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Abstract. Supraglacial lakes represent an ephemeral storagé Introduction

buffer for meltwater runoff and lead to significant, yet short-

lived, episodes of ice-flow acceleration by decanting large

meltwater and energy fluxes into the ice sheet's hydrologicaMeltwater runoff from the Greenland Ice Sheet (GrlIS) has
system. Here, a methodology for calculating lake volume isincreased since the 196adgnna et al.2003 and has been
used to quantify storage and drainage across Russell Glacigfnked to seasonal ice-flow variability through basal hydro-
West Greenland, between 2002 and 2012. Using 502 MODIg0gical forcing €wally et al, 2002 Joughin et al. 2008
scenes, water volume at 200 seasonally occurring lakes Van de Wal et a).2008 Bartholomew et a).2010. Horizon-
was derived using a depth—reflectance relationship, whictal and vertical ice surface motion lags peak daily melt and
was independently calibrated and field validated against lakéeSponds to rapid supraglacial lake (SGL) tapp@epherd
bathymetry. The inland expansion of lakes is strongly corre-et al, 2009 Das et al. 2008 Doyle et al, 2013. Further-
lated with air temperature: during the record melt years ofmore, the spatial pattern of seasonal flow acceleration coin-
2010 and 2012, lakes formed and drained earlier, attainingides with the development of ice sheet surface hydrology
their maximum volume 38 and 20 days earlier than the 11 yr(Palmer et al.2011 Fitzpatrick et al. 2013 where SGLs
mean, as well as occupying a greater area and forming Hplay a vital role via temporary storage and routing of surface
higher elevations (> 1800 m) than previously. Despite occu-meltwater. SGLs, which are prevalent across the entire GrIS
pying under 2 % of the study area, lakes delay the transmis(Selmes etal., 2011), also drain rapidly via hydraulic fracture
sion of up to 7-13% of the bulk meltwater discharged. Al- Propagation in~2h (Das et al. 2008 Doyle et al, 2013,
though the results are subject to an observational bias causd@ming moulins that provide a direct hydraulic connection
by periods of cloud cover, we estimate that across Russefi0 the ice sheet bed. Previous studies on SGLs have quanti-
Glacier, 28 % of supraglacial lakes drain rapidiy4 days).  fied spatial and temporal variations in SGL area across dif-
Clustering of such events in space and time suggests a syhérent sectors of the GrlS (e.Georgiou et a.2009 Sundal
optic trigger mechanism. Further, we find no evidence toetal, 2009 Selmes etal2011 Liang et al, 2012, and have

support a unifying critical size or depth-dependent drainageeStimated their volume (e.gox and Skj 2007 Sneed and
threshold. Hamilton 2007, whilst others have attempted to model SGL

evolution (e.gLuthje et al, 2006 Banwell et al, 2012 and
measure lake-bed melt rafBedesco et a12012. The extent
to which temperatures correlate with melt volume and SGL
storage remains unclear. Additionally, modelling studies (e.g.
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Fig. 1. (a) The location of all the SGLs within the study area between 2002—-2012, coloured by their recurrence. The location of the AWS,
gauging station and calibration lakes (lakes F and Z) are shown in addition to the supraglacial hydrological network, based on manual
digitisation of LANDSAT and ASTER imagery between 2009-2012. The boundary of the defined Russell Glacier catchment is also shown;
(b) a comparison of the catchment boundaries used in this study with those of previous stadiés (et al. 2012 Palmer et a].2011%,

Mernild and Hasho]t2009 Bartholomew et a).201% Chandler et a).2013 Cowton et al.2013, overlaid onto a Landsat 7 image from July

2012.

Clason et a].2012 Banwell et al, 2012 infer the existence for calculating changes in SGL volume during these years
of a volumetric threshold beyond which rapid lake drainageand compare them with longer term patterns derived over the
is inevitable, however this has yet to be validated by field period 2002—2012.
observations.

We investigate the seasonal evolution of SGLs over Rus-
sell Glacier using 11yr (2002-2012) of quasi-daily lake vol- 5 Study area
ume estimates. This period includes extremely warm years

when melt records were seighiem et al, 2012 Tedesco  Ryssell Glacier is an ideal region to investigate SGL dynam-
et al, 2013, and therefore provides an opportunity to deter- jcg a5 this sector of the GrlS accounts for the highest areal
mine how the evolution of SGLs are modulated by regional gytent of SGLs across the ice sheselmes et a).2011).
climatic forcing. The year 2010 was the warmest on recordrpe study area covers 6500 kn? of the western GrIS be-
(Cappelen et al2012 Box et al, 2010, 2.5 standard devi-  tyeen 66.8 and 6753, centring on Russell Glacier and ex-
ations above the 1973-2010 average in West Greenlamd (- tends from the ice margin to 2000 m elevation 150 km

As et al, 2012. Temperatures for April, June and July in jnjand, Fig.1), and is hereafter referred to as the “Kanger-
2012 also rank amongst the warmest on rec@dppelen  |yssyaq sector” of the GrlS. For hydrological impact assess-
et al, 2019, resulting in the second warmest summer (after ment, this region benefits from a long-term meteorological

2010) and the largest spatial extent of melt as yet on recorqecord obtained from a transect of six automated weather sta-
(Nghiem et al,2012. We present a field calibrated algorithm jons extending well above the local equilibrium line altitude
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to 1830 m yan As et al, 2012 van de Wal et a.2012 and  water, and final SGL classification was subsequently carried
bulk proglacial discharge gauged near a bridge across Watut on pixels which had band 6 reflectance of less than 0.15
son River, Kangerlussuag, since 208fagholt et al.2013. consistent wittBox and Ski(2007).

(b3—b1)
NDW| = —— 1
3 Methods b3+ b1 (1)

To investigate supraglacial lake dynamics, we extracted o

lake area, depth and volumes from 11yr of daily-acquired3-2 Depth and volume estimation

MODIS imagery. The following sections detail the methods,

limitations and uncertainties of this technique. The methodsMethods for calculating the volume of water contained in
for deriving ancillary data (surface runoff data and proglacial SGLs from satellite imagery have been established based on

discharge) and their spatial coverage are discussed. the principles of light transmission through water. Lake re-
flectance in MODIS band 1 reduces exponentially with depth
3.1 Calculating lake extent allowing a depth-reflectance function to be extract@dx(

and Skj 2007). However, other studies have used a physi-

SGL areas were calculated using multitemporal Moderatecally based retrieval to derive depth based on lake bottom
Resolution Imaging Spectroradiometer (MODIS) imagery albedo using the Bouger-Lambert—Beer law and applying
from the Terra satellite. We used the level 2, MODQ9 prod- the technique to ASTER scenes providing estimates of lake
uct, which provides ungridded swaths of atmosphericallyvolume Sneed and Hamiltqr2007). Numerically modelled
corrected, calibrated and geolocated surface reflectancelepths using this technique were subsequently validated with
MRTSwath version 2.2https://lpdaac.usgs.gov/todplsvas in situ measurementsSfieed and Hamiltqr2011;, Tedesco
used to convert the atmospherically corrected MODO09 landand Steiner2011).
product from HDF swath format to a geographically refer- In this study we opt to calculate lake volume using an
enced gridded image using the corresponding MODIS levelempirically derived depth—reflectance relationship. This re-
1B 1 km geolocation file for each image (MODO3). Although lationship was calibrated using bathymetry data of two SGLs
the region experiences 24 h daylight in summer, illuminationsurveyed in July 2010, referred to here as lake F (6M)O0
conditions alter with changing solar zenith angle, therefore48.7 W) and lake Z (66.96N, 48.78 W) (Fig. 1a). On 26
scenes used in this study were restricted to those captured dune 2010, lake F was instrumented with water level sensors
nadir. Scenes covering the entire melt season were obtaineghd on 29 June the lake perimeter was surveyed using a Le-
from 2002 to 2012 from day of year (DOY) 121 (1 May) to ica System 500 Global Positioning System (GPS) receiver
DOY 274 (30 September). differentially corrected against a bedrock-mounted reference

Previous studies classified supraglacial lakes in MODISstation. Following lake drainage on 30 Jurigoyle et al,
imagery using manual digitisatiomMgMillan et al,, 2007, 2013, six elevation transects were surveyed over the lakebed
Lampkin and Vanderber@011), band thresholdsBpox and  using the GPS recording a location point every second. The
Ski, 2007 Liang et al, 2012, and object-orientated ap- combination of lake bathymetry and depth time series al-
proaches$undal et al.2009 Johansson et aR013. Here,  lowed for shoreline reconstructiob¢yle et al, 2013. The
we opted for a semi-automatic strategy to classify SGL ex-second, undrained lake was surveyed by mounting a depth
tents, using a modified normalized difference water indexsounder (Garmin X10) and GPS receiver (Leica System 500)
(NDWI) (Huggel et al.2002 Yang and Smith2013 Eq.1) on an inflatable raft, whilst the perimeter was surveyed using
and freely available RSGISlib softwaret{p://www.rsgislib.  a similar GPS set-up. The depth sounder has a stated accu-
org). Before classification, MODIS bands within the visible racy of+0.1 m. The GPS transect data and the extrapolated
spectrum (0.46 to 0.57 um; bands 3 (blue) and 4 (green)margins for both lakes were interpolated onto a 10 &0 m
were sharpened from 500 m to 250 m resolution, using thegrid using kriging interpolation to yield lake bathymetry
ratio of bands 1 (red) at 250 m and 500 m resolution (L. Gum-maps (Fig.2). Lake perimeter measurements were overlain
ley et al., http://earthdata.nasa.gov/sites/default/files/field/on MODIS imagery from corresponding days. MODIS pix-
document/MODIS_True_Color.pdfThe approach for iden- els that contained more than 50 % water were accepted as
tifying water cover was to isolate regions with a high re- lake pixels, constraining the minimum and maximum band
flectance in the blue spectral band (band 3), utilising theirthresholds for water. SGL bathymetries (FR&).were inter-
striking colour contrast against the surrounding ice. Threshpolated to 250 m resolution to match the MODIS band 1
olds for both red and blue bands were used in combinationresolution, so that data could be extracted and plotted to re-
with the NDWI threshold to reduce misclassification of pix- veal the relationship between depth and surface reflectance
els with spectrally similar signals to SGLs. A cloud filter (Fig. 3a). FollowingBox and Ski(2007), we approximated
was also included in the classification using MODIS band 6the relationship between depth and surface reflectance using
(1628-1652 nm) which is sensitive to solid and liquid phasea least-squares fit, where D is depth and R is MODIS band 1
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The equation used in this study differs slightly to the one used
by Box and Ski (2007) in that lake depth has a shallower
upper and lower limit in relation to values of low and high
reflectance respectively. This refinement is a result of our
lake bathymetry measurements. Equatigywfas applied to

all pixels classified as water across the study region to yield
depth estimates, which were subsequently integrated over the
SGL area to calculate water volume.
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Surface runoff data were derived from a surface energy MODIS-derived lake depth (m)

balance model using A_‘WS measurements ar!d IVIODISFig. 3. (a) Lake F and Z MODIS band 1 reflectance vs. depth
(MOD10AL1 product) derived surface albedo as inpin( i pest fit curve;(b) the relationship between lake area esti-
As et al, 2012. The model iteratively searches the surface mates derived from manually digitising 15m resolution panchro-
temperature for which the energy fluxes are in balance. Whematic LANDSAT 7 images and the automated MODIS classifica-
this fails due to a limiting melting-point temperature, the sur- tion; and(c) the relationship between independently measured lake
plus energy yields snow or ice melt. Model input data weredepth for 3 SGLs and modelled lake depth using the MODIS depth—
interpolated to 100 m elevation bins to determine the dis-reflectance relationship.

tributed melt patterns in the region. Model uncertainty for

runoff totals was calculated to be between 6-14&n(As ] )
etal, 2012. Hasholt et al(2013 catchment was edited, ensuring that the

Discharge measurements were recorded at a gauging stgatchment boundary did not cross streams, and i_nstead en-
tion near the bridge crossing the Watson river at Kangerlus£ompassed the stream network for each lake (Egand
suaq (Fig.1a). Discharge was derived using pressure trans)- For comparison, catchment boundaries filéamer et al.
ducers and a stage—discharge relationship, and at high stage&913, van As et al.(2012, Memild and Hashol(2009),
with an acoustic doppler current profileHgsholt et al. ~ Cowton et al(2013 and Chandler et al(2013 are shown

2013. The catchment described iasholt et al(2013 has in Fig. 1b. Lake volume losses using data from the Kanger-
been refined in this study. The new catchment outline, herelUSsuad sector of the GrIS and a subset of the lake database

after referred to as the Russell Glacier catchment (Eig. within the Russell Glacier catchment were compared to pro-

and b) was derived by manually digitising the locations 9lacial discharge.
of all major supraglacial streams using panchromatic (15m

resolution) and multispectral (30 m resolution) ASTER and

LANDSAT images between 2009-2012. Multiple images ac-

quired at different times in the melt season were used to map

streams in each year to maximise coverage of the network.

Using this map of the supraglacial hydrological network the
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3.4 Uncertainty estimation 3.5 Limitations
3.4.1 Area 3.5.1 Cloud Cover

We evaluated the accuracy of the classification by comparx ey limitation to monitoring SGL evolution is the temporal
ing the area of individual SGLs extracted from MODIS data 4 spatial continuity of available imagery. Cloud cover pre-
with a SGL area data set derived from finer spatial resolution,gnts the daily monitoring of SGLs and therefore the forma-
(15m) panchromatic LANDSAT ETM+ images. In total, 62 (o and drainage of some SGLs could have been missed. To
lakes (free of surface ice) were manually digitized from four jimjt the impact of clouds, SGL classification was only car-
panchromatic LANDSAT ETM+images from different years rjeq gyt on pixels that had a MODIS band 6 reflectance value
and at different stages of the melt season (26 June 2008, 14 |ess than 0.15, consistent wiBox and Ski(2007). Fol-
July 2004, 20 July 2005, 8 August 2006). The comparisonqing automatic classification, images were manually in-
shows a strong agre_emeznt between the two data setsStHig. gspected for cloud cover, and images which contained cloud
with strong correlation/(" = 0.97) and a root mean square iyt ghscured the view of lakes were removed from the data
deviation (RMSD) of 0.14 kiy comparable with previous et This removal of cloudy images reduced the false posi-
studies (e.g. 0.11 k?m.SeImes et al.2011 and 0.22 ki, tive identification of lakes due to cloud shadows, which in
Sundal et al.2009. This RMSD value was multiplied by the - some cases have spectrally similar signatures to optically
number of SGLs occurring each day to provide error marginsjeep |akes. Although images included in the classification
for total SGL area estimates. o were selected when the Terra satellite was at or near nadir, the
The minimum area of any individual SGL identified from  c)anging solar zenith throughout the course of the melt sea-
MODIS images is restricted by pixel size (0'0625%"1. son meant that cloud shadows were present on some images.
thereby introducing potential bias in total lake area and itsty gliminate this potential error each image was manually
size distribution. Previous work using higher resolution prod- -necked for the presence of clouds and their shadows. Fur-
ucts calculated that small lakes 0.1 k”_‘z) accountfor12%  hermore, given that optically thin clouds reduce reflectance
of the total lake area based on analysis of a single mid-seasag,|yes in the red band — on which the depth reflectance func-
ASTER image $undal et al.2009. In our study SGLs  jon is applied — the removal of cloud-covered images is es-
smaller than 0.0625 kfrwere identified from a LANDSAT  ganiial to accurately and consistently derive lake volumes.
ETM+image (26 June 2008), indicating that they account for o4 cover therefore limited the number of images used to
7.5% of the total SGL area at this time. From the same im-g, 51, ate SGL evolution each year (denoted asFig. 4) and
age, 11.1% of SGLs were found to be smaller than 03 km this constraint may introduce bias when identifying rapidly
in line with theSundal et al(2009 study. draining lakes. To identify such lakes we selected a four-day
threshold as it provided the optimal interval for identifying
fast draining lakes on a data set characterised by intermittent
gaps due to cloud cover.

3.4.2 Volume

Depth surveys were undertaken on two SGLs located to th
north of the study area on 14 and 15 August, 2005, referred

to as Lakes A and B iBox and Ski(2007), and on Lake 3-2-2 Prolonged blackout

Disco on 22 July and 8-9 August, 2007. The results of these )

surveys were overlain on the corresponding MODIS derivegEXtended periods of cloud clover, termed blackouts, repre-
depth maps enabling comparison (F8g). There is good sent a problem for the analysis of lake drainage patterns as

agreement between the MODIS-derived depth and the raftVe are unable to qu.antify.the amount qf water stored in lakes
measured depth-{ = 0.79, RMSD = 1.47m). To calculate which fprm and drain dqrmg these periods, therefore our re-
percent volumetric error, the point measurements from LakeSults Will likely underestimate lake storage and loss. During
Disco surveys were gridded and interpolated onto a 10 nft prolonged blackout penod W|_th con5|_stent cloud cover the
grid, with the lake margin delimited from a Landsat 7 im- degree of surface melting and its contribution to lake forma-
age acquired on the 8 August 2007. Th& 9 10-3km? tion and expansion is unknown, an mhergnt limitation of th|§
calculated SGL volume agrees within 15 % of the volume study. However, given that the average |If? cycle Qf alake is
from MODIS from 22 July (113 x 10-3kmd) and 8-9 Au- 10 dayg, we note only 13 blackout periods which extend
gust (110 x 10-3 kmS3) 2007. A further comparison between beyond this time frame_ between the s_tart of May and the end
the recorded volumes of Lakes A.{# 10-3km?) and B of August, over the epure 11yr anaIyS|_s. Even given ap(_arfect
(7.8 x 10-3km3) from Box and Ski(2007), and the esti- fjata set,_ an gncertamty exists rega_rdlng lakes loss/gain dur-
mated volumes using the method described in this study"d the time interval between satellite passes and hence re-
(5.9 x 103km3 and 67 x 10-3km®) reveals a volumetric sults of this analysis must bg considered minimum estlmgtes
difference of 15.6 % and 13.7 %, respectively. of area and volume. Analysis of supraglacial lake evolution
using optical satellite imagery will always face the problem
of blackout periods due to cloud cover and is therefore a
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Fig. 4. Total lake volume within Kangerlussuaq sector of the GrlIS (blue), Kangerlussuaq air temperature (red), surface melt (green) and

proglacial Watson River discharge (black) between 2002—-2012. Only monthly average air temperature data is currently available for 2012.
Surface melt rate and Watson River discharge are only shown for years when data are available. The number of cloud-free observations o
SGLs (denotea) per year is given.

key limitation of the method. Although some studies havereflection function itself limits the accuracy of the volume re-
demonstrated the use of SAR data for monitoring lake evo-sults as it relies on accurate calculations of atmospherically
lution due to its ability to penetrate clouds, it is not on its corrected surface-reflection and bathymetry measurements.
own a replacement, due to its poor temporal coverage anérevious remote sensing studies have presented lake area es-
can only be used to complement other visible—near infraredimates (e.g. Selmes et aJ.2011), but Liang et al.(2012
data sets. Despite the restrictions imposed by cloud cover ando a significant step further by using a first-order, conical
relatively low spatial resolution MODIS imagery remains the lake area to volume approximation to derive lake volume es-
best source of data available for monitoring SGL evolution. timates.
Tedesco and Stein€011) compared MODIS (band 3 and

3.5.3 Classification band 4) and LANDSAT (band 1 and 2) derived lake depths

o o . using the method oBneed and Hamiltor§2007) with in
The classification we applied is sensitive to the presence of;;\, measurementdedesco and Stein€201]) revealed that
water and does not'identify Iakes covered by floating ice O"MODIS band 3 and 4 tends to overestimate and underesti-
snow. Therefore using our technique, lake area and volume, 56 ake depth respectively when compared to in situ data.
will k_)e und_erestlmated in regions or seasons with a high ProHere we used MODIS band 1 to derive lake depth because it
portion of ice/snow-covered lakes. is more sensitive to water depth than bands 3 arBok @nd
Ski, 2007). To calibrate the relationship between reflectance
and depth, we used bathymetry data from deeper lakes (up
The accuracy of the volume calculation relies on the cali-©© 16m, Fig.2) than Tedesco and Steind201]), whose
brated lake depths being representative of the whole SGic@libration lake had a maximum depth of 4.55Tedesco

population. Lakes deeper than our calibration lakes may ex&nd Steine(201]) also found differences between the depth

ist elsewhere on the ice sheet: the maximum depths of lake¥alues derived from MODIS on board TERRA and AQUA,
F. Z, A, B and Disco were 16m, 16m, 11.5m, 10m and With values estimated by MODIS on TERRA being closest

15.2 m, respectivelyBox and Ski(2007) note that there is to those estimated by Landsat and measured in situ. On this

a cut-off to the depth-reflectance relationship, beyond whicH?@sis we only used images from the TERRA satellite to de-
increased depth fails to reduce pixel reflectance. The depthlve depth estimates. We also acknowledge the limitations of

3.5.4 Depth-reflectance technique

The Cryosphere, 8, 107421, 2014 www.the-cryosphere.net/8/107/2014/
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Fig. 5. Lake volume loss within the Kangerlussuag sector of the GrlS and Watson River discharge between 2007 and 2011. The drainage
date and elevation of rapidly draining SGLs are also shown (black crosses). The red arrow illustrates an example of lake drainage coinciding
with a peak in proglacial discharge.

deriving volumes from mixed pixels, for example at the lake The largest individual SGL volume was 0.038%an 14 July
margins, where the presence of ice lowers the overall pixeR011 (DOY 195), during the second warmest July on record.
reflectance leading to an underestimation of lake depth and Intra-annually, the timing of lake formation, periods of
hence volume. peak storage (Figd) and lake-drainage events (Fif). are
highly variable, but it is clear that during high melt years
(2010 and 2012), formation and drainage occurs much ear-
lier in the season (regional maximum volume gy, was at-
tained 38 and 20 days earlier than the 11 yr average) than in

comparatively low melt years (e.g. 2002 and 2006; Fgs.
Our aggregate data set reveals that an average of 200 SGlsnd 6a). The average maximum extent of lakes between

(> 0.0625kn¥) are observed each year within the 650Ckm 560> ang 2012 at each 200m elevation interval illustrates
Kangerlussuaq sector of the GriS (Fitg). However, the a4 smaler lakes tend to form at lower elevatioasi000 m,
total num_bgr of lakes varies from year to year (one Stan'Fig. 6b). There is also large inter-annual variability in the
dgrd deviation, 20 lakes) ar_1d 21% reoccurred annually fraction of rapidly draining lakes (defined here as those tap-
(Fig. 1a). Mean area of an individual lake was 0.68%m ping within a 4 day period), with 28 % of lakes classified
but they can grow as large as 8.2(66.92 N, 48.15W). ;¢ g ich since 2002 (Fige). There is no obvious correla-
SGLs formed 21 days earlier in 2010 compared to the 11ygjq, yith surface runoff, although the peak number of rapidly
mean, with small lakes forming at low elevations by 9 May tapping lakes did occur in the peak melt year (2012). How-

(Fig. 4 and Table1). The maximum total volume of SGLs at ' o0r in record warm years, characterised by a greater number
any one time between 2002 and 2012 occurred on 23 JUNGt cloud free MODIS images, it is possible that a sampling

2012 (DOY 175) when over 0.25 Kirof water was stored pia < i introduced: that the greater number of rapid draining

across the Kangerlussuaq sector of the GrIS coincident meGLs identified is a consequence of more complete temporal
the warmest month in four decade3appelen et al2012).

4 Results

www.the-cryosphere.net/8/107/2014/ The Cryosphere, 8, 107224, 2014
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Table 1. The date and day of year of maximum total lake volumen{dy across the study region and maximum individual lake volume
(Lvmay) between 2002 and 2012. The day the first SGL was observed, the number of days SGL were present and the elevation of the highes
SGL (> 0.1km?) is also given.

Year Dayof Dateof Twax Dayof Dateof Lynax Day of Number of days Highest SGL
TVmax TVmax (KM  LVmax Lvmax (km3) first SGL SGLs present (0.1 km?) elevation

2002 192 11Jul  0.1369 192 11Jul 0.0184 157 108 1661
2003 199 18 Jul  0.1496 203 22 Jul  0.0281 151 108 1660
2004 199 17 Jul  0.109 237 24 Aug 0.0231 151 90 1698
2005 207 26 Jul  0.144 217 5Aug 0.0305 155 80 1706
2006 206 25Jul  0.0958 236 24 Aug 0.0155 131 125 1652
2007 193 12 Jul 0.1844 191 10Jul 0.0297 165 84 1757
2008 221  8Aug 0.1451 221  8Aug 0.0273 148 96 1697
2009 196 15Jul  0.0938 197 16 Jul 0.0112 154 98 1689
2010 156 5Jun  0.0896 192 11 Jul 0.0241 129 138 1790
2011 195 14 Jul  0.1546 195 14 Jul  0.038 159 87 1827
2012 174 22 Jun 0.2522 187 5Jul  0.024 150 103 1826
Mean 194 13Jul  0.142 206 25Jul  0.0245 150 102 1724

coverage. For example in 2012, 67 images were used, 48 % Seasonal patterns of SGL meltwater storage closely cor-
greater than the 2002-2012 mean. In all years, SGLs tend teelate with melt rates derived from an energy balance model
form and drain at progressively higher elevations throughout(van As et al. 2012 for 2009/10 (Fig4). Peaks in surface
the melt season consistent with previous work (&gMil- meltwater runoff and storage in lakes generally precede in-
lan et al, 2007 Liang et al, 2012 Doyle et al, 2013. Using creases in discharge recorded from the Watson Riar As
2010 as an example (Figa), lakes can be seen storing and et al, 2012 Hasholt et al.2013. Volume lost from lakes was
draining meltwater within five elevation bands. During 2010, compared to peaks in the river discharge record to determine
83 % of SGL volume was lost in lakes located between 1000f specific SGL-drainage events can be identified (FHp.
and 1600 m elevation (Fi@gb) with only 9% and 7 % of wa-  Our results indicate that SGL drainage does coincide with
ter lost from lakes below 1000 m and above 1600 m elevationshort-term perturbations in Watson River discharge, provid-
respectively. ing tentative evidence for the impact of changing supraglacial
Although most lakes form in the same locations eachwater storage on catchment-wide hydrology.
year, there is significant inter-annual variability in the max- Lake-drainage maps (Fid.0) illustrate the seasonal lake
imum areal extent of SGLs within each 200 m elevation evolution, highlighting the spatial and temporal variations of
band (Fig.9a). The maximum areal extent of lakes during rapidly (< 4 days) draining and relatively slow-(4 days)
relatively high temperature summers was 158km2003,  draining lakes. In general, SGLs within the study area fit con-
154 kn? in 2007, 136k in 2010, 160km in 2011 and sistent drainage patterns each year, remaining rapid or slow
160 kn? in 2012, significantly larger than in other years. For draining and not switching between years. There is no ob-
example, SGL maximum areal extent was 40 % greater in thevious relationship between lake size (volume/area) and its
record melt year of 2012 compared with the low melt yeardrainage mode; fast or slow. In some parts of the study area,
of 2006. Furthermore, during 2012 lakes occupied a largeiSGLs were observed to drain in clusters, i.e. lakes within
area (49 %) above 1400 m (96.6 Knthan in previous years close  6km) proximity were observed to drain on the
(11yr average of 64.7 kf) (Fig. 9a). The years 2003 and same day or within a couple of days of each other (EL,
2007 gave the second and third highest elevation lake extentgossibly impacting on the proglacial discharge hydrograph
above 1400m a.s.l.,, 33% and 25% greater than the 11 y(Fig.5).
mean, respectively. The maximum areal extent of lakes above
1400 m for each year in the period 2002—-2012 was compared
with mean monthly temperatures of June and JGlggpelen 5 Discussion
etal, 2012, revealing a positive correlation{= 0.78) sup-
porting findings of SGLs forming at higher elevations in the 5.1 Inland expansion of supraglacial lakes
highest temperature years (Figh). With the exception of
the lower temperature 2002 and 2006 melt seasons, there I3sing a field-calibrated and independently validated depth—
a significant temporal trend in both lake volume loss and thereflectance function, we tracked the area and volume of
maximum elevation of lakes over the last decade (Figf). 200+ 20 individual SGLs in 11 melt seasons (2002—-2012)
across the Kangerlussuaq sector of the GrIS (Rigs/a and
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Fig. 6. (a) Cumulative lake volume loss within the Kangerlussuaq sector of the Grigtgndean areal extent of SGLs binned at 200 m
elevation intervals between 2002-2012.

10). The recurrence of SGLs in the same positions each yeato fill (Fig. 6b). The total number of SGLs within any year
(Fig. 1a) is in agreement with previous workiffomsen etal.  shows no relationship with Taax and Lvinax (Fig. 7b, c). For
1988 Echelmeyer et 811991 and indicates that the lakes do example in 2012, 200 lakes were observed, howevef, TV
not advect down-glacier with ice flolkampkin and Vander-  was 80 % greater than the 11yr mean, and SGLs formed at
berg(2011) andSergienka2013 demonstrated that ice sur- higher elevation than in all previous years (Figl). Lake
face topography is coupled to underlying basal topographyarea varies with elevation, with smaller lakes forming at low
confirming that most SGLs form above the same subglacia(< 1000 m a.s.l.) and high elevations (600 m a.s.l.), and
basins each year. Within our study area, the persistent SGL&he largest lakes forming in between (F&h). The major-
(21 % of the population) are preferentially located away fromity (84 % in 2010) of water stored in lakes occurs within the
the fast-flow units as identified lgalmer et al(2011). 1000-1600 m elevation band (Figb), reflecting the effect
The largest lake area observed within the study area wasf ice sheet hypsometry on lake morphology. We speculate
8.25 kn?, coinciding with a maximum volume of 0.038Bm  that steeper slopes and crevassing associated with fast flow
comparable to findings box and Ski(2007), although at lower elevations within this regiorP@lmer et al.2011;
larger lakes have been observed in other studies (1628 kmFitzpatrick et al.2013 prevents lakes from growing as large
by Selmes et al(2011)). On average, the maximum volume before drainage occurs. At higher elevations (above 1600 m),
of any single lake (Lmax) occurs on 25 July (DOY 206), lower temperatures and the shorter melt season limits melt-
~ 12 days after the regional maximum volume {Ey) (Ta- water availability and lake growth. However, SGL expansion
ble 1; Fig. 4) because larger (area) lakes tend to form atin this upper melt zone is sensitive to positive temperature
higher elevations, later in the season and also take longer
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. e . A _- 2010
Availability of surface runoff, governed in part by surface ¢ _ | Zi"f 33{"2 s ﬁ
temperatures and winter snow pack, determines the initiation ¢ Pt
of lake formation (Fig4, Johansson et aR013. The timing 20f
and duration of individual lake-drainage events varies inter-

annually (Fig.10), explaining the large differences between %o o3 100 ,uif:,i‘yMeaanie‘ﬁn pe,amrii(fc, Do 125 130

the total volume of water stored in lakes in each year (#ig.

As previously stated, during record warm years (2010 andFig. 9. (a) Maximum areal extent of SGLs within each 200 m el-
2012) SGLs formed earlier and attained theip,kyvon DOY evation band andb) the relationship between maximum areal ex-
156 and DOY 174, 38 and 20 days earlier than the 11 yr avient of SGLs above 1400 m and mean peak summer temperatures
erage, respectively (Figt and Tablel). The record melt of ~ (June/July) between 2002-2012.

2010 was exceeded in 2012 during which the largest melt

extent within the satellite era{97 % of the ice sheet) was
observed llghiem et al. 2012). During 2012, the melt sea- (TVmax) Was~ 80 % greater than the 11yr mean and lakes

son lasted up to two months longer than the 1979-2011 mealf©"® o:Jserved a]tc;(i)%her Zlg\gaiir%ﬁié%q m) an(_j occupied
(Tedesco et al2013, and although we recorded no increase aFgrez;t?r dare?;g b m (96. ) than in previous years
in the number of lakes (Figra), the total volume of SGL (Figs.7b, d andda, b).
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Fig. 10. Colour coded lake-drainage maps for 2009—2012 highlighting the inter-annual variability of lake drainage. Background images are
Landsat 7 from 31 July 2009, 19 August 2010, 28 June 2011 and 16 July 2012.

Lake-drainage events have contributed directly to hydro-lakes temporarily store and release on average 13 % of total
graph anomalies in the discharge record from Watson Riverdischarge (Tabl@). However, if only lakes within the bound-
For example, the rapid drainage of a number of large SGLsaries of the defined Russell Glacier catchment are considered
between DOY 175-184 (24 July—-3 August) during 2010 to drain via the Watson River, the mean lake contribution to
(Fig.5, Doyle et al, 2013 coincided with a peak in discharge discharge is 7% (max 11.5 %). Given the uncertainties asso-
without a corresponding peak in melt (Figsand5). ciated with catchment delineation and deriving lake volumes,

Our data reveal considerable inter-annual variation in wa-the estimates of lake storage are in line with modelling re-
ter storage and loss (Figé.and6a), with no two years fol-  sults over this regiorieeson et a)2012, which have shown
lowing the same pattern. The rapid formation and drainagethat supraglacial lakes stored a maximum of 12 % of total
of lakes during the record melt year of 2012 strongly con-runoff during 2003. Using 2011 as an example, lake stor-
trasts with the slow formation of lakes during the relatively age within thePalmer et al.(2011), van As et al.(2012
cool year of 2006 (Fig6a). Assuming that all lakes within and Russell Glacier catchment was 3.5 %, 8.7 % and 7.6 %,
the study area encompassing the Kangerlussuaqg sector oéspectively (Table). Previous studies note the uncertain-
the GrIS region drain via the Watson River, a comparisonties associated with defining a catchment for a single outlet
between cumulative volume loss and discharge reveals thétom the GrIS gan As et al. 2012 Clason et al.2012. It
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Table 2. The contribution of lake volume to discharge from the Watson River between 2007-2011 for all lakes within the Kangerlussuaq
sector of the GrlIS and for only lakes within the boundaries of the defined catchment.

Year Discharge  Lake vol Lake storage Lake storage
(km3) lost (knP)  for entire region (%)  for defined catchment (%)
2007 3.67 0.4967 135 6.3
2008 2.86 0.5376 18.8 11.5
2009 2.57 0.3219 125 6.64
2010 5.46 0.4588 8.4 4.3
2011 3.97 0.54 13.6 7.63
Mean 13.3 7.3

is probable that water piracy occurs between catchments asides with the highest mean June/July temperatures recorded
catchment boundaries change depending upon the state of thie Kangerlussuaq (Figb) and the greatest Greenland melt
supraglacial and subglacial systems. extent on recordNghiem et al.2012). Furthermore, we find
Under a future warming climateMeehl et al, 2007, a positive correlation between the maximum areal extent of
SGLs are expected to expand further into the ice sheet intelakes above 1400 ma.s.l. and mean monthly temperatures of
rior as melt-season extent and duration increblesv@at et al, June and July (Fig9b). Preferential absorption of solar ra-
2013. We present evidence supporting previous waikiig diation by SGLs, causes expansion of their existing basins
et al, 2012 Howat et al, 2013, illustrating that in higher  (Box and Skj 2007 Tedesco et al.2012), creating a posi-
temperature years SGLs formed at higher elevations (Fiys. tive albedo feedback and encouraging SGLs to reform in the
and9b). Lakes occupied a significantly larger area at highersame place in successive years. Despite the high melt season
elevations £ 1400 m) during 2012 (Fig9a) than in previ-  of 2010, the maximum extent of SGLs above 1400 m only
ous years (49 % greater than the 11yr average). This coinmatched the 11yr mean (Fi§a). However, during 2010,
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SGLs in each of the lower elevation bands were larger thar6  Conclusions

all other years (Fig6b), indicating that the large volume

of melt in 2010 primarily occurred across lower elevations. Using 502 cloud-free atmospherically corrected MODIS im-
A similar pattern occurred in the warm summer of 2003, ages, we derived water volumes frem200 seasonally oc-
where SGLs Occupied a below average extent above 1600 rgurring SGLs between 2002 and 2012 using a field-calibrated
(Fig. 9a), but the average maximum lake size between 1400-2nd validated depth-reflectance relationship. We find smaller

1600 m was 60 % greater than 11 yr mean (Bly. lakes form at lower elevations<(1000 m) and larger area
lakes form at higher elevations later in the season, taking
5.2 Rapid lake-drainage events longer to fill. Although SGLs only occupied a relatively

small region of our study area (2 %), they store a dispropor-

Rapid SGL-drainage events provide a mechanism for surfionate volume of bulk runoff (7—13 %) and have important
face water to penetrate through kilometre-thick ice, estabimplications for ice dynamics through the release of surface
lishing hydraulic pathways which meltwater continues to meltwater into the subglacial hydrological system via rapid
drain through the remainder of the melt seasbaq et al, in situ drainage or through overflow into moulins. We find
2008 Doyle et al, 2013. Over the 11 annual melt periods evidence of SGLs draining in clusters, causing short-term
of this study, on average 28 % of the SGL population rapidly Perturbations in discharge gauged at the Watson River, and
drained (Figs7e and10). As the number of SGLs occurring infer that one drainage event dynamically triggers rapid tap-
higher up-glacier increases (Figsl and9a), more SGLswill  ping in neighbouring lakes. We find that lake size does not
rapidly drain, potentially expanding the region affected by influence its drainage mechanism, and that there is no evi-
melt-induced accelerated flow. We also note that at higher eldence for a critical lake depth or volume threshold to initiate
evations, a number of SGLs appear to drain twice in higherapid drainage.
melt years. For example, in 2012 a 5.2%®GL located at In years of high summer temperatures, SGLs form and
1400 m drained completely on 23/24 June, subsequently redl’ain earlier in the season (eg 38and 20 days earlier than the
filled and by 5 July had completely drained again. Lake re-11yr mean during 2010 and 2012, respectively), and cover a
filling has been observed in the field in automatic camera im-larger surface area (e.g. 40 % greater in the record melt year
agery Brizgys and Box2009. Such observations indicate Of 2012 compared with the cooler year of 2006). Further-
that the subglacial hydrological system may not readily adapinore, inland expansion of SGLs is strongly correlated with
to surface meltwater inputs as has recently been postulatedir temperaturer = 0.78), with lakes occupying a greater
(e.g.Sundal et a].2011). This suggests that basal hydrostatic area within the upper ablation zone during warmer years. For
creep—closure rates across the upper ablation zone where i€ample, in 2012, lake area was 49 % greater above 1400 m
thickness is greater than 1 km exceed those processes whi@®mpared with the 11yr mean and extended further inland
help to maintain an efficient hydrological system for the re- (> 1800 m) than previously recorded. In a warming climate,
mainder of the melt seasoB¢hoof 201Q Sole et al. 2013. spatial and temporal expansion of SGLs with concomitant
Spatial and temporal clustering of SGL-drainage eventssurface to bed coupling may impact strongly on inland ice
(Figs. 10 and11) provides evidence that neighboring SGLs sheet flow dynamics and interior mass drawdown.
dynamically trigger synoptic-scale tappinBox and Ski
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control drainage initiation. Based on our results, we hypothe-
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