond to future climatefaces; they use a tuning parameter to control the impact of
scenarios. slope on water flow to fit their model results to observations.
Leeson et al. (2012) use daily runoff totals from the MAR
regional climate model (Fettweis et al., 2011) as their wa-
2 Methods ter input, and then route water over the ice surface using the
same combination of Darcian versus open-channel flow as
Most studies of lake extent and dynamics have been basede use. However, neither of these studies allow for surface
on a combination of direct surface observation and/or the usdéakes to drain through the ice sheet.
of multi-spectral satellite imagery (e.g. Box and Ski, 2007; In this study, we run our combined glaciohydrological
Sneed and Hamilton, 2007; Sundal et al., 2009; Selmes etnodel (which we call “G-Hyd”) for a~ 3600 knf area of the
al., 2011, Liang et al., 2012). Whilst such studies have al-Paakitsoq region of West Greenland, just north of Jakobshavn
lowed the extent and the seasonal evolution of surface lakeksbrae (Fig. 1). We use remotely sensed imagery to assess the
to be ascertained for the times when such imagery is availperformance of the model by first comparing modelled lake
able, they are somewhat limited by the fact that lakes ardocations with observed lake locations in nine Landsat im-
transient features; not all lakes will be observed on any giverages from 2001, 2002 and 2005, and second by comparing
image, and an image may not capture the maximum extenpredicted water depths in modelled lakes with water depths
of any given lake. Recent studies using automated detectionalculated from the imagery.
algorithms (e.g. Liang et al., 2012; Fitzpatrick et al., 2014; Our primary aims are threefold: (i) to evaluate the model
Morris et al., 2013) have alleviated these problems to a larggerformance over a larger area of the ice sheet than that as-
extent, but such studies still face some limitations due to thesessed by Banwell et al. (2012b); (ii) to investigate the impact
availability of imagery of sufficient quality, and are perhaps of altering the water volume threshold for lake drainage on
best suited to tracking changes in total lake area over wide remodel performance and the behaviour of the supraglacial hy-
gions, rather than tracking the behaviour of individual lakes. drological system; and (iii) to consider the possible implica-
Model-based studies provide a valuable complement taions of the modelled behaviour on the subglacial hydrology
observational studies. Although models require calibrationof the ice sheet.
and validation, they are not subject to issues such as the spa-
tial and temporal resolution of available imagery, or gaps2.1 The G-Hyd model
in coverage due to cloudy weather conditions. Models also
allow the sensitivity of the predicted results to parameterThe SMB model consists of three coupled components: (i) an
and/or boundary conditions to be investigated, and can alsenergy balance component that calculates the energy ex-
be used for forecasting purposes. In this study, we adopthange between the glacier surface and the atmosphere us-
a model-based approach following Banwell et al. (2012b)ing measured meteorological variables; (ii) an accumulation
and subsequently Banwell et al. (2013), by linking a high- routine to calculate winter accumulation, and possible sum-
resolution surface mass balance (SMB) model (originally de-mer snowfall; and (iii) a subsurface component, simulating
veloped for Arctic glaciers (Rye et al., 2010), and subse-changes in temperature, density and water content in the
guently used to calculate melt over the Paakitsoq region osnow, firn and upper ice layers, and hence refreezing and net
the GrlIS; Banwell et al., 2012a), to a new high-resolution runoff of water (Rye et al., 2010; Banwell et al., 2012a).
surface routing and lake filling (SRLF) model. This SRLF  The SMB model is forced by meteorological variables
model simulates supraglacial water flow by assuming Dar-from the JAR1 GC-Net station, supplemented by data from
cian flow for snow-covered portions of the surface, and operthe Swiss Camp GC-Net station when JAR1 data were un-
channel flow for bare ice, in order to calculate the filling ratesavailable (Fig. 1) (Steffen and Box, 2001; Banwell et al.,
of surface lakes over the course of a melt season. This in tur2012a). The main forcing variables are the incoming global
is linked to a water-volume-based threshold model of sur-short-wave radiation, air temperature, relative humidity and
face lake drainage (SLD) (Clason et al., 2012; Banwell et al. wind speed at a height of 2m above the ice surface. In-
2013). coming long-wave radiation data were not available for the
Although high-resolution modelling of supraglacial hy- Paakitsoq region, so these data were calculated using param-
drology is in its infancy, several previous studies have eterisations (Banwell et al., 2012a, following Konzelmann et
adopted a similar overall strategy for modelling the filling al., 1994). The accumulation routine uses measured hourly
of supraglacial lakes by linking some form of surface melt precipitation from the Asiaq Greenland Survey station 437,
model to a model for the movement of water over the ice~ 4 km west of the ice margin at an elevation of 190 ma.s.l.
surface. Luthje et al. (2006) link an ice melt model which (Fig. 1). Precipitation is distributed over the ice sheet using
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Figure 1. Location map of the study area. Detailed map shows Landsat true-colour image for 7 July 2001. Coordinates are for a Polar
Stereographic projection, EPSG Code 3413. Red lines show maximum possible lake extents calculated from the DEM using the method of
Arnold (2010). Black rectangle in inset map shows study area location within Greenland.

an elevation-dependent precipitation gradient. Snowfall isdown the surface slope, a total delay time from “source” (ini-
calculated from this using a threshold temperature for snow+ial runoff production) to “sink” (i.e. a lake/moulin, or exit
fall of 2°C (Rye et al., 2010; Banwell et al., 2012a). Output from the model domain) for each hourly quantity of runoff in
from the SMB model consists of hourly totals of available each grid cell can be calculated, allowing water input hydro-
water in each grid cell, equivalent to surface melting on thegraphs to each sink cell to be derived.
ice surface for snow-free cells, or to percolating water en- The lake-filling algorithm assumes that any closed depres-
tering the base of the snowf/firn layer (effectively the total sion in the DEM acts as a sink for surface water, and may
amount of melting, less any re-freezing within the snow/firn) contain a lake. A catchment area which feeds meltwater into
for snow-covered grid cells. For the subsequent discussiorach depression can be calculated from the surface slopes
we refer to this water as “runoff”; our previous work has and aspect of the DEM cells. The DEM also allows the lake
shown that around 6 % of total melt and rainwater re-freezesiypsometry to be calculated, which, together with the input
within the snow pack in the study region (Banwell et al., hydrographs from the supraglacial water flow component, al-
2012a). Full details of the SMB model, and the calibration lows lake depth and areal extent at any given time to be cal-
and validation schemes for Paakitsoq, are given in Banwelkculated. If a lake fills to its maximum possible extent (con-
etal. (2012a). trolled by the elevation of the topographic “lip” which de-
The SRLF model links an algorithm for calculating flow fines the depression), any further water inputs overflow into
accumulation (upstream area) values over a digital elevatiothe downstream catchment. In this way, water can potentially
model (DEM) (Arnold, 2010) with a supraglacial water flow flow from its source on the ice sheet in a series of “cascades”
algorithm previously used on valley glaciers (Arnold et al., through multiple full lakes. Additionally, low points at the
1998) to calculate input hydrographs for all the depressiond®EM boundary can act as sinks, and allow water to leave
(and hence potential lakes) in the DEM. The supraglacial wathe model domain. Water could potentially enter our DEM
ter flow algorithm assumes that water flows by Darcian flow domain at the margins which could be a possible source of
in a saturated layer at the base of the snow pack in the caserror. However, this is minimised because the eastern (up-
of snow-covered cells with greater than 0.275 mw.e. of snowstream) edge of our domain is at1500 m elevation where
or as open-channel flow over shallower snow or bare ice survery little runoff occurs, and water flow is typically directed
faces. The snow depth for the transition from Darcian flow towards the margins at the northern and southern edges of
to open-channel flow was derived by calibration experimentsour domain, as the ice surface beyond our domain is gener-
reported in Banwell et al. (2012b), and allows for the forma- ally lower (Jakobshavn Isbrae is just to the south, Eqip Ser-
tion of channels within shallow snow or slush, as are com-mia to the north) than the ice surface within our domain. The
monly observed on the ice sheet surface. From the DEM, thevestern edge of our domain is ice-free terrain, and the model
surface slope and water flow direction in each cell can be calallows for runoff to exit freely at the edge of the ice sheet.
culated; together with the inferred flow characteristics, this Full details of the model, and the calibration and valida-
then allows the time taken for any “parcel” of water to cross tion of the assumed flow characteristics, are given in Banwell
each grid cell to be calculated. By integrating these timeset al. (2012b), who applied this model to calculate water
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volumes in an instrumented lake within a 100%area of  noise, and then applied an 11-cell radius Gaussian filter to
Paakitsoq in 2011 with a high degree of accuracy. remove the “terracing” effect that is a consequence of the 1m
The SLD model uses a water-volume-based threshold tosertical resolution of the original data.

trigger lake drainage events. Fracture propagation and con- We are not aware of other research which has used this
sequent lake drainage is assumed to occur if a lake reachd3EM for high-resolution surface modelling of melt and/or
the volume needed to fill an inferred fracture extending fromlake extent; the study by Leeson et al. (2012) used a DEM
the ice surface to the bed (Clason et al., 2010; Banwell et al.derived from 1996 InNSAR data for their study region (Palmer
2013). The inferred width and length (i.e. the surface areakt al., 2011). In some ways, then, this study acts as a type
of the fracture can be varied in the model, and is assumeaf validation of the small-scale (sub1 km horizontal,~ 1—
constant across the model domain. The threshold water vol10 m vertical) resolution of the GIMP DEM.
ume needed is calculated by multiplying the fracture area by Ice thickness data are needed to calculate the lake drainage
the local ice thickness. Thus, lakes over thicker ice have tahreshold volume for each lake. We calculate ice thickness
reach a larger water volume in order to drain. We exploreusing the surface DEM and the 750 m resolution bed DEM
the model behaviour for inferred fracture ared)(from described in Plummer et al. (2008), resampled using bilinear
500 n? to 10 000 M, and also with an infinite volume thresh-  interpolation to 90 m resolution.
old, which prevents lake drainage events. If a lake reaches the
volume thrgshold for drainage the lake empties, ar_1d any furH 5 Analysis of lakes observed in satellite imagery
ther water inputs are assumed to enter the subglacial drainage
system d|reqtly t_hrough a moulin at the lowest part of t_he de"%'he modelled lake areas and volumes are compared with ob-
pression which is assumed to stay open for the remainder o . .

served lake areas and volumes derived from nine Landsat
the melt season (Banwell et al., 2013). 7 ETM+ images acquired in 2001 (7 July, 14 July, 1 Au-

Following Banwell et al. (2013), we assume that water can ’ '

only enter the subglacial drainage system via moulins WhicthSt’ and 8 Augus), 2002 (30 May, 17 June, 2 August and
form at the bottom of drained lakes. Whilst this is undoubt- September) and 2005 (16 June). Digital numbers were con-

edly a simplification, several studies have shown that moulinsverted to reflectance values using standard methods (Chander
y P ' t al., 2009). Following Box and Ski (2007), pixels with a

which occur away from depressions on the ice surface do no and 1 to Band 3 (blue to red) reflectance ratio above a cer-

capture large volumes of water compared with those W'thmt{a\in threshold are considered to contain water. The thresh-

depressions (e.g. Catania and Neumann, 2010; Hoffman eold value used was chosen by comparing those pixels above
al., 2011). Over our study area, given this assumption, w y paring P

: . . She threshold by eye with true-colour projections of the im-
calculate an overall moulin density, given the number of de- . .
agery, in order to match as well as possible the apparent

pressions, of 0.2 kTF, which is very similar to the estimates visible extent of water in the images, but to avoid as far as
given by Zwally et al. (2002) (0.2kr) and Colgan and possible “false positive” identification of other blue pixels

Steffen (2009) (0-0.89 k) for the Paakitsoq region. as containing water. Lakes are then identified as contiguous
For each of our study years (2001, 2002 and 2005) we be- 9 ' 9

L N N sets of water-containing pixels. The water depth in the pix-
gin with the DEM. empty” of wate.r. The amount Of. runoff els identified as containing water is then calculated using the
stored over the winter on the GrlIS in refrozen lakes is largely . :
unknown. However. in a studv based on MODIS satellite method of Sneed and Hamilton (2007). This procedure uses
) ) ' Y. he band 2 and band 4 reflectance data, but it also requires
imagery to the south of our region, Johansson et al. (2013 nowledge of the albedo of the bottom of each lake. We esti-
found that 78% to 88 % of lakes they observed at eleva- i

tions < 2500 m drained rather than refroze at the end of the A€ he lake-bottom albedo on a lake-by-lake basis by cre-

melt seasons in 2007, 2008 and 2009. Given this, and givedund & Mask of each lake identified in the images, then di-

S . : . lating this mask by one pixel. The original lake mask is then
that refreezing is more likely at higher elevations where to- . . : .
o removed, leaving a ring of pixels around the lake outline. The
tal runoff production is much smaller and lakes are smaller

I . .- average reflectance of these pixels is assumed to be represen-
(Johansson et al., 2013), beginning with zero storage is the_,. ; .
X T . i ative of the pixels within that lake. The volume of each lake
simplest and most justifiable initial DEM condition. Leeson

et al. (2012) also make this assumption is then calculated from the water depth of each pixel within
' ption. the lake. For a fuller description of the application of the Box
and Ski (2007) and Sneed and Hamilton (2007) method to the

22 DEM processing Paakitsoq region, see Banwell et al. (2014).

We use the GIMP product (Howat et al., 2014) for the high-

resolution surface DEM required by our modelling strategy, 2-4 Model evaluation

at the posted 90 m spatial resolution. Initial inspection of the

data showed too many small (often single DEM-celled) de-We evaluate two aspects of model performance; the first fo-
pressions within the DEM. To combat this, we smoothed thecuses on the accuracy of the DEM in predicting potential
data with a 2« 2 cell median filter to remove much of the lake locations; the second examines the predicted volumes
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Table 1. Co-location statistics for observed lakes and DEM depressions.

Band1/Band3 Number of Number of lake  Additional number  Mean number of randomly Standard deviatichsafore
Threshold separate lakes centroids in DEM  of centroids within distributed centroids in  number of randomly distributedA of
(n) depressionsA) two pixels  depressions (for 1000 sets) centroids in depressions
2 505 252 74 39.4 6.0 42
3 229 179 0 14.8 3.6 49.7

of modelled lakes on the appropriate dates versus volume8 Results
calculated from the satellite imagery.

Assessing the agreement between observed lakes in thé1 Modelled lake location
visible imagery and DEM depressions is difficult for sev- ) )
eral reasons. Conventional classification methods based offverall agreement between observed lake locations in the
contingency tables are biased because there will be manyandsat imagery and depressions within the DEM is good,
more locations that do not contain lakes or depressions thafnd is summarised in Table 1; depression outlines are also
those that do, and also because whilst a lake can only forn$hown in Fig. 1 for visual comparison with the image ob-
in a depression, it is possible for a depression to exist intained on 7 July 2001. The flow accumulation algorithm of
the DEM but for it not to contain an observed lake; insuf- the SLRF model (Arnold, 2010) identified 644 depressions
ficient water may have accumulated in the depression for itvithin the DEM, ranging in size from 1 pixel (810N
to be observed, or the lake may have drained. Thus, an ag® 791 pixels (6.4kr). Using a blue/red reflectance ratio
parent disagreement between visible imagery and the DEMPreshold of 2, a total of 505 separate lakes were identi-
need not be due to an error. Given this, we assess co-locatidied (taking account of lakes which appear in more than
between observed lakes and depressions within the DENPNE image) in the satellite imagery, with a maximum size
by calculating the centroid of each lake identified within Of 332 pixels (2.7 krf), of which 252 had centroids located
the visible imagery, and then determining the numbers ofWithin depressions. Using a b_IL_Je/red ratio threshold of 3, a
lake centroids within depression boundaries identified in thefotal of 229 lakes were identified, of which 179 had cen-
processed DEM versus the number of lake centroids outlroids within depressions, a success rate of 78 %. This com-
side depression boundaries. These values were converted ing"es favourably with the 66 % success rate achieved by Lee-
z scores by calculating the mean and standard deviation of0n €t al. (2012). The largest lake for this threshold had an
the ratio for 1000 sets of the appropriate number of randomiy2réa of 277 pixels (2.2 kf. As shown by the corresponding
distributed centroid locations within the study area. z scores for these numbers (Table 1), the chance of the co-

We assess the modelled water depths by comparing thedﬁ‘c'd‘?“ce in !oca‘uon between obsgryed _Iakes.an.d DEM de-
with the calculated observed water depths in the visible im-Pressions being due to random variation is vanishingly small.
agery at the appropriate dates using conventional regression
techniques, and using the Nash—Sutcliffe model efficiency>-2 Modelled water depths

measure. The coefﬂuents_ are calcul_at_ed by taking the mOdiﬁsual examination of the thresholded satellite imagery
elled water depth for all pixels containing water on the date

of each image, and comparing them with the water depths ashowed that a blue/red threshold of 2 tended to identify pale

. . . Blue ixels some distance above the transient snow line as
calculated from the Landsat image. Each image is treated as P

. ) ) kes. Sometimes th rred in i-linear f res th
a distinct data set, but we amalgamate the resulting pairs of"’l es. Sometimes these occurred in quasi-linear features that

could perhaps be slush fields in shallow valleys on the ice
water depths (modelled vs. observed) from each date to cal- p. P : Y

. - surface; others, however, were isolated, very small clusters
culate our overall coefficients of agreement to maximise the

sample size. We also use the “weigh®®f value (Krause et of p|x.els with no obwou; topographic control. Thus,_ for the
remainder of our analysis, we adopted a blue/red ratio thresh-
al., 2005), calculated as

old value of 3 to classify lake pixels, and from this determine
[ |b|- R? forb<1 water depths, and lake areas and volumes. Calculated water
wR |: bl-L-R2 forb =1, (1) depth is not affected by this threshold value, however, and
given that lower thresholds only increase the number of very
whereb is the slope of the regression relationship. Weight- shallow pixels around the edge of lakes (as well as the total
ing R? in this way quantifies over- or under-prediction by number of apparently water-containing pixels with no obvi-
the model as well as the overall level of agreement betwee®us topographic control, especially at higher elevations), cal-

modelled and observed depths (Krause et al., 2005). culated lake volume is insensitive to this threshold.
Table 2 shows four measures of model performance as

an estimator of observed water depths for the nine images
across the three years. The years 2001 and 2002, each with
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Table 2. Model performance for different fracture area thresholds (a)

2

(Fav m ) 4r / -40
Year Fa R? Slope wR?2 Nash 3_5!1; ’ 135
(No. of images) o
2001 (4) 1000 0.881 0590 0520 0.749 3’@ 1%

2500 0.894 0.545 0487 0.741

N
<
.

%
g 125
4000 0.889 0.676 0.601 0.828 = S 2001 ——
5000 0.819 0.736 0.603 0.807 g Ll / 2002
7500 0.805 0.792 0.638 0.805 € 2005 ——
10000 0.804 0.867 0.697 0.799 215 / l1s
Inf.b 0.717 1.336 0.537 0.155 § / ?gtf_"l-_:kue”\f;fgl -
3 110

2002 (4) 1000 0.603 0.361 0.218 0.460
2500 0.741 0.615 0.456 0.697

N
o
Total Lake Volume (% of Cumulative Runoff)

4000 0.851 0.854 0.726 0.843 03 1
5000 0.849 0.905 0.768 0.840 0 ‘ ‘ ‘ ‘ g
7500 0.845 0.902 0.762 0.838 20May 9Jun  29Jun 19 Jul 8 Aug 28 Aug
10000  0.928 1224 0.758 0.833 Day of Year
Inf. 0.907 1527 0.594 0.471 (b)
2005 (1) 1000 0.679 0.564 0.832 0.62 100—— : : : : :
2500 0.750 0.651 0.489 0.716 ‘Cum.Lake Vol. — Resid. water Subg. runoff - - ‘
4000-Inf.  As 2500 90r s . s ]
Fa=1000m>— 5000m>—10000m> — \
a\weightedr?; see Sect. 2.4 No drainage events allowed. 80r ) )
E 70f :
& -

_ _ _ o 60 i P
four images spanning early July to early August in 2001, £ sol P |
and late May to early September in 2002, show similar re- 2 f o
sults; the highesk? values occur forF, values of 2500 rh 3 40r e ]
to 4000 n?, but the regression slope shows that the model < 30f o
generally under-predicts water depths for thEggalues. As 20l " ' o |
Fa increases, th&? decreases marginally, but the weighted s
R? value and the Nash—Sutcliffe statistic increase unfiba 1o g ]

20May 9Jun 29 Jun

of 7500 n?, after which they decrease again. The regressior 0 19Ul
slope increases ak, increases, however, reaching a max- Day of Year
imum some way above 1 for an infinite volume threshold, .

which effectively prevents any drainage, and leads to modfigure 2. (&) Modelled evolution of total water storage (as a pro-
elled water depths greatly exceeding their observed valyedortion of total runoff) in Iak_es in comparison with total modelled
The year 2005, with just one image, from 16 June, Shc)Wsrunoff for thg three years discussed in the text, Fgr= 5000 nt. .
different behaviour. Here, increasing, from 10001 to (b) Cumulative lake volume (Cum. Lake Vol.), the cumulative

e, X . . amount of residual water (see text) (Resid. water), and the cumu-
2500 nt results in an improvement in model performance, |5tive amount of runoff which enters the subglacial drainage system

but as F3 is increased more, there is no further change inyia drained lakes (Subg. runoff), all as proportions of total cumula-
model performance. Similar behaviour also occurs for thetive runoff for 2001, forF; = 1000 n?; 5000 n¥ and 10 000 rf.

two early-season images in 2002 — no significant change in

model performance occurs fét higher than 2500 f

8 Aug 28 Aug

later, slower start in melt, but then a generally rapid rise in
3.3 System behaviour for different drainage thresholds  cumulative runoff for much of the season, to reach the high-

est overall total of the three years. In 2001, runoff starts even
Figure 2a shows the modelled evolution of total water stor-later, and rises only slowly until around 10 June, when the
age in lakes in comparison with total modelled runoff for the rate begins to increase to a similar level to 2002 and 2005.
three years, fotF, = 5000 nf. The total volume of runoff Total lake volumes at the end of the melt season are also
produced in the three years is quite similar6(3 3.8 x similar between the three years; around 5% of the total
10° m3), but the seasonal evolution of runoff is quite differ- runoff produced is stored in lakes at the end of the sea-
ent. Runoff begins earliest in 2005, stops, and then beginson. All three years show a peak in storage early in the
again, increasing rapidly te- 30 June, when a cool period season of around 35-40% of runoff, with an initial rapid
slows down the rate of increase until around 20 July, whenfall in 2001 and 2002 to around 15% by 30 May, fol-
runoff production increases again. The year 2002 shows #owed by a slow decrease (but with considerable short-term
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variability) throughout the rest of the melt season. The yeara)
2005 behaves differently; volume as a proportion of runoff 17 sep

increases rapidly, but then decreases sharply once the sho + Fa=1000m? N

early-season runoff period finishes. Once runoff begins agair 229/ | * Fa=5°°°m22 L,

around 18 May, lake volume as a proportion of overall runoff ., | * Fa=10000m . :

increases until around 30 May, when it begins a similar R

downward trajectory to that observed in 2001 and 2002. 19 Julf L };;f
The cumulative lake volume, the cumulative volume of § EMW

runoff which enters the subglacial drainage system via 29Junf T %W

moulins in drained lakes, and the cumulative volume of the | H;ﬁﬂgﬁ

runoff which is not stored in lakes, and which does not en- et

ter the subglacial drainage system through the moulins ir 2o may e

drained lakes for 2001 foF; values of 1000 r 5000 nf ’

and 10000 rhare shown in Fig. 2b. The latter portion could 30 Apry 500 1000 1500

simply run off the surface of the ice sheet, or it could enter Lake Elevation (m)

the en- or subglacial system via moulins that are not con-®

tained with lake basins, or via crevasse fields; it could also be Drainage date

stored within the ice sheets in crevasses which do not pene
trate to the bed or other englacial voids. As stated above, wi
do not model these processes, and we dub this water “resic
ual water” in the rest of the paper. Alteririg has a large im-
pact on the relative proportions of the runoff which remains
in storage on the ice, enters the subglacial drainage systen
or remains as residual water. Very early in the melt season 300}
all threeF; values exhibit similar behaviour; around 35 % of
runoff is stored in lakes, and around 60 % is residual water 40|
(the remainder is stored “in transit”, within slow flow within
the snowpack).

For Fz = 1000 n, the first drainage events occur within Figure 3. (a) Up-ice sheet progression of lake drainage events dur-

~ 3 days of the onset of runoff (15 May), leading to a rapid ;4 2001 for £, = 1000 n? (black) 50004 (red) and 10000
increase in the proportion of runoff entering the subglacial pjye). (b) Spatial distribution of drainage events during 2001 for

system to around 15% by 18 May-(1.8x 10°m3 out of £, — 5000 n?. Adjacent lakes that drain within 24 hours are high-
a total cumulative runoff to date of 6:810°m®), which lighted with red ellipses.

then rises increasingly slowly to around 30 % by 10 June
(4.2x 10’ m3 out of 1.5x 10° m3). Residual water remains
at around 60 % (9.8 10’ m3) of cumulative runoff until this 10000 n%, respectively. Storage within lakes shows a gen-
time. After 10 June, the proportion of runoff flowing as sub- eral gradual decline, but with episodes when the proportion
glacial runoff begins to increase, steadily at first but then atvaries by 3-5 %+ 3-9x 10° m3) over periods of a few days
a decreasing rate, reaching a final value of around 62 % ofparticularly from~ 10 June to~ 20 July), with sudden drops
runoff (2.3x 10° m® out of 3.8x 10° m3). Residual water as  which mark the drainage of individual large lakes. These in-
a proportion of total runoff begins to decrease after 10 Junedividual drainage events are also visible in the time series of
quickly at first but at a gradually declining rate, reaching final subglacial water volume. Final stored proportions -are%
proportions of~ 35 % of runoff (1.3x 10° m3). The propor-  (1.5x 18 m3), and~ 8 % (2.6x 10° m3) of total runoff. To-
tion of water stored in supraglacial lakes decreases at a dital residual water decreases, reaching final values &4 %
minishing rate after the onset of drainage at around 18 May.(2.0x 10° m®) and~ 62 % (2.4x 10° m3).

For F5 of 5000 nf and 10 000 rf, residual water continues The upglacier progression of lake drainage events during
to rise until around 30 May and 9 June, reaching peak val-2001 for F values of 1000, 5000 n¥ and 10000 A is
ues of~ 80 % (3.6x 10’ m3 outof 4.5x 10’ m3) and~85%  shown in Fig. 3a. Fewer events occur with higheéyr val-
(9.0x 10’ m2 out of 1.1x 10® m3), respectively. Subglacial ues, but in all three cases there is a very clear upglacier pro-
drainage begins on 23 May and 12 June, respectively, leadgression of lake drainage events. The gradient of the curves
ing to a decrease in the proportion of residual water, andaround which drainage events cluster is steeper for higher
an increase in the proportion of runoff entering the sub-values ofFj; the need for a higher volume of water leads to
glacial system. This increases steadily at first, and then alater lake drainage at any given elevation, as more time is
a decreasing rate, reaching end of summer values4fi % needed for runoff to accumulate in the lake basins. Interest-
(1.5x 10°m3) and~ 28 % (1.0x 10° m®) for 5000nf and  ingly, clear clustering of drainage events occurs; far=

12 May 03 Jun 08 Aug 30 Aug

11500
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200
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www.the-cryosphere.net/8/1149/2014/ The Cryosphere, 8, 114960 2014



1156 N. S. Arnold et al.: High-resolution modelling of the seasonal evolution of surface water storage

1000 nt, there are two distinct clusters of events around o8

28/29 June, for lakes with elevations of 900-1000 m, and e

second around 14 July at1100 m. Given the smaller total o 0.71 1
numbers of drainage events for highey values, clustering < |
is less apparent but there is still a cluster of drainage event £

around 2 July forF, =5000n? for lakes with elevations § 05 |
around 950 m, and about 5 days later fy= 10000 n?. o

There is also a small cluster of events b= 5000m ‘:." 0.4¢ 1
around 24/25 July, at around 1100 m. Figure 3b shows the £

spatial distribution of lake drainage events for 2001 Age= 2 03 1
5000 nt. Again, the upglacier progression of drainage is very Cg, 02 i
clear; three pairs of lakes withir 5 km of each other drain  §

within 24 h of each other, and several other sets of neighbour g 0.1} 8
ing lakes drain within 2 days of each other (e.g. the pair of &

green lakes in the lower centre of the region, and three of the G, 500 1000 1500 2000
cluster of five yellow lakes just down-glacier from them). Lake Surface Elevation (m)

Animations of the season-long filling and draining of sur-

fce akes for 2001 fofy — 25001, 50001 and 75001A L% &, CTUthe maximum prerta suiace weler storso
are available in the Supplement (Fig. Sla, b and c). P y qregion.

simulates at least some of the physical processes that control

4 Discussion lake drainage events.
The temporal complexity of behaviour exhibited by the

There are three controls on the volume of any given lake; themodel (Figs. 2 and 3) results from the interaction between
size and shape of the depression on the ice surface in whicthe upglacier progression of runoff over the course of a melt
it forms; the volume of meltwater which has flowed into the season, the time taken for lakes to fill to the critical vol-
depression by a particular time, and whether a drainage eventme needed to trigger a drainage event (and the proportion
has occurred (which previous studies have shown may be eief lakes which drain), and the distribution of lakes over the
ther complete or partial). Our finding of a significant coin- ice surface. Figure 4 shows the cumulative maximum wa-
cidence in location between observed lakes and depressiorisr storage on the ice sheet surface with elevation. At lower
in the DEM suggests that the DEM topography is accurateelevations (below~ 700 m), water storage is small; lakes
at the horizontal spatial scales used here, and also at veare relatively few in number, and small in volume. Between
tical scales of 1-10m. The good match between modelled?00 m and~ 1200 m, water storage increases markedly, with
and observed lake depths also supports this. The fact thahe impact of several very large lakes clearly visible. Above
the model performance early in the melt season does not- 1200 m, the rate of storage increase with elevation de-
change withF, values above 2500%rsuggests that the melt  clines, with the exception of one very large lake-at450 m.
model is supplying accurate estimates of water inputs to the Thus, very early in the melt season, runoff is confined to
lakes, but that early in the melt season, the water volumehe lowest elevations on the ice sheet, and largely consists of
drainage threshold plays little role in determining observedresidual water which probably runs off supraglacially. Lakes
lake volumes as very few have collected sufficient meltwa-close to the margin begin to fill with water. They are rela-
ter to reach a drainage threshold; their volumes are effectively small, however, and even for low values Bf, many
tively melt-limited. Later in the melt season, however, the do not drain; those which do reach their critical volume reach
drainage volume threshold plays an increasingly importanthis volume, and therefore drain, within a few days. Drainage
role in determining which lakes drain, and when. Too low a of these lakes therefore begins to limit the total proportion of
threshold allows lakes to drain too quickly and at too smallrunoff available as residual water for the runs with |&w
a volume; too large a threshold means that lakes drain towalues; at higherF, values, these lakes fill and then over-
late, and reach too high a volume. Our findings suggest thatop their margins, giving a greater portion of residual wa-
F, values of around 4000%to 7500 n? times the local ice  ter. For low F, values, the proportion of water draining sub-
thickness produce the best match, although there is no paglacially begins to increase early in the melt season, but at
ticular value which emerges as the overall best-fit value, asigher F, values, water continues to accumulate on the sur-
the different measures of model performance suggest differface, or forms residual water.
ent optimum values. However, the fact that this behaviour As the season progresses, the proportion of runoff stored
occurs in both years with good seasonal image availabilitywithin lakes decreases, as total lake volume is limited by the
suggests that the water volume drainage threshold effectivelgize of the depressions themselves, or by water entering the
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subglacial drainage system through drained lakes forigw bed, but the “moment” of drainage could be triggered by flex-
value runs. At some point, however, drainage events begin taral stresses associated with a nearby drainage event once
occur at higher values df, for the larger lakes found higher the lake was “primed” with sufficient water. The clear up-
on the ice sheet. Thus, the proportion of subglacial runoffglacier progression of drainage observed in all of the remote
begins to increase in these runs; storage in lakes continuesensing-based studies, and the need for at least one lake in
to decrease, but with periods when storage increases as largeregion to drain “spontaneously” in order to trigger other
lakes at higher elevations begin to fill, and with “step” de- drainage events, also seems to support some form of water
creases marking the drainage of these larger lakes at their volrolume threshold as a condition for lake drainage.
ume thresholds. Residual water begins to decrease as more
runoff enters the subglacial system through lakes that have
drained. The most active period of lake filling and draining 5 Conclusions
occurs between around 10 June and the end of July; after this
time, lake drainage events become fewer, but still occur intaln this study, we have applied a linked surface mass
mid-August. Generally, most lakes which could drain — i.e. balance/supraglacial water flow/lake drainage model to a
where the potential maximum water volume (determined by3600 kn¥ region of the Greenland Ice Sheet (GrlS).
the topography) exceeds the volume threshold (determined Our research suggests that the current generation of high-
by F, and the local ice thickness) — have drained by the mid-resolution DEMs available for the GrIS are sulfficiently ac-
dle of August; water volumes in the lakes at higher eleva-curate to enable the prediction of potential supraglacial lake
tions are limited by the small amounts of runoff which occur positions and extents. In particular, it seems unlikely that
at high elevation, so drainage events at higher elevations arthe data used to derive the GIMP DEM systematically in-
rare. cludes “full” lake surface elevations within it, as the depres-
The clear upglacier progression of lake drainage eventsions within the DEM produce realistic water depths when
(Fig. 4) is driven by two factors; the upglacier progression compared with remotely sensed imagery. This is almost cer-
of melting at the onset of the melt season (linked to the gen+tainly a result of the wide range of data sources used in the
eral trend for lower runoff at higher elevations), which leads compilation of the DEM (Howat et al., 2014), and suggests
to later and smaller inputs of water to lakes at higher eleva-that this broad-based approach is very effective at capturing
tions, and the overall trend for thicker ice in interior parts of small-scale topographic variations on the ice sheet surface,
the ice sheet, which leads to higher water volume thresholdsertainly at elevations up to around 1500 ma.s.l.
for higher-elevation lakes. The clustering of lake drainage The overall pattern of behaviour produced by the model
events is interesting, however. Fitzpatrick et al. (2014) havematches that found in other observation-based studies, and
observed clustering of drainage events in the Russell Glaciematches well with observed water depths in our study area.
region and argue that this suggests that some form of synThis suggests that our surface mass balance (SMB) model
optic trigger mechanism, based on the seismic and velocityand surface routing and lake filling (SRLF) model performs
response of the ice sheet to an “initial” event, could trigger sufficiently well to provide realistic water inputs to lakes over
additional, nearby drainage events, and that a lake-volumea wider area of the ice sheet than has been investigated in
based drainage trigger seems unlikely. However, our modeprevious studies (Banwell et al., 2012a, b, 2013).
results suggest that a lake volume threshold can lead to clus- When linked to a water volume threshold-based surface
tering of drainage events; lakes in a given area will receivelake drainage (SLD) model, the combined glaciohydrolog-
broadly similar meltwater inputs (due to the relative spatialical model (G-Hyd) is capable of producing good agree-
uniformity of runoff across a relatively flat ice sheet surface ment between modelled lake extents and observed lake ex-
with quite uniform albedo and surface energy flux at scalestents from remotely sensed imagery during three melt sea-
of ~1km to ~10km), and will also have broadly similar sons (2001, 2005 and 2005), and reproduces the overall up-
ice depths beneath them, and so will have similar volumeglacier trend in lake filling and drainage commonly observed.
thresholds for drainage. Lakes with unusually early (or late)The model results suggest that the water volume threshold
drainage dates (given their elevation) occur where the locaheeded to trigger lake drainage is somewhat higher than that
ice thickness is lower (or higher) than the average for that elsuggested or used by previous studies that have used volume-
evation, or where the supraglacial catchment feeding the lakéased thresholds (e.g. Clason et al., 2012; Banwell et al.,
is unusually large (or small). 2013). We find the best model performance for inferred frac-
Of course, our results do not rule out the “triggering” of ture areas of between approximately 40G0and 7500 rA
drainage events by other nearby events, but they show thatmes the local ice thickness. However, no clear “best fit”
clustering of drainage events does not rule out a volumevalue emerges, as different measures of model performance
based trigger for the drainage of individual lakes either. Inproduce different optimal values.
many ways, some combination of both effects would seem The model results indicate that whilst a linear relation-
most likely; a lake would most probably need some thresh-ship between the water volume threshold and ice thickness
old volume of water in order to create a hydrofracture to theis undoubtedly a simplification, the volume threshold needed
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for drainage must vary with elevation (and by inference, degree of accuracy. In future, models of this type will be able
ice thickness). Early model experiments with fixed drainageto provide the key surface water input estimates which will
threshold across the model domain showed that low threshsubsequently permit more effective modelling of the impact
olds were needed to allow for drainage of the small lakesof subglacial hydrology on ice dynamics.
near the ice margin, but these low thresholds prevented lakes ] o ] )
higher on the ice sheet reaching the areas and depths comhe Supplement related to this article is available online
monly observed in satellite imagery, as these lakes wouldt d0i:10.5194/tc-8-1149-2014-supplement
drain much too quickly. By contrast, a high threshold (which
allowed these lakes to reach observed areas and depths)
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