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Abstract. Landsat imagery was applied to elucidate glacier1l Introduction
fluctuations of land- and marine-terminating outlet glaciers
from the Greenland Ice Sheet (GrlS) and local land-The Greenland Ice Sheet (GrlS) — land- and marine-
terminating glaciers and ice caps (GIC) peripheral to theterminating outlet glaciers on the periphery of the GrlS —and
GrlS in the Ammassalik region, Southeast Greenland, durdocal land-terminating glaciers and ice caps (GIC) periph-
ing the period 1972-2011. Data from 21 marine-terminatingeral to the GrlS have undergone rapid changes over the last
glaciers (including the glaciers Helheim, Midgaard, and Fen-decades. Most notable changes are thinning, leading to desta-
ris), the GrIS land-terminating margin, and 35 GIC were ex- bilization and accelerated retreat of GrlS marine-terminating
amined and compared to observed atmospheric air tempeglaciers (Joughin et al., 2004, 2010; Howat et al., 2005, 2008;
atures, precipitation, and reconstructed ocean water tempeRignot and Kanagaratnam, 2006; Moon and Joughin, 2008;
atures (at 400 m depth in the Irminger Sea). Here, we docuNick et al., 2009), and increasing mass loss, thinning, and
ment that net glacier recession has occurred since 1972 in theetreat of land-terminating GIC (Yde and Knudsen, 2007;
Ammassalik region for all glacier types and sizes, except forMernild et al., 2011a; Radiand Hock, 2011).
three GIC. The land-terminating GrlS and GIC reflect lower The underlying mechanisms of GrlS marine-terminating
marginal and areal changes than the marine-terminating outglacier dynamics remain somehow unclear (Straneo et al.,
let glaciers. The mean annual land-terminating GrlS and2010; Johannessen et al., 2011). The frontal recessions at the
GIC margin recessions were about three to five times loweicalving front are highly due to changes in the force balance
than the GrIS marine-terminating recession. The marine-due to thinning, reduced resistive force, and speed-up based
terminating outlet glaciers had an average net frontal retreabn warming of oceanic subsurface waters and warming of
for 1999-2011 of 0.098kmy*?, which was significantly — the atmosphere, where warm subsurface waters are suggested
higher than in previous sub-periods 1972-1986 and 1986-by Luthcke et al. (2006), Velicogna and Wahr (2006), Hol-
1999. For the marine-terminating GrlS, the annual areal redand et al. (2008), Howat et al. (2008), Thomas et al. (2009),
cession rate has been decreasing since 1972, while increagan den Broeke et al. (2009), Velicogna (2009), Murray et
ing for the land-terminating GrIS since 1986. On average foral. (2010), Rignot et al. (2010), Straneo et al. (2010), and
all the observed GIC, a mean net frontal retreat for 1986-Andresen et al. (2011) to play a significant role. However,
2011 of 0.010t 0.006 km yr1 and a mean areal recession of Johannessen et al. (2011) stated, based on statistical corre-
around 1 % per year occurred; overall for all observed GIC, dations, that penetration of snow and ice melt water to the
mean recession rate of 2724 % occurred based on the 1986 glacier bed might play an important role, influencing the
GIC area. Since 1986, five GIC melted away in the Ammas-GrlS sliding and dynamic processes. The mechanisms sug-
salik area. gested for land-terminating GIC recession are less complex.
In the Ammassalik region, Southeast Greenland, studies of
GIC have shown that mass loss and margin retreat have
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Fig. 1. The Ammassalik region, including the Sermilik Fjord and parts of the southeastern sector of the GrlS. The marine-terminating glacier

margins are marked with positions (lines) for each of the survey years: 1972 (red color), 1986 (green), 1999 (blue), and 2011 (yellow) (the
location names are written in turquoise). The 35 local land-terminating glaciers and ice caps (GIC) peripheral to the GrIS are written in

yellow, where eight are marked with shaded areas; marginal changes for those eight GIC and the GrIS are illustrated in detail. The GIC
marked with L33-L37 are examples of GIC that melted away during 1986-2011. The inset figure indicates the general location of the

Ammassalik region in Southeast Greenland (source: Landsat 7 ETM+ Mosaik, 7 September 1999/9 September 2000).

been driven mainly by higher surface temperatures (increasMidgaard glaciers, have been observed in earlier studies;
ing surface ablation) and decreasing precipitation (decreasaowever, at least 21 marine-terminating glaciers have been
ing snow accumulation) since the mid-1900s (Mernild et al.,identified; all 21 were included in this study (Fig. 1).
2011a). For the land-terminating GIC in Greenland, margin retreat
The glacier contribution to sea-level rise from Greenlandhas been sparsely observed (Yde and Knudsen, 2007), and
marine-terminating glaciers has been analyzed by satellitethe only currently published time series of whole glacier in-
Howat and Eddy (2011) identified changes in ice-frontal situ mass balance observations (since 1995/1996) is from
positions from 210 GrIS marine-terminating glaciers with the Mittivakkat Gletscher, located in the Ammassalik region
fronts wider than 1 km (spanning nearly four decades, 1972(WGMS, 2009; Mernild et al., 2011a), even though thou-
2010). These results show a trend of accelerated recessiosands of individual GIC are located on the land-strip between
where 90 % of the observed glaciers receded between 200the GrlS and ocean, of which several hundred are situated in
and 2010. Box and Decker (2011) identified areal changeshe Ammassalik region (Mernild et al., 2012). Thus, thereis a
at 39 of the widest Greenland marine-terminating glaciersneed for more information about contemporary glacier fluc-
(2000-2010). Collectively, the 39 glaciers lost a cumula-tuations of Greenlandic GIC and their coupling to climate
tive area of 1368k For the Ammassalik region — a re- change.
gion including the Ammassalik Island, the Sermilik Fjord  The ability to assess GrIS and GIC margin changes in the
(the largest fjord system in Southeast Greenland) and its surAmmassalik region has been improved through the use of
rounding landscape — only frontal changes of major GriISLandsat imagery dating back to 1972. The imagery gives
marine-terminating glaciers, such as Helheim, Fenris, andis the possibility to map “snapshots” and the averaged
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Table 1. Satellite platform, sensors, band information, scenes used in the analysis, and uncertainties related to the satellite classification
process.

Platform Landsat 1 Landsat 5 Landsat 7 Terra
Sensor and Landsat MSS Landsat TM Landsat ETM ASTER GDEM
bands (bands 2-7) (bands 1-5, and 7) (bands 1-5, and 7) Version 2
Ground resolution ~60m 30m 30m, 15m panchromatic 30m
Precision +30m +15m +15m, 7.5 m panchromatic ~+12.5m
error (horizontal) (horizontal) (horizontal) (vertical)
Scenes M12510181319720907 L523101@1419860911  L7123101@1419990907 2011101714563819068388

L7123201301320110814

L7123201401420110814

L7123201401420070904

L7123101401420070913
Survey years 7 September 1972 11 September 1986 7 September 1999 -
and dates 13 September 2007

14 August 2011

Uncertainties related to the satellite classification process

Image co-registration MSS to TM: 39.86 m TMto ETM+: 11.33m

error

GPS vs. Image classification  Number of GCP used: 27 Overall difference between satellite-derived
error and GPS margin observations: 22 m
Classification For snow patches: For debris covered terrain and shadow regions:
error overestimate by 3.4 % underestimate by 1.8 %

behaviour of glacier changes for the past four decades fo2 Data and methods
the identified marine-terminating glaciers, the GrIS land-

termmatmg. margin, and the GIC. during a perlod of CI'.' The Landsat and Advanced Spaceborne Thermal and Reflec-
mate warming. The average multi-decadal glacier recessiofon Radiometer (ASTER) Global Digital Elevation Model
in the Ammassalik region (63, 37°W) was examined, Version 2 (GDEM v2) scenes were selected and acquired

rather than the annual range of variability, even though re'through WIST 0ttp://reverb.echo.nasa.gov/reverb/redirect/

cent observations suggest that major changes in the dy\7vist: EOSDIS, 2009): Landsat 1 carried the four-band Mul-
namics of Greenland marine-terminating glaciers take plac '

Sispectral Scanner (MSS): Landsat 5 carried the seven-band
over timescales of 3—10yr (Howat et al., 2007; Nick et al., P ( )

Th tic M TM); and Landsat 7 ied the eight-
2009; Andresen et al., 2011; Johannessen et al., 2011), rathS ﬁ(rjn%rlwchan?:zge'rl'rseml\tiinMap?ar;rsglus ((:Efl'r;\jﬂ P?a\?ilr?g a
than over several decades or centuries as previously believe ound resolution of-60, 30, and 30 m (15 m in the |'oanchro-
(Truffer and Fahnestock, 2007). matic band 8), respectively. The ASTER GDEM v2 provides

f H;arle, on.t_approxclimately f::ie(;ad?I scale.we exﬁ.mmetn? ground resolution of 30 m (Table 1) and is used to estimate
rontal position and area fluctuations using multispectral ;i " mean. and maximum GIC elevations.

Landsat satellite data, observing 21 marine-terminating Data were obtained from seven relatively cloud-free

glaciers from 1972-2011, land-terminating glacier frontal scenes £25 % cloud free) covering the Ammassalik region

positions for parts of the Gr]S, and Of.35.GIC f_rom 1986- at the end of the ablation period (mid-August through mid-
2011 for the Ammassalik region —a region including thether'September) for the time series analysis (i.e., 1972, 1986,

modynamic transition zone from the North Atlantic Ocean 1999, 2007, and 2011, Table 1). For 1972 the GrlS and

into the Argtlc Oc?a” through the Denmark Str_a|t. ChangesGIC land-terminating margin analyses were omitted due to
were considered in the context of meteorological Observa'difﬁculties in separating ice cover from snow cover; the

tions and reconstructed ocean water temperature time serie ear 1972 was one of the coldest years during the study
As part of th? st_udy, the.cumulative net area changes for_th eriod, and the year with the lowest satellite-derived melt
man'ne—tern.wmatmg 9"'?‘0'”3 were examined. Finally, we " extent cover for GriS (Mernild et al., 2011b). For 2011,
vest_lgate differences in margl_nal chgnge rates between thgcenes from 2007 were used for filling gaps, due to the
marine and the terrestrial glacier environments. ETM+ sensor Scan Line Instrument (SLI) malfunction. Be-
cause of the four year gap between 2007 and 2011, the gap-
filled procedure was used only when absolutely necessary to
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Fig. 2. An example of the multi-criteria analysis for the Landsat 5 TM and Landsat 7 ETM+ scenes. For the latter the corresponding values
were 1999 NDS} 0, NDWI > 0.16 and<0.45, and NDVI< 0, and for 2011 NDS# O, NDVT\{/! > 0.15 and<0.5, and NDVI< 0. Band ratios
were the same for all scenes. The analysis was carried out using the tool BandMath in ENVI

minimize misclassification. All imagery and features were visual inspection, (2) poly-line files for visual presentation;
projected in WGS84, UTM Zone 24N, and the selectedand (3) point shapes with a 30-m distribution along the lines
scenes were radiometricly calibrated using the Landsat caliand used to examine the mean and median center of the mar-
bration tool in ENVI'" software packageh(tp://www.ittvis. gin distribution for each year. The 1972 scene was not in-
com/ProductServices/ENVI.aspxconverting the band val- cluded in the classification process since the spectral bands
ues to “At Surface Reflectance”. The individual bands (TM of the Landsat 1 MSS sensor used different wavelengths and
and ETM+ bands 1-5, and 7, and MSS bands 2—7) werdand distribution than both the TM and ETM+ sensors, and
standardized using the ENVI Dark Subtract (DS) tool be- thus is not eligible for this type of snow/ice classification.
fore ratio and indices were calculated. Standard pixel er-The raw model precision errors for each year compared with
rors associated with the different scenes and sensors wet8e cleaned up classification were found to be 5.2% (over-
+30m (MSS),+15m (TM), £15m (7.5m panchromatic) €stimate by 3.4 % due to snow patches and underestimate by
(ETM+), and=30 m (ASTER GDEM v2). The error associ- 1-8% due to heavily debris covered terrain and shadow re-
ated with the ASTER GDEM v2 is expected tobe:12.9m  gions) overall, with 1999 being the most troublesome year
vertically (Table 1); however, larger uncertainty might oc- (Table 1).
cur vertically in steep terrain and in areas of poor contrasts The GriS and GIC margin positions were digitized for
(Tachikawa et al., 2011). each of the years, and the distance between the margins was
The image co-registration errors associated with the indi-calculated at the dominant glacier's flow direction using a
vidual sensor types were 39.86m (MSS-TM) and 11.33 mcenterline method approach. The expected errors related to
(TM-ETM+) (due to the root mean square, RMS), basedthe classification and determination of the glacier margin po-
on 27 near-sea ground control points (GCP) for each senSitions are shown in Table 1.
sor type (Table 1). The supervised classification process The selection of the 35 GIC was randomly chosen: (1) fol-
used for the 1986, 1999, and 2011 scenes was based onl@wing the regional distribution due to size, aspect, and el-
multi-criteria analysis involving the calculation of a set of €vation, and (2) trying to avoid area where the 2011 scene
indices (Fig. 2): normalized difference snow index (NDSI; SLIfailure could influence the classification. The 2007 scene
Dozier and Warren, 1982); normalized difference water in-9ap-fill was used in reference only when absolutely neces-
dex (NDWI; Gao, 1996); NDVI (normalized difference veg- Sary-
etation index; Rouse et al., 1973); and RATIO bands 3/5 The Landsat-derived 2011 (14 August) GIC margin was
TM/ETM+. The RATIO was used in reference due to bet- Validated for the Mittivakkat Gletscher against the 2011
ter performance than the NDSI index in mountainous aread9 August) GPS-observed margin; only the lower elevated
(||ke the Ammassalik region) Capturing ice and snow cov- margin of the Mittivakkat Gletscher was observed. The lo-
ered areas influenced by shadows and debris (Paul, 2004$ation of the observed margin was obtained from portable
The NDVI was used to filter out vegetation and the NDWI to Single-frequency GPS measurements having a relative un-
identify and filter out lakes in the margin area of the GrIS and certainty of about-5m (Mernild et al., 2011a). Overall, the
GIC. The resulting classifications were converted to (1) poly-RMS difference between the 2011 satellite and GPS margin

gon files and cleaned up manually in ESRIArcMap by ~ ©bservations was 22m (Fig. 3 and Table 1).
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Mittivakkat 2011 o for 210 GrIS marine-terminating outlet glaciers (2000-2010)

. determined by Howat and Eddy (2011). For the sub-periods
the fraction of marine-terminating glaciers in net recession
increased from 57 % (1972-1986), 86 % (1986-1999) to
100 % (1999-2011), indicating complete marine-terminating
glacier retreat for the Ammassalik region since 1999. For
Southeast Greenland, Howat and Eddy (2011) estimated an
increasing fraction of net retreat from 55% (1972-1985),
73 % (1985-2000) to 89 % (2000-201@y)=£ 38). For the
last period, this was almost in the same order of magnitude
as the fraction of glacier recession determined for the Am-
massalik region.

On an individual glacier scale, Midgaard, Helheim,
Tasis Sassik Fjord, Heims, and Fenris had (as listed)
the five highest net recession rates of 0.365 kmyfthis
equals a net frontal recession of 14.3km), 0.155kmtyr
(6.0km), 0.130kmyr! (5.1km), 0.075kmyr! (2.8 km),
and 0.065kmyr?! (2.6 km), respectively (Fig. 4) for 1972—
2011. All five glaciers are outlets from the GrlS, receiving
ice from the interior of the ice sheet, having the largest GrIS
catchment areas within the Ammassalik region and probably
also the greatest ice thickness and therefore more susceptible
to enhanced submarine melting via warmer water intruding
beneath the ice, than the other observed outlet glaciers (due

: to their shallow depth of the glacier bases). Overall for the
Landsat 7 ETM+ bands 543, August 14, 2011. GPS measurements August, 2011. Ammassalik regi0n1 80 % of the marine'terminating gIaCierS
I — 013 receded at rates less than 0.050 kmbyiFig. 4), and Thomas
et al. (2009) suggested that outlet glaciers without deep beds
Fig. 3. A comparison between the Lanc_isat-derived Mittivakkat gre changing far more slowly. The mean net recession rates
Gletsche_r margin and_ the gbserved margin based on por_table Gpgl’uring the period 1972—2011 for the glaciers Midgaard, Hel-
observations (green line with dots) for August 2011. The inset fig-p a1 "0 Fenris compared well with the recession rates de-
ure indicates the location of the observed margin at Mittivakkat .
Gletscher. The oblique black lines are due to the SLI malfunction. termined by HowaF and Eddy (2011) for 1972._2010' S
For the sub-periods, the 21 observed marine-terminating
glaciers had mean frontal recession rates of 0:D81056

1
The observed meteorological data, air temperature ang"d 0-028:0.060kmyr= for 1972-1986 and 1986-
precipitation were obtained from the Danish Meteorological 1999: respectively (significantly similar, 97.5% quartile).
Institute (DMI) station in Tasiilaq for 1972-2011, located FOf 1999-2011, thle mean recession rate increased to
less than 10 km from the Sermilik Fjord outlet, and recon- 0-098+0.171kmyr =, which was significantly higher (95 %

structed ocean subsurface water temperatures at 400 m depif@'tile) than the two previous sub-periods, and about 3.2
in the Irminger Sea were used as a proxy for the variability iMeS higher than the 1972-1986 rate. The same trend oc-

of the subsurface warm Atlantic water in the Sermilik Fjord CUITed for the median recession rates, where the 1999-
(Johannessen et al., 2011). 2011 rate was 5.4 times higher than for 1972-1986 (Ta-

ble 2). The high mean rates for 1999-2011 were mainly
due to the recession at the glaciers Midgaard, Helheim,

3 Results and discussion F5, and Fenris, whereas both Midgaard Gletscher and Hel-
heim Gletscher were outside the 75 % percentiles (Fig. 5a).
3.1 Marine-terminating glaciers Also, for 1972-1986 and 1986-1999 Midgaard Gletscher

and Helheim Gletscher were considered as outliers. The
For the Ammassalik region, the 21 observed marine-maximum net advance rate in the dataset was observed for
terminating glaciers, on average for the survey period 1972-Helheim Gletscher of 0.100 kmyt (1986-1999). A maxi-
2011, receded at a net rate of 0.858.113kmyr?! (here  mum net recession rate was observed for Midgaard Gletscher
and below, thet standard deviations are included) with a of 0.700 kmyr? (1999-2011) (Figs. 1 and 5a). For the Am-
median of 0.025 km yr! (Table 2). For 1999-2011, the mean massalik region in general, the mean recession rate has in-
net recession rate was 0.02®.171kmyr! whichisinac-  creased since 1972 (Fig. 5a). Howat and Eddy (2011), for
cordance with the mean net recession rate of 0.11krhyr the GrIS outlet glaciers, noted a transition from stable and
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Table 2. Frontal position change rate statistics for the period 1972-2011 for the GrIS marine-terminating glaciers in the Ammassalik region,
mean annual air temperature and precipitation anomaly from the DMI meteorological station in Tasiilag, and mean annual reconstructed
ocean water temperature anomaly at 400 m depth in the Irminger Sea (Johannessen et al., 2011).

Range Number of Mean annual Mean annual Mean annual Glacier Mean change Median Maximum Maximum
GrIS air tempera- precipitation reconstructed fraction in rate and change rate advance rate recession rate
marine- ture anomaly anomaly ocean water net retreat standard (kmyrl  (kmyr 1 (kmyr 1
terminating and standard and standard temperature (%) deviation
glaciers deviation deviation anomaly (kmyr~1)
(ccyrl (mmw.e.yrl) and standard
deviation
Ccyr?
1972—- 21 —0.63+0.78 69+212 —-0.12+0.30 57 —0.031+£0.056 —0.007 0.005 -0.223
1986
1986— 21 —0.33+0.63 —17+238 —0.06+:049 86 —0.029+0.060 —0.009 0.100 —0.187
1999
1999- 21 108+0.59 —62+163 023+0.43* 100 —0.098+0.171 —0.038 —0.003 —0.758
2011
1972—- 21 - - - 100 —0.053+0.113 —0.025 0.100 —0.758
2011

* Data are missing from 1995 and 1996, and only present until 2009.
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Fig. 4. Satellite-derived net frontal recession for the 21 marine-terminating glaciers in the Ammassalik region for the sub-periods 1972-1986
(green), 1986-1999 (blue), and 19992011 (yellow). For glacier locations, see Fig. 1.

small fluctuations in glacier frontal positions (1972—1985) to area loss rates of 7.2 Kyr—1 (Fig. 6). The largest indi-

moderately widespread recession in the southeast and westidual marine-terminating area loss occurred at Midgaard

ern parts of GrlS (1985-2000), followed by an acceleratedGletscher of 130k (equal to 46% of the cumula-

net recession in all regions of the ice sheet (2000-2010). tive net area exposure in the Ammassalik region), fol-
Since 1972, the 21 marine-terminating glaciers showedowed by Helheim Gletscher of 67 Kmequal to 24 %).

a cumulative net area loss of 281%&knwith mean annual About 70% of the glaciers had an area loss less than
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Fig. 5. (a) Box plots of frontal-position change for the sample 21 marine-terminating glaciers in the Ammassalik region with measurements
in each of the 1972-1986, 1986-1999, and 1999-2011 survey periods. The edges of the boxes denote 25% and 75% percentiles an
the vertical line mean. Data points outside this range are considered outliers and are plotted as crosses ar(th)labetedannual air
temperature anomaly (observed at the DMI meteorological station in Tasiilaq), mean annual ocean water temperature anomaly at 400 m
depth in the Irminger Sea (Johannessen et al., 2011), mean annual precipitation anomaly (uncorrected) (observed at the DMI meteorologica
station in Tasiilaq) and standard deviations are shown.

4km? during the period 1972-2011. Also, the 21 ob- glaciers. This suggests that outlet glaciers without deep beds
served marine-terminating glaciers had a trend towardsre retreating far more slowly.

lower annual area loss rates (Fig. 6): for the sub- Box and Decker (2011) measured area change at 39 of
periods 1972-1986, 1986-1999, and 1999-2011, the meatie widest GrIS marine-terminating glaciers based on Mod-
area loss rates were 8.5kyr—! (equal to 118krh erate Resolution Imaging Spectroradiometer (MODIS) be-
and 0.40kmyr-lglacier?l), 6.8knfyr1 (88kn? and  tween 2000 and 2010, including the glaciers Midgaard, Hel-
0.32knfyr-lglacier?!), and 6.3kmyr! (75knm? and  heim, and Fenris. Overall for the 39 glaciers, they exposed
0.30kn?yr~Lglacier!), respectively (Fig. 6), indicating a cumulated net area of 1368 kmOn individual glacier
decreasing area loss rates since 1972. This is probably bescale, the observed area loss rates for the glaciers Midgaard,
cause the side fjords to the Sermilik Fjord decreased in widttHelheim, and Fenris were-2.9, —2.0, and—0.4 knfyr—1

the further up the fjord the marine-terminating moves. Whenfor 1999-2011, respectively, compared-t8.6, —2.5, and
looking at the mean GrlS outlet glaciers (Midgaard, Helheim, —0.3kn?yr—! for 2000-2010 determined by Box and
Tasis Sassik Fjord, Heims, and Fenris=£ 5)) and the non-  Decker (2011). The Landsat-derived area loss rates were in
GrIS outlet glaciers#{ = 16), they both had a mean trend the same range as Box and Decker (2011) (97.5 % quatrtile),
towards lower annual area loss rates (Fig. 6); however, thend both studies indicated that the clearest pattern of area ex-
absolute mean area loss rates were higher for the GrlS outlgitosure happened at the Midgaard Gletscher in the Sermilik
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and other sixteen outlet glaciers for the Ammassalik region 1972—-2011.

Fjord, even compared with the entire Southeast Greenlandbss of resistive stress at the terminus recedes (Joughin et al.,
according to Box and Decker (2011). 2010). However, oceanographic studies have demonstrated
Several authors (e.g., Holland et al., 2008; Murray et al.,that although subtropical ocean waters reach glacial fjords
2010; Straneo et al., 2010; Andresen et al., 2011) suggesh Southeast Greenland, there is no proof that they come into
that ocean warming and warm subsurface waters caused larghrect contact with glaciers (Walsh et al., 2012). Mechanisms

changes to submarine melting, marine-terminating glaciedriving the circulation of warmer North Atlantic waters are,
frontal positions and thinning, reduced resistive stress andhowever, still not well understood (e.g., Straneo et al., 2010).
ice discharge acceleration. In recent decades the 21 marin®n the other hand, Johannessen et al. (2011) have argued
terminating glaciers in the Ammassalik region have experi-(due to statistical correlation) that, based on annual frontal
enced increasing frontal recession rates and decreasing areasitions of Helheim Gletscher, 24 % of the ice-front fluc-
exposure rates that are synchronous with both increasinguations could be accounted for by ocean temperatures and
mean annual air temperature (MAATY0.06°Cyr—1, sig- 56 % by air temperatures, even though changes in frontal po-
nificant atp < 0.01, wherep is level of significance) from sitions were influenced by a number of local factors, e.g.,
the DMI meteorological station in Tasiilag and reconstructedup-glacier ice dynamics and bed geometry. Overall, several
annual ocean water temperatured(12°Cyr—1, significant  studies using a range of different methods show that GrIS
p < 0.025; at 400m depth in the Irminger Sea penetrat-marine-terminating glaciers recede and mass loss might be
ing into the Sermilik Fjord and exposing the lower part of influenced by atmospheric and probably more importantly by
glaciers such as Helheim and Fenris to warm waters withoceanographic impacts, especially in the southeastern part of
temperatures up to°A; Johannessen et al., 2011) (Figs. 5b the GrIS (Luthcke et al., 2006; Velicogna and Wahr, 2006;
and 6). The mean glacier retreat was more widespread fovan den Broeke, 2009; Velicogna, 2009).

1999-2011 (approximately the first decade of the 21st cen-

tury) than for the earlier sub-periods (1972-1986 and 1986-3.2 The land-terminating ice sheet

1999). The observed accelerated recession of the marine-

terminating glaciers in the Ammassalik region coincided In Fig. 7 the GrIS land-terminating margin and changes
with the onset of a warming trend in the sub-polar North within the Ammassalik region are illustrated for 1986, 1999,
Atlantic Ocean (Myers et al., 2007; Straneo et al., 2010),and 2011. Since 1986 the GrIS area has decreased in
likely initiated by the influx of warmer deep water origi- size within the Ammassalik region from 1166 kr(1986),
nating in the Irminger Sea (Holland et al., 2008; Hanna et1153 kn? (1999) to 1124 krf (2011), indicating a net area
al., 2009). This supports the hypothesis that ocean warmioss of 4% (equal to an area exposure rate of 0.15%)yr

ing associated with shifts in the Irminger and East Green-(Table 3). As such for the land-terminating GrIS, the area ex-
land currents caused increasing submarine melt at the iceposure rates were 1.0 kpr—! (13kn?) and 2.4kmyr—1
ocean interface, and retreat, thinning, and acceleration as th@9 kn?) for the sub-periods 1986-1999 and 1999-2011,
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Fig. 7. The location of the GrlS land-terminating margin for the survey years 1986 (green), 1999 (blue), and 2011 (yellow) in the Ammassalik

region, and the marginal changes between the survey years. The topography has black and gray shaded colors (source: ASTER GDEM v
and Landsat 7).

Table 3. GrlIS land-terminating margin-position change rate statistics for each survey year and period for the Ammassalik region.

Years GrlIS margin length  GrlIS area for the sec- Area in percentage
for the highlighted tion for the highlighted related to the 1986
section in Ammassa- section in Ammassalik area (%)

lik region (km) region (knf)
1986 686 1166 100
1999 589 1153 99
2011 544 1124 96

GrlS mean margin GrlS mean margin change (km)
change rate (kmyr)

1986-1999 —-0.010 -0.127
1999-2011 —0.026 —0.316
1986-2011 —0.018 —0.443

respectively, indicating an increasing trend in area expo-was less curved — had fewer land-terminating outlets — than
sure since 1986. The land-terminating area exposure wam 1986 and 1999. When the area recession is compared to
unevenly distributed for the GrIS (Fig. 7). A division of changes in margin length, the largest GrIS area length reces-
the ice sheet into 100-m elevation bands indicated that thesion ratio occurred at the elevatiorB00 m a.s.l., most pro-
largest GrIS area recession occurred at the elevation beaounced for the period 1999-2011 (Fig. 8). The spatial area
tween 701-800 m a.s.l. for both survey periods, with rates ofrecession seems to be highly influenced by local topography,
0.22kn?yr~1 (1986-1999) and 0.50 khyr—1 (1999-2011)  hypsometry, shadow effects, climate variability, glacier dy-
(Figs. 7 and 8). Along with this area reduction, the GrIS land-namic processes within the GrlIS, increasing ELA elevation
terminating margin decreased20% in total length from (the ELA is the spatially averaged elevation of the equilib-
686 km (1986) to 544 km (2011), because the 2011 margirrium line, defined as the set of points on the glacier surface
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where the net mass balance is zero), and the margin elevaontent” of the snowpack (Bgggild et al., 2005; Mernild et
tion distribution, where approximately 20 % of the margin al., 2011a), whereas a decrease in annual precipitation may
was located between 701-800 m a.s.l. (1986—2011) (Fig. 8)lead to earlier exposure of glacier ice melt and summer firn
The mean net recession rate of the GrIS land-terminatingsurface of previous years (having a lower albedo than fresh
margin was 0.018-0.009 kmyr! (equal to a net recession snow, promoting increased solar absorption). Therefore, the
of 0.443km) for 1986-2011, comprised of a mean reces-combination of increasing air temperature and decreasing
sion rate of 0.010kmyr* (0.127 km) for 1986-1999, and precipitation is likely to increase ablation and GrlS margin
0.026 kmyr?! (0.316 km) for 1999-2011 (Table 3). This thinning and recession, and if MAAT and precipitation con-
land-terminating recession rate for the GrlS over this pe-tinue to follow these trends, then it is expected that the GrIS
riod of 1986-2011 is about three times lower the meanland-terminating margin will continue its recession, leading
rate of recession of the marine-terminating GrlS. Sohnto increased area exposure. However, changes in the hypso-
et al. (1998) measured recession rates of the GrlS landmetric distribution along the GrlS margin may influence re-
terminating margin near Jakobshavn Isbrae, West Greenlanaession rates on a decadal timescale.
of 0.016-0.040 kmyr!, averaging 0.026 km y** for 1962—
1992. This may suggest that the recession rate can be e3.3 Land-terminating glaciers and ice caps
pected to be within this order of magnitude along many parts
of the GrIS land-terminating margin. Peripheral to the GrlS, 35 land-terminating GIC were chosen
Net GrIS land-terminating marginal recession for the Am- (Fig. 1) to assess area exposure for the Ammassalik region
massalik region, including increasing area exposure, ocfor 1986,1999, and 2011 based on Landsatimagery. In Fig. 9
curred for the period 1972-2011, during a period of in- the size, mean elevation, and aspect distribution are illus-
creasing MAAT 0.06°C yr-1) and decreasing annual pre- trated for the 35 GIC, indicating that the majority of the GIC
cipitation (7.0 mm water equivalent (w.e.)v#, significant is below 5 kn#, located between 400-800 m a.s.l., and facing
at p < 0.025; Fig. 5b) — probably heading towards future south, west, and northwest. The GIC are non-surging glaciers
warmer and drier conditions in the region (Mernild et al., located south of the East Greenland surge cluster (Jiskoot et
2011a). The average increase in MAAT generally favors sur-al-» 2003). For the Ammassalik region, the observed GIC in-
face ablation (evaporation, sublimation, and melt), and ardicated a relative mean area exposure &f¥8 % for 1986—

earlier start of the ablation season by decreasing the “cold 999, and 27 24% for 1986-2011, which is equal to a
mean net area exposure rate of 0.0&km! per glacier
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(or 1.07 % yr?! per glacier) (Fig. 10a and b). For small GIC 80
(n = 32; <10kn?), the net area exposure rate was on aver-
age 1.08%yr!, and for large GIC { = 3; >10kn?) was

0 200 400 600 800

1,000

1,200 1,400

Average GIC elevation (m a.s.l.)

Fig. 10. (a) Land-terminating GIC area for the 35 observed GIC
0, —
a comparable rate of 0.81 /ﬂfr. For 1986-1999, eleven (Mittivakkat, Hobbs, Tinit, and L1-L32 glaciers) for 1986, 1999,

'nd'\('dual GIC_: (around 3.0%' mostly below 2Kmhad a and 2011 (the listed glaciers are illustrated as an example in
net increase in area, while for 1986-2011 there were only,:ig. 11); (b) relative GIC area change since 1986 (the named
three GIC all facing towards the west (L11, L14, and L9; glaciers are the ones with area increase); @pdelative GIC area
and around 10% — all less than 1&%m(Fig. 10b). As il- change in relation to variations in mean elevation GIC height for
lustrated in Fig. 10c, GIC having a mean elevation height1986-1999, 1999-2011, and overall for 1986-2011.

higher than 705ma.s.l. had in general a net area increase

from 1986 to 1999, while glaciers with a mean elevation

lower than 705ma.s.l. had a net area decrease (based dfor 1999-2011 the linear regression shown in Fig. 10c in-
the significant linear regression? = 0.38; p < 0.01). The  dicates the opposite trend for GIC in the Ammassalik re-
height of 705 m a.s.l. was around the observed average ELAion: an increase in area recession for GIC at high elevation
of 690 ma.s.l. at the Mittivakkat Gletscher in the late 1990sranges, and vice versa. This shift in trend occurred simulta-
(Knudsen and Hasholt, 2004; Mernild et al., 2011a; Table 2).neously with an increase in the average observed ELA for the
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Table 4.Characteristics of land-terminating GIC L33-L37 in the Ammassalik region, which have melted away during the period 1986-2011
(see Fig. 1 for location of the doomed glaciers).

GIC Minimum  Maximum  Mean elevation Aspect Area  Area Area

elevation elevation (ma.s.l) 1986 1999 2011

(mas.l) (mas.l) (km?)  (km?)  (km?)
L33 507 792 634 E 0.178 0.050 O
L34 462 538 513 E 0.041 0.034 O
L35 846 910 893 w 0.036 O 0
L36 777 896 841 w 0.076 0.016 O
L37 1107 1145 1117 Sw 0.018 0.029 O

Mittivakkat Gletscher to 750 ma.s.l. Overall for 1986—-2011, absence of further climate changes (Mernild et al., 2011a).
the observed GIC faced a general net area loss that was higlsince the initiation of the mass balance observation program
est at low elevations, and vice versa (based on the linear rein 1995/1996, Mittivakkat Gletscher had in 14 out of 16 yr
gression; Fig. 10c). However, as previous mentioned, thre@ negative surface mass balance, while the general climatic
minor GIC (<1km?) had a net area gain during this 25-yr trend in the region has been towards higher temperatures, less
period, indicating that glacier fluctuations may vary on local winter precipitation, and more negative glacier mass balances
scales. and continuous marginal recession (Fig. 11). Consecutive
Since the GIC on average had a mean net area exposurecord glacier mass loss occurred for the years 2009/2010
rate of about 1% yr!, it may be expected that GIC in the and2010/2011 of2.16 and—2.45 mw.e. yr!, respectively.
Ammassalik region could melt substantially in the 21st cen-The 2011 mass loss was not only the largest annual loss of
tury under ongoing climate change. For the period 1986-volume in the history of the mass balance observational pro-
2011, there are examples of five glaciers that completelygram, but also the largest annual loss in simulations of glacier
melted away: all located at different mean elevations withinmass balance changes back to 1898 (Mernild et al., 2008).
the region from 460 to 1110 ma.s.l., and with different as- The marginal recession, mass balance and AAR observations
pects facing from east to west (Table 4). The recession seemsiggest that recent Mittivakkat mass losses, which have been
therefore not to be limited to low elevated areas only, butdriven largely by higher surface temperatures and less solid
more likely to occur for north-facing GIC. Also, in Fig. 11, precipitation, are representative of the broader region, which
examples of eight GIC are shown to illustrate the spatialincludes the 35 observed GIC in Figs. 10 and 11 — glaciers of
changes in margin location from 1986 to 2011. different sizes and elevation ranges. This is confirmed since
For the largest GIC — the Mittivakkat Gletscher (26.2%km the Mittivakkat Gletscher net area exposure rate closely fol-
in 2011) — the area extent had diminished about 18 % sincéows the average rates for the Ammassalik region.
1986 (lower than the mean GIC area exposure for the Am- Glacier fluctuations and area exposure have been studied
massalik region of 2% 24 %). The terminus has retreated in other parts of Greenland. North of the Ammassalik re-
by 1.6km (0.015kmyrl) since the maximum extent of gion, in central East Greenland (68=1p) land-terminating
the Little Ice Age around 1900, by 1.3km (0.017 kr ¥y GIC peripheral to the GrIS have receded at a mean rate of
since 1931 (Humlum and Christiansen, 2008; Mernild et0.010 kmyr? for a wide range of glacier sizes (2002—2009)
al., 2011a), and by 0.3km (0.013knTyp since 1986. (Kargel et al., 2012). Also, on Disko Island in West Green-
This is almost of the same magnitude as the GIC of theland, Yde and Knudsen (2007) estimated mean GIC termi-
Ammassalik region’'s mean net recession rate @10+ nus retreat rates of 0.008 knyr for non-surging GIC, and
0.006 kmyr1 (1986-2011), and of the regional GrIS land- 0.020 kmyr?! for quiescent phase surge-type GIC, reflect-
terminating margin of @18+ 0.009 kmyr! (see Sect. 3.2): ing a higher non-climatic-driven recession rate after glacier
the mean Ammassalik GIC land-terminating recession ratesurges. These studies are in accordance with the findings for
(1986-2011) is about five times lower than the mean GrlSthe Ammassalik region and indicate that the current mean re-
marine-terminating recession rate. Also, for Mittivakkat cession rate for GIC in Greenland (probably excluding North
Gletscher the annual mass balance measured continuoustyreenland where no data are currently available) is likely to
since 1995/1996 illustrates a 16-yr average mass loss dbe on the order of 0.008—0.010 knTyt
0.970+0.190mw.e.yr!, and an accumulation-area ratio
(AAR: the ratio of the accumulation area to the area of the
entire glacier) of~0.10 (updated from Mernild et al., 2011a),

indicating tha_t the glacier is s_lgnlfl_captly out of balance with The satellite observations show net glacier recession since
the current climate. The glacier will likely lose at least 70 %

it i tent and 80 % of it | in th 1972 for the Ammassalik region for all glacier types and
otits current aréa extent an o OT1ts volume even in esizes, both at the marine-terminating and land-terminating

4 Summary and conclusion

The Cryosphere, 6, 625639, 2012 www.the-cryosphere.net/6/625/2012/



Glacier extent

2011:30km’; 68 %
I 1959: 38 km”; 87 %
171 1986: 4.4 km®; 100 %

h -
Glacier extent
2011:19.4 km*; 81 %

W 1099: 22.3 km?; 83 %

Glacier extent

2011:11.0km*: 75 %
W 1989; 124 km*; 82 %
[7]1986: 14.7 km?: 100 %

Glacier extent
2011: 28 km’: 88%

W 1000 20km*; 03 %
1986: 3.2 km’

S. H. Mernild et al.: Multi-decadal marine- and land-terminating glacier recession

Glacier extent

2011: 26.2km*; 83 %
1898 29.5km*; 94 %
[11986: 31.6 km*; 100 %

Glacier extent

2011:6.2km’: 72%
W 1909 9.0km?; 96 %
[71986: 9.4 km’: 100%

Glacier extent

2011:1.2km*: 55%
W1o0e: 1.7km*: 70 %
(71986 2.2 k*; 100%

Glacier extent
2011:28km*; 92 %
B 1999: 20 km?: 97 %

[T11986:3.0km?; 100 % &

637

_ Mittivakkat Gletscher

Seblember 9, 2000

Fig. 11. The margin location of eight land-terminating GIC (peripheral to the GrlS) in the Ammassalik region: Hobbs, Mittivakkat, Tinit,
and L1-L5 glaciers for the survey years 1986 (green), 1999 (blue), and 2011 (yellow) estimated from Landsat images. The location of the
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GrlS, and land-terminating GIC. However, the land- Dozier, J. and Warren, S. G.: Effect of viewing Angle on the Infrared
terminating GrlS and GIC reflect slower area exposure rates Brightness Temperature of Snow, Water Resour. Res., 18, 1424—
than the faster marine-terminating outlet glaciers. This could 1434, 1982.

likely be due to a combination of effects, as the marine-Earth Observing System Data aqd Information System (EOSDIS):
terminating GriS was influenced by the onset of a sea-water Earth Observing System ClearingHOuse (ECHO)/Warehouse In-

: . - tory Search Tool (WIST) Version 10.X. Greenbelt, MD:
warming trend in the North Atlantic Ocean (Myers et al., ‘" ;
2007; Straneo et al., 2010), and by atmospheric impacts fron&; EOSDIS, Goddard Space Flight Center (GSFC) NASA, 2009,

. | dsi d L hil ao, B.-C.: NDWI — A Normalized Difference Water Index for Re-
regional trends in MAAT and precipitation, while GIC were mote Sensing of Vegetation Liquid Water From Space, Remote

only influenced by the latter. For the marine-terminating  gens. Environ., 58, 257—266, 1996.
GrIS outlet glaciers the mean annual area exposure rate hasanna, E., Cappelen, J., Fettweis, X., Huybrechts, P., Luckman, A.,
decreased since 1972, whereas it has increased for the land-and Ribergaard, M. H.: Hydrologic response of the Greenland ice
terminating GrlS margin since 1986, even though both parts sheet: the role of oceanographic warming, Hydrol. Process., 23,
of the GrIS have undergone substantial area changes in the 7-30, 2009.
past decades. The observed land-terminating GrIS and Gl¢lolland, D. M., Thomas, R. H., de Young, B., Ribergaard, M. H.,
indicate a net area recession of 4% (equal to an area expo- and Lyberth, B.: Acceleration of Jakobshavn Isbrae triggered by
sure rate of 0.15 %Wl) and 27+ 24 % (around 1 %y-rl)’ warm subsurface ocean water_s, Nat. Geosci., 1, 659—-662, 2098.
respectively, and margin recession rates of 0:008009 and ~ HOWat. I M. and Eddy, A.: Multi-decadal retreat of Greenland's
0.0104 0.006 km yrl. These mean net margin recession marlne-termlnatlng glaciers, J. Glaciol., 57, 3_89—_396, 2011_.
. . _Howat, I. M., Joughin, I., Tulaczyk, S., and Gogineni, S.: Rapid re-
rateS. are_ about th.ree tofive times lower than the GrlS marine- treat and acceleration of Helheim Glacier, East Greenland, Geo-
terminating margin rates. If these GIC recession trends were phys. Res. Lett., 32, L22508pi:10.1029/2005GL024732005.
extrapolated, it would indicate that a substantial amount ofyowat, I. M., Joughin, I., and Scambos, T. A.: Rapid Changes in Ice
the GIC in the Ammassalik region might melt away within  Discharge from Greenland Outlet Glaciers, Science, 315, 1559—
the 21st century under ongoing climate warming. So far, five 1561, 2007.
GIC in the Ammassalik region have melted away since 1986 Howat, I. M., Joughin, I., Fahnestock, M., Smith, B. E., and Scam-
bos, T.: Synchronous retreat and acceleration of southeast Green-
land outlet glaciers 2000—-2006: ice dynamic and coupling to cli-
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