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Abstract. Terrestrial inputs of freshwater flux to Sermi- 1 Introduction

lik Fjord, SE Greenland, were estimated, indicating ice dis-

charge to be the dominant source of freshwater. A freshwag|obal atmospheric temperatures showed a warming trend
ter flux of 40.4+4.9x10° m*y~! was found (1999-2008), since the 1970s, and all years during the present century
with an 85% contribution originated from ice discharge (65% (2001-2008) have been among the warmest since the begin-
alone from Helheim Glacier), 11% from terrestrial surface ning of instrumental records (Allison et al., 2009). Surface
runoff (from melt water and rain), 3% from precipitation air temperature observations reveal the strongest increase
at the fiord surface area, and 1% from subglacial geotheroccurring over Northern Hemisphere land areas (40Nj0

mal and frictional melting due to basal ice motion. The re- since the 1970s; an increase almost twice the global aver-
sults demonstrate the dominance of ice discharge as a priage rate (IPCC, 2007), accompanied by-4% decade!

mary mechanism for delivering freshwater to Sermilik Fjord. increase in precipitation (ACIA, 2005). However, for the
Time series of ice discharge for Helheim Glacier, Midd)  past decades the strongest increases in temperature have been
Glacier, and Fenris Glacier were calculated from satellite-gver the Arctic Ocean in autumn and winter, in response to
derived average surface velocity, glacier width, and estimatedbss of the insulating Arctic sea ice cover (Screen and Sim-
ice thickness, and fluctuations in terrestrial surface freshwamonds, 2010).

ter runoff were simulated based on observed meteorological There is clear evidence of increased melting of the Green-

data. These simulations were compared and bias correctgng |ce Sheet (GrlS) and marginal glaciers in Greenland
against independent glacier catchment runoff observationssince the mid-1990s (e.g., Mote, 2007; Tedesco, 2007; Knud-
Modeled runoff to Sermilik Fjord was variable, ranging from gep and Hasholt, 2008: Steffen et al., 2008), and rapid

3y—1 3y—1j i
2.9+0.4x10°m®y~* in 1999 to 5.9t 0-9X109_m Y~ N mass loss has been observed and simulated (e.g., Hanna et
2005. The sub-catchment runoff of the Helheim Glacier re-al., 2008; Allison et al., 2009: Khan et al., 2010). In a

gion accounted for 25% of the total runoff to Sermilik Fjord. warming climate, we would expect an accelerating fresh-
The runoff distribution from the different sub-catchments \yater flux: ice discharge (calving) and runoff to the ocean

suggested a strong influence from the spatial variation inynanifested by, e.g., decreasing ocean salinity, and increas-
glacier coverage, indicating high runoff volumes, where ing global eustatic sea level rise (e.g., ACIA, 2005; Box
glacier cover was present at low elevations. et al., 2006; IPCC, 2007; Memild et al. 2011). A few
freshwater runoff measurements are available for Greenland
from the 1990s at the Sermilik Research Station, Sermilik
Fjord (65 N), SE Greenland (Fig. 1), and at the Zacken-
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Fig. 1. (a) Greenland, including the Sermilik Fjord simulation domain (120 358)kand area of interest (18 750 Knin South East
Greenland{b) Sermilik Fjord with topography (300-m contour interval) and meteorological stations (see Table 1 for station information);
and(c) MODIS satellite-derived surface characteristics (30 August 2009), including catchment (58 94 Svatershed divide, and locations

of GrIS outlet glaciers. The surface watershed divide is estimated based on the program Rivétimélsngw.rivertools.com)l a GIS
application for analysis and visualization of digital terrain, watersheds, and river network.

from Kangerlussuag (Sgndre Stramfjord), Kangerlussuagq This collection of extensive observations and model re-
Fjord (67 N), W Greenland, since 2007, and from Kobber- sults from the Mittivakkat Glacier catchment was used to
fiord (64° N), W Greenland, since 2008 (e.g., Mernild and simulate the terrestrial surface runoff for the Sermilik Fjord
Hasholt, 2006, 2009; Jensen and Rasch, 2009). These dafthe study does not include ocean fluxes). Not only runoff
series are important tools for assessing and quantifying théut also ice discharge from e.g., the Helheim Glacier (one of
impact of climate change and variability on freshwater runoff the most conspicuous calving outlet glaciers from the GrlS)
from glaciated landscapes such as Greenland. at the innermost part of the fjord, seems to be an impor-
The first documentation of glaciers in the Sermilik Fjord tant source of freshwater for both, the Sermilik Fjord and
catchment basin was carried out in 1933, and in 1970 thehe Irminger Sea. We present a 10-year time series (1999—
Sermilik Research Station was established close to the Mitti2008) of freshwater flux to the Sermilik Fjord in order to
vakkat Glacier to study the control of climate on a low-arctic assess variability and trend thereof due to changes in air tem-
(Born and Bicher, 2001), partly glaciated landscape. An au-perature, net precipitation (hereafter referred to as precipita-
tomated terrestrial monitoring program was initiated for the tion), and ice dynamics. In particular, we address the sim-
Mittivakkat Glacier catchment in 1993, which presents todayulated temporal and spatial distribution of terrestrial surface
the longest continuous monitoring program in E Greenland freshwater runoff to the fjord and also on a sub-catchment
Data on observed climate conditions have been presentescale. The runoff was simulated in SnowModel (Liston and
by Mernild et al. (2008a) and Jakobsen et al. (2008). SeakElder, 2006a; Mernild et al., 2006a) — a state-of-the-art mod-
sonal and annual observations on the Mittivakkat Glacier in-eling system, based on in situ meteorological data within the
clude: winter, summer, and net mass-balance (Knudsen an8ermilik Fjord area. Runoff was initially simulated for the
Hasholt, 2004, 2008), freshwater runoff (e.g., Hasholt, 1980;Mittivakkat Glacier catchment area ef18 kn? and tested
Hasholt and Mernild, 2004, 2008), and sediment transporiagainst observed runoff data from the Mittivakkat Glacier
(Hasholt and Walling, 1992; Busskamp and Hasholt, 1996;catchment outlet which is the only place in the Sermilik Fjord
Hasholt and Mernild, 2008). Modeling studies for this region where runoff is observed. The simulated runoff was bias
include seasonal and annual climate processes (Mernild ancorrected against runoff observations, before runoff simu-
Liston, 2010), snow cover distribution (Hasholt et al., 2003; lations were scaled up to the entire Sermilik Fjord catch-
Mernild et al., 2006a), glacier surface mass-balance (Mernildnent area. The following objectives are addressed: (1) as-
et al., 2006a, 2008b), and runoff (Mernild and Hasholt, 2006;sess the performance of SnowModel by comparing simulated
Mernild et al., 2008b). runoff against observed runoff for the Mittivakkat Glacier
catchment; (2) simulate the spatial runoff variability and
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lik Fjord has been increasing throughout the simulation pe-
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The Sermilik Fjord catchment (58 045 Kinis located on
the east coast of Greenland 8%, 37° W), connected to
the Irminger Sea (Fig. 1a). The fjord is 1103%in area,
85 km in length, and the largest fjord system in SE Green-
land. The catchment drains a part of the GrlS, includingig* '
the Helheim, Fenris, and Midgd Glaciers (the three major < =°
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outlet glaciers in Sermilik Fjord catchment), and marginal (S region
glaciers, among these the Mittivakkat Glacier on Ammas- "
salik Island (see Figs. 1c and 3a for location), where long- ' fe wer Ar werwn aAn s on New oe

term monitoring of climate, mass-balance, and runoff Was — s oy = e s e
observed (Mernild and Hasholt, 2006; Knudsen and Hasholt, - s wveat conaons)

2008). The Sermilik Fjord catchment ranges in elevation

from sea level to~2900 ma.s.l. The lower parts of the ter- Fig. 2. (a) Time series of observed mean monthly air tempera-

rain (elevation below 700-1000ma.s.l.) are dominated by!ure from coastal (Station Tasiilaq, Coast, Nunatak, JASAS.L,

. . . and KULU) and GrlS stations (NASA-SE). Observed cumulative
exposed bedrock, sporadic thin soil layers, and sparse vege- L . S
monthly precipitation from coastal stations (Tasiilag; light color,

tation. Landscapes above 700—-1000 m a.s.l. are mostly COVind Coast and Nunatak (June, July, and August): dark colors) are

ered by glaciers and the GrIS (Fig. 1c). For the purpose§yystrated: and(b) mean monthly air temperature lapse rates for
of this study, the Sermilik Fjord catchment has been dividedy)| the meteorological stations in the simulation domain, for Station
into seven sub-catchments, each draining into specific part€oast and Nunatak (Mernild et al., 2006), and for different areas
of the fjord. These areas also represent characteristic variaaround the GrIS are illustrated (Mernild et al., 2009).
tions in glacier ice coverage from approximately 10% (area
2) to 87% (area 4) (Figs. 1c and 4f).

The Sermilik Fjord region represents one of the most hu- During summer, the low lying coastal areas, on, e.g., Am-
mid parts of Greenland (the zone of largest annual precip/Massalik Island (approximately below 300ma.s.l.), are in-

itation is located~200km further south). The simulated fluenced by air temperature inversions which are common in
mean annual air temperature (MAAT, 2-m above the sur-Arctic coastal landscapes, due to the effect of sea breezes as-

face) for the full catchment including the GrIS wag.8°C  sociated with thermal differences between land and the fre-

(1999-2008), varying from around the freezing point at theduently ice-choked fjord and ocean (e.g., Kozo, 1982; We-
near coastal stations (Tasiilag and Coast Stations) to aroun§k and Rouse, 1991; Mernild and Liston, 2010). The cli-
—19°C on the GrIS (Station NASA-SE) (Fig. 2a). The to- mate and its seasonal variability are illustrated in Fig. 2b us-
tal annual simulated precipitation (corrected after Allerup eting positive summer air temperature lapse rates in the near
al., 1998, 2000: for further information about the detailed coastal areas. Apart from this temperature inversion in the
precipitation correction procedures, see Mernild et al., 2009/ower lying near coastal areas during summer, observed air
2010a) varied fron~1200 to~1800 mmw.eq.y* within temperature data from all seven stations in the Sermilik Fjord
the catchment. Our simulated precipitation values were alcatchment (Fig. 1) showed constantly negative mean monthly
most in the same order of magnitude compared to spatial valtemperature lapse rates, very similar to the high-elevation
ues (1958-2007 average) from Ettema et al. (2009) of 1006°'1S temperature lapse rates (Fig. 2a) (e.g., Steffen and Box,
up to 3000 mmw.eq.y:. Mean annual catchment relative 2001; Mernild et al., 2009).

humidity and wind speed were 83% and 4.1Thsrespec-

tively.
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Table 1. Meteorological input data for the Sermilik Fjord simulation based on meteorological station data on the GrlS: KULU and NASA-SE
(provided by University of Colorado at Boulder) and TASand TASU (by Geological Survey of Denmark and Greenland (GEUS)), and
from the outside the GrIS: Station Tasiilag (by Danish Meteorological Institute (DMI)) and Station Coast and Station Nunatak (by University
of Copenhagen, Department of Geography and Geology). The abbreviations inditatezir(temperature, (RH) relative humidity, (Ws)

wind speed, (Wd) wind direction, an@®} precipitation. For station locations see Fig. 1b.

Meteorological Location Grid Elevation Data period Parameters Operated by
station (ma.s.l)
KULU GrIS 65°45 N; 39°36' W 880 20 Jun 1999 — 13 Sep 2000 Ta, RH, Ws, and Wd University of Colorado at Boulder
NASA-SE Grls 6628 N; 42°30' W 2390 1 Jan 1999 — 25 May 2005 Ta, RH, Ws, and Wd University of Colorado at Boulder
TAS_L Grls 65°38 N; 38°54 W 270 26 Jun 2006 — 31 Dec 2008 Ta, RH, Ws, and Wd GEUS
TAS_U Gris 6542 N:; 38°52 W 580 16 Apr 2004 — 31 Dec 2008 Ta, RH, Ws, and Wd GEUS
Tasiilag Outside GrIS 636 N; 37°38 W 44 1 Sep 1998 — 31 Aug 2009 Ta, RH, Ws, Wd, and® DMI
Coast Outside GrlS 631 N; 37°55 W 25 1 Jan 1999 — 31 Dec 2008 Ta, RH, Ws, Wd, and®  University of Copenhagen
Nunatak Outside GrIS 632 N; 37°49 W 515 1 Jan 1999 — 31 Dec 2008Ta, RH, Ws, Wd, and®  University of Copenhagen
3 Model description and satellite data The Greenland topographic data at 625-m resolution from
Bamber et al. (2001) was used with the image-derived cor-
3.1 SnowModel and model simulations rection published by Scambos and Haran (2002), and in-

) . ) terpolated to a 500-m grid increment covering a 400.5 by
S.novaodeI (Liston ar_ld E.Ider, 2006a), is a spatlallly- 300.5km simulation domain for the Sermilik Fjord catch-
distributed snow-evolution, ice melt, and runoff modeling ment (Fig. 1a). The location of the Sermilik Fjord coast
system designed to be applicable over a wide range of SNOWne - Gy|S terminus, and marginal glaciers were estimated
and glacier landscapes, and climates found around the Worlcby using Moderate Resolution Imaging Spectroradiometer
where_snow and ice vari.ations play an importa.nt role in_ hy'(MODIS) satellite images (observed on 30 August 2009).
drological cycling (Memild et al., 2006a; Mernild and Lis- jser.defined constants for SnowModel are shown in Mernild
Fon,_2010). For a detailed descrlptlon.ofSnowModeI, includ- ot 51 (2009), and parameter definitions are given in Liston
ing its subprograms and tests see Liston and Elder (200684 sturm (1998).
b), Liston et al. (2008), Liston and Hiemstra (2008), and  gnowModel simulated runoff was tested and bias cor-
Mernild and Liston (2010)MicroMetis a quasi-physically  rocted against observed runoff from the outlet of the Mitti-
based meteorological distribution model, which defines the,oxkat Glacier catchment for the period 19992005 (differ-
meteorological forcing conditiongnBalcalculates the sur- gt ghserved runoff periods were used, due to variations in
face energy exchanges, including mélnowPaclsimulates a4 campaign from year to year; Fig. 3a). The cumulative
heat- and mass-transfer processes and snow-depth and waigg,jated runoff was initially underestimated by 34-43%,

equivalent evolution, an@nowTran-3Dis a blowing-Snow  5eraging 38% according to runoff observations (Fig. 2).
model that accounts for snow redistribution by wind. Snow- parefore. a linear regressior?(= 0.95; wherer? is the ex-

Model is a surface model simulating first-order effects of at- plained variance) was used for runoff correction as shown
mospheric forcing on snow, glacier ice, and runoff, but pro-j, rig 3a. The corrected cumulative annual Mittivakkat
cesses related to glacier dynamics are not included. Glacier runoff is illustrated in Fig. 3b. This underestimation
of runoff is expected to be a mixture of various causes, where
the first three are expected to be the main reasons: (1) un-

Meteorological data of air temperature, relative humidity, certainties associated with model inputs (e.g., Mernild and

wind speed, wind direction, and precipitation were obtained-1Ston 2010); (2) unrepresented or poorly-represented pro-

from seven meteorological stations at different elevationsC€SS€S in SnowModel (Liston and Elder 20064, b); (3) uncer-

within the simulation domain (Fig. 1b). Four stations were tainties related to runoff observations (Hasholt et al., 2006;

located on the GrlS, and three outside the GrlS in the coastdY/€"ild and Hasholt, 2009); and (4) englacial and subglacial
region (Table 1). Simulations were preformed on a one-water flow to/from neighboring glacier sub-catchments (see

day time step, based on lapse rates, generated using oMernild 2006, Mernild et al., 2006b; a description of the Mit-

served data from all seven stations (Fig. 2b). The simula-tivakkat Glacier watershed divides can be seen in Mernild

tion period spans from 1 September 1998 through 31 Au-2nd Hasholt (2006).
gust 2009, whereas output values were simulated for calen-
dar years (1999-2008). Air temperature and precipitation

data are summarized in Fig. 2a.

3.2 Input data, model bias correction, and uncertainties

The Cryosphere, 4, 45365, 2010 www.the-cryosphere.net/4/453/2010/
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The assumed accuracy of single outlet discharge measure ~ soevor ) ANZE:
ments is within 5-10%, whereas calculated stage-discharg 8 ; o0ss
values might deviate up to 25% from simultaneous manual; **= .‘f} !
measurements. However, long-term discharges (monthly anéz 4
annual) are typically accurate within approximately 5-15%
(Hasholt et al., 2006; Mernild and Hasholt, 2009). Statistical

analysis from previous SnowModel studies on snow distri-

3.0E+07

ttivakkat

3 X 1999 (22 Jun—31 Aug)
#® 2000 (8 Jun-17 Sep)
m 2001 (18 Jun—15 Sep)
® 2002 (10 Jun-5 Sep)
A 2003 (7 Jun—-20 Aug)

2.0E+07

i
catchment runoff (|

Observed Mi

butions, snow and glacier melt, and runoff from marginal © ... 2008 (14 Jun-27 Auo)
glaciers in Greenland and the GrIS (e.g., Mernild et al.,
20064a, 2009), along with uncertainties in observed discharge 0

. . . . . . 0 1.0E+07 2.0E+07 3.0E+07 4.0E+07 5.0E+07
used for calibration, indicates that simulated influx of runoff Simulated Mitivakkat Glacier catchment runoff ()

to the Sermilik Fjord might be influenced by the same order  soevor b)
of uncertainties: We assume an error of 10-25%. This in-
cludes uncertainties related to not using routines for air tem-
perature inversion in low lying near coastal areas (Mernild
and Liston, 2010) and the associated influence on snow an
glacier ice melt and glacier mass-balance simulations; un-
fortunately no radiosonde data exist for the inner part of the
Sermilik Fjord.

Even though SnowModel underestimated runoff by 38%
on average before bias-correction, it is currently probably
the most physically realistic model for simulating snow and e Ee gl e e
ice melt, and water balance components, including freshwa-
ter runoff from snow- and ice-covered regions_ The mode'Flg 3. (a) Observed and simulated Mittivakkat Glacier catchment
demands limited input data, an important consideration inrunoff from 1999—2005. Thelinear regreslsion. (forcgd through zero)
the Sermilik Fjord and other Arctic areas, for which data areVas used for bias correction of the Sermilik Fjord simulated runoff.

. : . L C?e aware that the annual observed runoff periods are different. The
sparse due to rough terrain, harsh climatic conditions, an , - ) o .
remote location inset figure indicates the general location of the Mittivakkat Glacier

catchment (black polygon) within sub-catchment area 1 (for a gen-
) . . . eral location of the sub-catchments see Fig. 4a) inside the Sermilik
3.3 Satellite-derived ice discharge Fjord catchment; an¢b) observed, simulated, and bias corrected

runoff from the Mittivakkat Glacier catchment from 1999-2005.
Time series of ice flux to the calving front, which will equal

the sum of ice lost to calving and melt at the calving face,

and which we term discharge, for Helheim Glacier, Middg) ~ vary from several meters to several 10's of meters, following
Glacier, and Fenris Glacier were calculated from observednanual registration correction procedures, depending on the
average surface velocity, glacier width and estimated icdmage pair. Due to the high speeds observed, we assumed
thickness. Speeds were measured from automated Repedhat speed was constant with ice depth. Averaged glacier
Image Feature Tracking (RIFT) using pairs of orthorectified width over the region of velocity sampling was obtained from
images from: (1) Landsat 7 Enhanced Thematic Mapper Plud5-m Landsat imagery.

(panchromatic band) distributed by the United States Geo- Ice thickness for Helheim Glacier was obtained in 2001
logical Survey; (2) visible to near-infrared bands of the Ad- and 2008 by the University of Kansas Coherent Radar Depth
vanced Spaceborne Thermal Emissivity and reflection RaSounder (CoRDS) (Gogineni et al., 2001; Howat et al.,
diometer (ASTER) distributed by the NASA Land Processes2005). For Fenris and Midgd glaciers, for which no thick-
Distributed Active Archive (LP DAAC); and (3) SPOT-5 ness data are available, ice thickness at the start of the time
panchromatic images distributed through the SPIRIT pro-series was estimated from the height of the calving front as-
gram. Landsat and ASTER images have a pixel resolutiorsuming a grounded ice front at hydrostatic equilibrium and
of 15m and the 5m SPOT-5 images were down-samplediensities of ice and sea water of 910 and 1027 Rgre-

to 15m for RIFT processing. The Multi-iImage/Multi-Chip spectively. We assume an error 650 m in this thickness
(MIMC) RIFT algorithm (Ahn and Howat, 2010) was used estimate. Changes in ice thickness through time were then
to measure surface displacements every 100m. Individuameasured from repeat ASTER digital elevation models pro-
displacement vectors were then averaged over a 1-km widguced by the LP DAAC and vertically co-registered using tie
band near the front of the glacier to provide a time seriespoints over ice-free terrain. These data have a relative error
of average velocity at the ice front. Errors in this velocity of &10m in the vertical (Fujisada et al., 2005). Overall, we
estimate are the sum of the ambiguity cross-correlation peassume an ice discharge error of 15-25%.

(typically 5 m) and errors in image co-registration, which can

4.0E+07

3.0E+07 \/\
2.0E+07

‘ pY

Mittivakkat Glacier catchment runoff (m*)

1.08+07 - Observed runoff
—+ Simulated runoff
Bias corrected runoff
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3.4 Geothermal and frictional melting due to basal ice melting snow and ice conditions. An increase in precipita-
motion tion for the Sermilik Fjord catchment of15% decadel,
which was above the average increase-a# decade?! for
The upper-bounds for the melt water generated through meltthe Arctic in general, estimated by ACIA (2005).
ing at the ice bed due to: (a) geothermal heating; and For the simulation period, 2007 showed the largest
(b) frictional heating due to basal ice motion were esti- satellite-derived GrlS cumulative melt extent followed by
mated. For (a), it was liberally assumed that the bed wa005 (Steffen et al., 2008), but also the largest melt index
at the melting temperature over all regions with surface el-— defined as the melting area times the number of melting
evations below 1200ma.s.l., and area of 2308k typ-  days for areas above 2000 m in elevation (Tedesco, 2007) —
ical geothermal heat flux of 0.05 WTA gives a basal melt  followed by 2005 as the fourth highest for the simulation pe-
rate of 5mmw.eq.y*(Cuffey and Paterson, 2010, p. 118) riod. The largest amount of modeled runoff to the Sermilik
for ice at the melting temperature, totaling approximately Fjord occurred in 2005, and not in 2007 (Fig. 4b). This dis-
0.01x10°m®y~! produced by geothermal heating over this crepancy between the GrlS melting conditions and the Ser-
area, which was two orders of magnitude less than the contrimilik Fjord runoff conditions was due to a record high an-
butions from runoff and ice discharge, and can therefore beual precipitation for 2005 o180 mmw.eq. y* combined
ignored (Tables 2 and 3). For (b), the maximum rate of basalvith the second highest mean annual summer air tempera-
melt due to frictional heating caused by ice sliding over thetures of 2.2C (Fig. 2a). The record high 2005 precipitation

bed is Eq. (1): combined with the relatively high percentage of rair66%
of the total annual precipitation) was the reason why less
m = (tb xub)/(px Lf) (1) precipitation accumulated as snow during winter, and more

streamed directly into the fjord as runoff. The connection
the ice density, and Lf is the latent heat of freezing/melting.b(_at\’\_'een snow melting, melt water retention and rgfreezmg
Again, it was assumed that the bed was at the melting tem\-’vIthln the snowpaqk, and runoff is described, e.g., n I_-Ianpa
perature over the drainage area with surface elevations belof! al, (|2008), Mernild lett.al. /(200.9). tr etlg ted to the variation in
1200 ma.s.l. We also assumed that 100% of the ice motior?n\?&]atﬁnow acdc.;J.mu a:c 'Onsgch'p' allonc.i including the S
needed to maintain mass balance (i.e., the balance velocity eather condrtions tor reentand, Including the Ser-

was accomplished through basal sliding in this region. Bal- llik Fjord, are affected by low-pressure systems (e.g., Tsuk-

ance velocities were obtained from Bamber et al. (2000). Fi-S! njk (.Et al., 2.007)’ gspecially the associated wind an_d pre-
ipitation which varies due to year-to-year changes in the

nally, we assumed that the basal drag was equal to the drivin . .
torm tracks. Most low pressure centers arrive from direc-

stress, which we calculated from the ice thickness and surE, bet th and d by the “ool !
face elevation maps from Bamber et al. (2000, 2001). From{!Ons between south and west, steered by the “polar vortex’,

this we obtain a total melt volume rate of approximately " UPPET level cyclone. _Durlng winter these are normally
0.5x10° m3y~L, which is approximately 1% of the average centered over the Canadian Cold Pole and during summers

they are less pronounced and centered over the Arctic Ocean

total freshwater flux (Table 3). . o

( ) (Hansen et al., 2008). Therefore, it should be kept in mind,
even though maximum melting conditions occurred for the

where b is the basal shear stress, is sliding speedp is

4 Results and discussion GrIS as in 2007, local variability in precipitation can be the
reason for annual runoff peaks, as illustrated for the Sermilik
4.1 Terrestrial surface runoff to Sermilik Fjord Fjord catchment for 2005.

On a sub-catchment scale, the interannual runoff variabil-
Annual (1999-2008) cumulative simulated runoff from ity generally followed the variability of the overall runoff to
all seven sub-catchments, and from the entire catchihe fjord, showing lowest runoff values in 1999 and high-
ment, to Sermilik Fjord is shown in Fig. 4b. To- est values in 2005 (Fig. 4b). In Fig. 4b the spatial dis-
tal runoff to Sermilik Fjord for the modeled decade tribution of runoff to the Sermilik Fjord is illustrated, dis-
averaged #4+0.7x10°m3y~1, from a minimum playing that sub-area 7 contributed, on average, the low-
of 2940.4x10°m3y~1 in 1999 to a maximum of estannual runoff volume of 8+ 0.1x10° m3y—1, and sub-
5.9+0.9x10°m3y~1 in 2005; these values were expected area 4 the highest value of4+0.2x10° m3y—1. Besides
to be among the highest since the simulation period includedhe general effect of precipitation and summer air tempera-
the warmest years since the beginning of instrumentakures on runoff from all sub-catchments, both the percent-
records. For the simulation period, data showed an averagage of glacier cover and its hypsometry within each sub-
insignificant increase in runoff of.@x10°m?3 (r2=0.14,  catchment strongly influenced simulated runoff within the
p < 0.25; where p level of significance) (Fig. 4b), due region. Generally, sub-catchments showing high fractions of
to a combination of both increasing annual precipitationglacier cover and glaciers at low elevations show stronger
(> =0.13) and increasing mean annual summer air tem-positive runoff effects during years with high temperatures
perature (June through Augustf& 0.32), influencing the  (Fig. 4c).

The Cryosphere, 4, 45365, 2010 www.the-cryosphere.net/4/453/2010/



S. H. Mernild et al.: Freshwater flux to Sermilik Fjord 459

1.8E+09 6.0E+09

L (b)

1.6E+09

(a)

5.0E+09
1.4E+09
1.2E+08 4.0E+09

1.0E+09
3.0E+09

Runoff (m?)

0.8E+08

0.6E+09

Cumulative runoff (m”)

2.0E+09

0.4E+09

1.0E+09
0.2E+09

0 Q
Subcatchments for the Sermilik Fjord 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Land M Ocean and fiord Year
= Watershed divide —®—Area 1 —+—Area2 —+—Areald —*Aread4 ——Areas
Area 6 —=~Area 7 =—=Cumulative runoff

12,0E+09 45.0E+09

= Sermilik Fjord 40.0E+09
10.0E+09 == Area 1
—a— Area 2
—— Aread
8.0E+09 *= Area 4
—=— Area 5

35.0E408

30.0E+08

Area 6
—— Area 7

25.0E+09

6.0E+09
20.0E409

4.0E+09 15.0E+08

Sub-area cumulative runaff (m?)
Sermilik Fjord cumulative runoff (m?)

10.0E409
2.0E+09

5.0E+09

0
1999 2000 2001 2002 2003 2004 2005 2008 2007 2008
‘Year

180

(e)

90 160
Area 4 (glacier cover, %)

80 Area 4 (glacier cover, km?)
—+— Area 7 (glacier cover, %)

70 = = Area 7 (glacier cover, km?)

140

120
60
100
50

30

80

Percentage glacier cover (%)

Glacier cover (km?)

60

20 40

20

200-300 400-500 600-700 800-900 1,000-1,100 Precentage of subcatchment glacier cover
100-200 300-400 500-600 T00-800 900-1,000 1,100-1,200 Glacier Land M Ocean and fiord

0-100

Elevation interval (m a.s.l.)

Fig. 4. (a)Area of interest including the seven sub-catchments for the Sermilik Fjord (simulated in River Tioplisie series (1999—-2008)

of annual sub-catchment simulated runoff and annual cumulative runoff, including trend line (linear) for cumulative(c)icaffulative
sub-catchment runoff and overall runoff) percentage of sub-catchment runoff of total run@#f;glacier cover distribution in percentage

and square kilometer within the elevations from where runoff occurred for the sub-catchment with the lowest cumulative runoff (sub-
catchment 7) and the highest (sub-catchment 4)(Brttie percentage of sub-catchment glacier cover within the area of interest.

The Sermilik Fjord accumulated catchment and sub-where the greatest freshwater runoff contribution to the fjord
catchment runoff (1999-2008) are illustrated in Fig. 4c, occurred, and vice versa. In Fig. 4e the differences between
showing an overall cumulative freshwater runoff volume sub-catchments 4 and 7 in glacier cover gkrand in glacier
of 460+6.9x10°m3.  The lowest cumulative runoff cover (%) within each 100-m elevation interval are shown.
contribution occurred from sub-area 7, with a total of Area4 was the sub-catchment having the greatest glacier area
3.5+ 0.5x10° m3, which equalled about 8% of the overall of 910 kn? from where runoff occurred~30% of the area
freshwater runoff to the fjord. The highest contribution of was located below 500-600 ma.s.l. Area 7 was, however,
10.4+ 1.6x 10° m3 came from sub-area 4 — the Helheim sub- a sub-catchment having a glacier cover of only 65 koh
catchment —, which equalled about 25% of the overall runoff.which only ~10% was found below 500-600 ma.s.l. Areas
The percentage of cumulative freshwater runoff from the1-3 and 5-6 represent a mixture of the main characteristics
other sub-areas (area 1-3 and 5-6) averaged from 9% to 17%6und in areas 4 and 7. Even though areas 3 and 6 both have
of the overall runoff (Fig. 4d). Obviously sub-catchments a relatively high glacier cover of 67% and 79%, respectively,
with the greatest glacier coverage, combined with the highesthe cumulative runoff only accounted for 14% and 9% of the
percentage of glaciers at low elevations, were the sub-areasverall runoff to the fjord (Fig. 4d). The reason for these
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Fig. 5. Spatial simulated annual cumulative runoff within the area of interest to the Sermilik Fjord for 1999-2008.

relatively low percentages of runoff values from sub-area 34.2 Freshwater flux to Sermilik Fjord

and 6 were due to the high elevated glacier cover within each

fSUb'C"_"t?hment' Fo;]sub-areaStfhe S|tL;fat|on was h doivevi;s/'f‘l“o account for the freshwater flux to the Sermilik Fjord,
erent: In area 5 the amount of runoff accounted for °not only terrestrial surface runoff needs to be addressed,

of the overall runoff to Sermilik Fjord, even though the sub- ¢+ 210 (1) ice discharge influenced by GriS dynamical
catchment area and the glacier cover area were reIativerIOV\brocesses (as described by Howat et al., 2005, 2008) and
The reason for the relatively high runoff volume from STUb' temperature of near-coastal ocean currents (Holland et al.,
area 5 was because of the low elevated glacier cover in th‘ioog- Straneo et al., 2010); (2) seasonal changes in inter-
sult)—alrzga. h ial distributi ¢ | nal drainage system due to melting; (3) runoff from sub-
n Fig. 5 the spatial distributions of annual cumu- glacial geothermal melting and frictional melting due to basal

I?tive Lug%fgsto ?I_irm”ik Fjord far(ra] i”fL_'St;ated Lor 1999 e motion; (4) submarine melting at tidewater glacier mar-
throug : ose parts of the fjord catchment ex-qi .. onq (5) precipitation (e.g., rain and snow accumula-

h:b|t!ng gla(élerr]s i'ovlinpg IC}‘N glutude;, e'g'’hbmhdmr‘?rgr']r,‘arlltion on sea ice) at the Sermilik Fjord surface area. Un-
glaciers and the Helheim glacier terminus showed the hig Tortunately, seasonal changes in internal drainage system

e;t simulated runoff values. At the H_elhe|m glacier ter- as omitted, due to missing data (values probably insignif-
minus the areally-ayeraged annual maximum runoff rgnge(ﬁam related to the overall terrestrial freshwater flux budget
from ~1.§mw.eq. In 2003 to more .thaﬂ3.8mW.eq. N "o the Sermilik Fjord), while submarine melting at tidewa-
2.007'. S'm“'f"“ed runoff values which seemed to be Nter glacier margins was integrated in the ice discharge val-
line with previously pubhsheq value§, e.g., by Ettama} ®lyes. Contributions of ice discharge from minor GrlS outlet
al. (.2008)’ and c9n5|stent with previous GrIS runoff sim- glaciers, e.g., glaciers located in Johan Petersens Fjord were
ulations by Memild et al. (2009). The amount of SIm- 5, 04 que to lack of available data (only a minor produc-

ulatetc)j runoff decreased W:;EE fincrea;]sin_g altitudg, (;In haver'tion of icebergs has been observed; personal communication,
age by~250 mmw.eq. 100 rom the ice margin all the -, Knudsen, 2010), while ice discharge from the three

Walg LO ;he bguqdary where runoff oclcur; (Fig.h5); flor the major outlet glaciers: the Helheim Glacier, Fenris Glacier,
Jakobshavn drainage area, W Greenland (g9 the value and Middard Glacier at the innermost part of the fjord were

was similar with~220 mmw.€q. 100 ml ('V'?”"'d etal, included (Figs. 6 and 7). Based on satellite-derived observa-

2010b). _On the GriS within the _Serm|||k Fjord catchment tions, the Helheim average ice discharge for the period 1999-

(for a latitude range of 65-6M) this annual runoff bound- 2008, was estimated to be 25:2.6x 10° m3w.eq. y ! (Ta-

ary line was located about 25-40 km from the GrIS terminusbIeS 2 and 3), and for the Fenris and Midd Glaciers ice

at an elevation of 1140 ma.s.l. to 1600 ma.s.l., averagingdischarge we,re 2505 and 5.5t 1.0x10° mw.eq.y L,

1150+ 140mas.l. respectively (Table 3 and Fig. 6). In Fig. 6 an exam-
ple of variations in surface ice velocity, ice thickness, and
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Fig. 6. Satellite-derived time series for the period 1998—2008 of ice velocity, ice thickness, and ice discharge at a stationary flux gate within

3 km of the most-retreated front position of the three major outlet glaciers: Helheim Glacier, Fenris Glacier, aadiNkigier draining

into the Sermilik Fjord. Ice thickness observations (denoted by vertical error bars) were linearly interpolated, denoted by the curve, and
multiplied by constant glacier width and observations of ice velocity and the ratio of water and ice densities (0.91) to obtain discharge of

water. Ice discharge data for Helheim Glacier reported here are updated from Howat et al. (2005, 2007). Fenris&ddN&dgrs are
located in sub-area 3 and Helheim in sub-area 4.
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Fig. 7. Average monthly ice discharge observations (closed circle) and linearly-interpolated values (open circle) for Helheim Glacier, Fenris

Glacier, and Mid@rd Glacier, and sum of the three glaciers for the period 1999 through 2008.

ice discharge for the Helheim Glacier, Fenris Glacier, andjor outlet glaciers showed an average significant increase of
Midgard Glacier are illustrated, showing substantial varia-13.2x10° m3w.eq. ¢2 = 0.49; p < 0.01) (Fig. 7). Mean an-
tions in velocity, ice thickness, and discharge, with a gen-nual ice discharge values were combined with annual Snow-
eral increase in velocity and discharge after 2002 and peakModel simulated precipitation at the Sermilik Fjord sur-
ing in 2005 and 2006. Due to both decreased ice velocityface area, terrestrial surface runoff, and subglacial geother-
and thickness, ice discharge at Helheim Glacier decreasemhal and frictional melting, to deduce the freshwater flux:
to earlier levels by 2007 (Howat et al., 2007). However, (1) from the Helheim Glacier catchment (Table 2), but also;
for the simulation period, ice discharge from the three ma-(2) to the entire Sermilik Fjord (Table 3). Calculations
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Table 2. Freshwater flux from the Helheim Glacier catchment based on SnowModel simulated freshwater runoff and satellite-derived ice
discharge.

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 Mean

SnowModel simulated 0.7+0.1 1.1+0.2 0.8+0.1 1.1+0.2 0.7+£0.1 1.2+0.2 1.3+0.2 1.1+0.2 1.3+0.2 1.0+£0.2 1.0+ 0.2 (4%)
runoff from the Helheim

Glacier catchment in-

cluding error (sub-area

4), 1P mdy-1

Satellite-derived ice dis- 21.7+3.3 22.7£25 21.8:22 26.8+2.3 28.1+3.8 28.0+25 33.8+2.8 259:£1.8 259+2.1 24.3+2.8 25.9+2.6(96%)
charge from the Helheim

Glacier including error,

10°miy-1

Freshwater flux from the 22.4+3.4 23.8+2.7 22.6£2.3 27.9+25 28.8+39 29.2t2.7 35.1+3.0 27.0+2.0 27.2£23 25.3+3.0 26.9+2.8

Helheim Glacier catch-
ment, 1 m3y~—1

Table 3. Freshwater flux to the Sermilik Fjord based on SnowModel simulated freshwater runoff, precipitation at the Sermilik Fjord surface
area, subglacial geothermal melting and subglacial frictional melting due to basal ice motion, and satellite-derived ice discharge from the
Helheim Glacier, Fenris Glacier, and Miéigl Glacier (the three major outlet glaciers in Sermilik Fjord catchment). Mean freshwater flux to

the Sermilik Fjord is calculated based on mean values from each input component.

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 Mean

SnowModel simulated terrestrial 2.9+0.4 5.1+0.8 4.1+ 0.6 5.2£0.8 3.5+£0.5 5.2+0.8 5.9+0.9 5.1+ 0.8 4.8+0.7 4.2+0.6 4.6+0.7 (11%)
runoff to the Sermilik Fjord in-
cluding error, 18 m3y—1

SnowModel simulated precipita- 0.9+0.1 1.2+0.1 1.7+£0.1 1.7+0.1 1.4+0.1 1.4+0.1 1.8+0.1 1.4+0.1 1.5+0.1 1.3+£0.1 1.4+0.1 (3%)
tion (e.g., rain and snow accumu-

lation on sea ice) at the Sermilik

Fjord surface area (1103 Knin-

cluding error, 18 m3y—1

Subglacial geothermal melting, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0:01q3%)
10°miy-1
Subglacial frictional melting due 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 (1%)

to basal ice motion, fom3y~—1

Satellite-derived ice discharge21.7+3.3 22.7+25 21.8+2.2 26.8:2.3 28.1+3.8 28.0+25 33.8£2.8 259+1.8 259+21 24.3+-2.8 25.9+2.6(65%)
from the Helheim Glacier includ-

ing error, 1§ m3y~1

Satellite-derived ice discharge - 2.3+05 2.5+05 2.6£0.5 2.8+£0.5 2.9+05 2.8+0.5 2.2£05 2.5+0.5 2.4+ 05 2.5+ 0.5 (6%)
from the Fenris Glacier including

error, 10 m3y—1

Satellite estimated ice discharge - 3.7+£0.7 3.9+0.8 3.6+£0.7 4.2+0.8 6.1+ 1.0 7.9+1.2 7.3+1.2 7.5+1.2 - 5.5+ 1.0 (14%)
from the Midgard Glacier includ-

ing error, 18 m3y—1

Freshwger;lux to the Sermilik - 355+4.6 34.5:4.2 40.4+:44 405£57 44.1+:49 52.7+55 42.4+-4.4 427+4.6 - 40.4-4.9
Fjord, 1@ m3y—1

33.9+ 4.1 (85%)

showed a freshwater flux averaging.26-2.8x10° m3y~—1 the SnowModel simulated precipitation at the Sermilik Fjord
from the Helheim Glacier sub-catchment, and a flux of surface area, 38+4.1x10°m3y~1 (85%) from ice dis-
40.4+ 4.9x10° m3y~1 to the Sermilik Fjord for 1999-2008. charge, and Bx10° m3y~1 (1%) from subglacial frictional
The suggested freshwater flux entering the Sermilik Fjord ofmelting due to basal ice motion (Table 3). In general, ice dis-
40.4+4.9x10° m¥y~1, equaled 5% of the freshwater flux charge represented 65%, 14%, and 6% of the total freshwa-
of 786x10° m®y~1 (1995-2007) from the entire GrIS to the ter flux from Helheim, Midérd, and Fenris glaciers, respec-
ocean (Mernild et al., 2009). For the Helheim Glacier catch-tively (Table 3). For GrlS in total, around half of the mass
ment, around 294+ 2.6x10° m®y—1 (96%) originated from  loss originated by surface melting and subsequent freshwater
satellite-derived ice discharge, and0*0.2x10° m3y~1 runoff into the ocean, and the other half from iceberg calv-
(4%) from SnowModel simulated runoff. For Sermi- ing and geothermal melting (e.g., Rignot and Kanagaratnam
lik Fjord 4.6+0.7x10°m3y~1 (11%) out of a freshwater 2006, Lemke et al. 2007, Mernild et al. 2008c).

flux of 40.4+4.9x10° m3y~1, originated from the Snow-

Model simulated runoff, %4 0.1x10° m®y~1 (3%) from
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