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Abstract. Past glacier fluctuations provide insight into tuations can be used to estimate the glacier contribution to
glacier dynamics, climate change, and the contribution ofsea-level change (e.geclercq et al.2011).
glaciers to sea-level rise. Here, the length fluctuations since Until recently, the number of long-term glacier length
the 19th century of 18 local glaciers in West and Southrecords was very limited for the local glaciers on Greenland,
Greenland are presented, extending and updating the studye. glaciers not connected to the ice sheet (also referred to
by Weidick (1968). The studied glaciers all showed an over-as glaciers and ice cap¥jde and Knudseii2007) assessed
all retreat with an average of 1420.2 km over the 20th cen- glacier fluctuations during the 20th century on Disko Island,
tury, indicating a general rise of the equilibrium line along West Greenland. Their analysis is based on combining histor-
the west coast of Greenland during the last century. Furtherical information from expedition reports and early maps with
more, the average rate of retreat was largest in the first halfemote sensing data from aerial photography and Landsat im-
of the 20th century. ages.Bjork et al. (2012 reconstructed the length changes
since the early 1930s of 132 local glaciers and outlet glaciers
from the ice sheet in south-east Greenland from rediscovered
aerial photographs, supplemented with satellite images.

By combining the observations of early investigators with
aerial photography and own field observatiowseidick
i } o . (1968 reconstructed the length fluctuations of over 80 local
Glacier length fluctuations are an indication of climate gjaciers and 60 outlet glaciers of the ice sheet in south and
change as glaciers react with geometric adaptation to chang&gest Greenland, between 6@nd 72 N. Several of these
in climatic forcing (e.gOerlemans2003). Furthermore, the  records start in the middle or early 19th century, but they
meltwater released due to the shrinkage of glaciers is thgy end in the middle of the 20th century. When updated
largest contributor to sea-level rise over the 20th centuryg present day, these records provide unique information of
(Bindoff et al, 2007). Length fluctuations provide indirect gjacier fluctuations along the western margin of the Green-
evidence of changes in glacier mass balance, which is e§and ice sheet over the last one and a half century. Here, we
pecially relevant near the margin of the Greenland ice sheepresent the updated records of length fluctuations for 18 of
where long-term direct measurements of mass balance afge |ocal glaciers in south and West Greenland basatfein
scarce. The available long-term records of glacier terminugjick (1969. The 18 studied glaciers are clustered in three
fluctuations can be used to put the recent retreat of glaciergagions: Disko Island and Nuussuaq Peninsula between 69—
on Greenlandtowat et al, 2008 Moon and Joughif2008 720 N, Sukkertoppen around 661, and Julianeb—Godt&b

Kargel et al, 2012 Jiskoot et al.2012 Mernild etal, 2012 jn the very south of Greenland at abouf i (Fig. 1a). At
into a historical perspective. In addition, glacier length fluc-

1 Introduction
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present, all glaciers terminate on land, but seven glaciers
were tidewater glaciers until the end of the 19th century or *
the beginning of the 20th centurWweidick, 19689.

- : Sukkertoppen
| -

2 Methods

We have used Landsat 7 ETM+, Landsat 5 TM, and aerial
photography to update records of glaciers that have a long Julanehdbi

Godthab ‘L

record, do not show signs of surging (frequently found in
the Disko Island and Nuussuaq Peninsula regide(and . o
Knudsen 2005 Citterio et al, 2009, and for which the new
glacier lengths could be related to the length record&/ein

dick (1968.

The glacier outlines were obtained from the Landsat
scenes by automated techniques using the well-established
band ratio method (e.draul and Kah, 2005 that classifies
glaciers when the digital numbers in band 3 (red) are about
two times higher than in band 5 (shortwave infrared). Af-
terwards, outlines were manually corrected for shading, sea-
sonal snow, and debris cover. The pixel size of the Landsat
images is 30 m, and the position of the outlines can be deter-
mined with a precision of about one pix&ldul et al, 2012). Fig. 1. (a) Location of the studied glaciers. White squares give the
The locations of the drainage divides strongly influence thePosition of the images shown {ib) and(c). (b) Glacier outlines in
total length of a glacier. They were automatically derived 2000 (red), flow line (blue), and maximum extent (black) of Saqgaq
from watershed analysis using the ASTER GDEM digital el- derived from Landsat imagery and DEM. Background is a false

. - . . colour composite of the 2010 Landsat ima@e. Two examples,
evation model (DEM) with 30 m horizontal resolution. Flow Serminnguaq (left) and Sissarissut (right), of frontal retreat mea-

lines were manually drawn, based on the DEM and flow Pl red from 3 Landsat images in 1988, 2000, and 2010. Background

terns visible on the satellite images. For the processing Wemage is a colour composite of the 2000 Landsat scene.
used the Arcinfo geographic information system (GIS) soft-

ware and the open source GRASS software. Glacier outlines

of glaciers in the Disko and Nuussuaq region (no. 1-8 in Ta-

ble 1) for 2001 are taken fronCitterio et al.(2009. Here,  from Yde and Knudseii2007) for Tunorsuaq (older name:

we study only changes in glacier length; the glacier area isTunorssuaq), and fronWeidick (1988 for Narsap (older
determined only for the year closest to 2000 (2002 for fourname Narssaq), Sermitsiaq and Napassorssuaq (older name
glaciers in the southern region, 2001 for the glaciers in DiskoNapassorssuagyVeidick (1988 also gives values for the

and Nuussuagq region). length changes of the Motzfeldt glaciers, glaciers that were
We have also included the digitized glacier outlines from not included inWeidick (1968.
the GEUS-PROMICE map<Citterio and Ahlstram?2012 In Weidick (1968 the length changes are expressed as dis-

and additional literature values. Within the study area thetance between the glacier tongue position and the maximum
GEUS-PROMICE outlines are derived from aerophotogram-extent along the flow line (cf. Fig. 8 and Table 2Weidick,
metric maps based on stereopairs mostly acquired in 19851968. For nine glaciers (6—10, 12, 14, 15, 17) this maximum
with a few glaciers having been photographed in 1962 orextent can be identified on the Landsat images (B with

as early as 1953 (Tabl#). The absolute map accuracy of an accuracy comparable to that of the glacier outlines. For
the GEUS-PROMICE outlines depends on the ground conthese glaciers, the length records were continued by measur-
trol points used in the aerial triangulation, and on the scaleing the distance between the maximum extent and the frontal
of the aerial photographs (1 : 150 000 for the 1985 data). Bepositions determined along the flow line (Fix). It should

fore measuring glacier lengths from the GEUS-PROMICE be noted that this flow line is redefined, and therefore not
maps, any local horizontal bias was removed by manuallystrictly identical to the one used Weidick (1969. For Ser-
matching the flow line of each glacier with the flow line de- mikassak, Narsap, and Napasorssuaq, the 1953 aerial photo-
rived from the Landsat data. The spatial resolution of thegraph used in the GEUS-PROMICE outlines is also included
aerial photographs is much higher than the Landsat pixein the records ofMeidick (1968. The 1953 extent is used
size, which remains the dominating source of uncertainty.as reference. For the remaining six glaciers, the Landsat ob-
Additional values of length variations were obtained from servations could be connected to the existing record from
Gribbon(1970 for Sermikassak (older name: Sermikavsak), the distance to the coastlingVeidick (1968 reports that
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Table 1.Number, name, inventory numbersWeidick et al.(1992 (inventory) andMVeidick (1968 (loc no.), region, latitude (lat), longitude

(long), glacier area (size), length along flow line (length), and years with information used for ext@vilitigk (1968: digitized glaciers

outlines from aerial photography (aerial) and USGS Landsat images (Landsat). Glacier area and length are derived from the 2000, 2001, or
2002 glacier outlines. We have used the new Greenlandic spelling of the glacier names, which slightly differs from the old spelling used in
Weidick (1968.

No. name inventory locno. region lat long size ®m length (km) aerial Landsat

1 Sermikassak 1191V Nuussuaq 71.22-53.96 22.46 14.25 1953 2001 2010

2 Assakaat Sermiat 11B 26 003 109 Nuussuaq 70.5252.07 13.20 8.71 — 2001 2010

3 Sermiarsuit Sermikassaat  11B 27 003 108 Nuussuaq 70.532.15 20.33 11.31 — 2001 2010

4 Soqgaap Sermia 11B 24 003 112 Nuussuaq 70.4751.88 15.46 8.92 1985 2001 2010

5 Umiartorfiup Sermia 11B25002 110 Nuussuaq 70.4%51.98 39.90 15.10 1985 2001 2010

6 Saqgaq 1GH 03008 103 Nuussuaq 70.0851.70 8.83 6.18 1985 20012010

7 Akulliit 1HC 05007 95 Disko Island 69.64 —54.50 3.43 2.89 1985 20012010

8 Tunorsuaq 1HA 04009 85B Disko Island 69.32-53.37 2.60 211 1985 20012010

9 Sissarissut 1DG 19002 40 Sukkertoppen 66.3752.38 19.08 8.73 1985 1988 2000 2010
10  Serminnguaq 1DG 20007 41 Sukkertoppen 66.2852.40 79.07 20.43 1985 1988 2000 2010
11  Qingua Kujalleq 1DF 22002 56-1 Sukkertoppen 65.9551.92 57.00 15.11 1985 1988 2000 2009
12 Saarloq 1DF 32002 531-N  Sukkertoppen 65.8#52.61 4.27 3.99 1985 2000 2009

13 Kangiusaq 1DF 25003 55 Sukkertoppen 65.8552.09 8.77 5.10 1985 2000 2009

14  Motzfeldt O 1AG 10 038 Julian@b-GodtAb 61.15 —45.03 1.43 2.85 1962 19922002 2008
15  Motzfeldt V 1AG 10 039 Julianéth—Godthb 61.13 —45.09 6.11 475 1962 1992 2002 2008
16  Narsap Sermia 1AG 01001 7 JuliadbhGodtAb  60.99 —45.90 1.17 2.8 1953 1992 2000 2008
17  Sermitsiaq 1AB06008 1A Juliangb-GodtAb 60.54 —44.16 23.80 11.48 1985 20022010

18  Napasorssuaq 1AC18002 2 JuliahiehGodthb  60.30 —45.27 1.97 2.64 1953 20022010

Assakaat and Soqqaap (older names: Assakiat and Sorquaare observed. The mean 20th century retreat isE02 km
respectively) were near to or at the sea in 1893 and 1896, re12 ma 1), varying from 7+ 400 m (Saarloq) to 2.% 0.2 km
spectively. Sermiarsuit, Umiartorfiup, Qingua Kujalleq, and (Soggaap). The large spread in retreat reflects the large differ-
Kangiusaq (older names: Sermiarssuit, Umiartopfiup, Qin-ences between the glaciers. The sample includes glaciers of
gua Kujatdleq, and Kangiussaq, respectively) were calvingdifferent size and geometries; the glacier area varies from 1.2
glaciers in the 19th century, but all retreated on land duringto 79 kn? and glacier length from 2.8 km to 20 km (Talle
the period of their observations feidick (1968. The year  Furthermore, the average glacier retreat during the 20th cen-
of retreat on the coast line and the distance to the maximuntury is smaller for the five glaciers in the Sukkertoppen region
extent are not exactly known. However, the resulting uncer-than for the glaciers in the other two regions, but the sample
tainty in the coupling of the Landsat results to the record ofis too small for conclusions on general regional differences.
Weidick (1968 is small: the retreat between the last observa- The average rate of length change in the 19th century is
tion of calving and the first time the glacier front was on land limited; it varies between-4.5 and +4 mal. The first half
is about 10 to 100 m for these four glaciers. We assume thef the 20th century shows the highest rates of retreat of
changes in the position of the coast line are negligible withthe period covered by the records, peaking at an average of
respect to the uncertainties in the position of the glacier front22 ma® (with a standard deviation of 19 m&) during the
period 1930-1939 (Figgb). The average rate of change in-
creases in the second half of the 20th century, but is nega-
tive throughout the entire century. During the first decade of
3 Results and discussion the 21st century, all 18 glaciers retreat, and the average re-
treat rate increases to 11 ma(with a standard deviation of
The records cover the 20th and part of the 19th century, startd ma1).
ing between 1811 and 1900 (on average in 1853) and ending These results are in agreement witde and Knudsen
in recent years (2008-2010) (Figa). The number of data (2007, who found an average retreat of 8mafor the
points per record varies between 6 and 13, with a mean ofion-surging glaciers on Disko Island over the period 1953—
10 observations per record. The data points before 1900 rel2005. Kargel et al.(2012 also found predominant retreat
mostly on interpretation of historical documents (8&ei- of glaciers in East Greenland of 10 mfaand 20 ma? for
dick, 1968 for more details) and therefore have a larger un-land-terminating and marine-terminating glaciers, respec-
certainty than the more recent data points that are derivedively, over the period 2002—2009. Looking at changes in lo-
from field work, aerial photography and satellite images.  cal glaciers in East Greenland over a longer period (1972—
Predominantly, the studied glaciers show little change in2011 and 1980s—-2005Mernild et al. (2012 and Jiskoot
the 19th century, followed by a period of retreat in the et al.(2012 found that the rate of glacier retreat as well as
20th and 21st century, although a few minor re-advanceghe fraction of retreating glaciers increased in the first decade
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1800 1850 1900 1850 2000 balance variations. Therefore, the fact that retreat rates are
largest in the beginning of the 20th century does not neces-
sarily imply that surface mass balances in this period are the
most negative of the entire period 1811-2010.

1 Sermikassak, Nuussuaq

2 Assakaat, Nuussuaq

4 Soqqaap, Nuussuaq AcknowledgementsThe authors would like to thank P. Rastner
for his help with image processing and K. Jezec for providing
the image of Greenland in Figa. Landsat 5 TM and Landsat 7
ETM+ images courtesy of the US Geological Survey. The ASTER
7 Akullit, Disko GDEM used in this study is a product of METI and NASA.

8 Tunorsuag, Disko F. Paul acknowledges funding by the ESA project Glacesis
(4000101778/10/1-AM). T. Bolch acknowledges funding from the
ice2sea programme from the European Union 7th Framework Pro-
gramme, grant number 226375. Ice2sea contribution number 148.
M. Citterio and A. Weidick acknowledge funding from the Danish
Energy Agency through the PROMICE Programme. The authors
thank two anonymous reviewers and editor H. Gudmundsson for
their useful comments.

5 Umiartorfiup, Nuussuaq

unitis 1 km

AL

Edited by: G. H. Gudmundsson

References

Bindoff, N. L., Willebrand, J., Artale, V., Cazenave, A., Gregory,

mean

o L indiv glaclers - J. M., Gulev, S., Hanawa, K., Le @, C., Levitus, S., No-

jiri, Y., Shum, C. K., Talley, L. D., and Unnikrishnan, A. S.:
Observations: Oceanic Climate Change and Sea Level, in: Cli-
mate Change 2007: The Physical Science Basis. Contribution of
L Working Group | to the fourth Assessment Report of the Inter-

=]
T
%
I
|
|
I
|
(,-e w)p/1p

1800 1850 19'ogar 1950 2000 governmental Panel on Climate Change, edited by: Solomon, S.,
Y Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tig-

Fig. 2. (a) Length records of studied glaciers in West Greenland. 1°% M., and Miller, H. L., Camebridge University Press, Came-
Each dot represents a data point. Data are interpolated using Stine- Pridge, United Kingdom and New York, NY, USA, 2007.

man interpolation $tineman 1980). To record 1, data fron®rib- ~ BI2TK, A A, Kjeer, K. H., Khan, N. J. K. S. A., Kjeldsen, K. K.,
bon (1970 were added; to record 8, data frovide and Knudsen Andresen, C. S., Box, J. E., Larsen, N. K., and Funder, S.:
(2007); and to records 14, 15, 16, 17, and 18, data points fi¢gh An _aerla_l view of 80 years of climate-related _gIaC|er fluc-
dick (1988 were addedb) Rate of length change (mé) averaged tua.mons in southeast Greenland, Nature Geosci., 5, 427-432,
over 10-yr intervals in the period 1800-2010 for each of the glaciers doi:10.1029/2005GL023962012.

(light coloured lines) and their average rate of length change (red). Citt€rio, M. and Ahlstrem, A. P.: Brief communication “The
aerophotogrammetric map of Greenland ice masses”, The

Cryosphere Discuss., 6, 3891-390#9i:10.5194/tcd-6-3891-

. 2012 2012.
of the 21st century compared to the previous decades. OUr resiterio, M., Paul, F., Ahlstrgm, A. P., Jepsen, H. F., and Weidick,

sults for West Greenland ShOWacomparable trend, and there- A.: Remote sensing of g|acier Change in West Greenland: ac-
fore we conclude that the glacier behaviour in West and East counting for the occurence of surg-type glaciers, Ann. Glaciol.,
Greenland has been very similar over the last decades. 50, 70-80, 2009.
In addition, we have found a pronounced glacier retreatGribbon, P. W. F.: Frontal recession of Sermikavsak, West Green-
during the first half of the 20th century, with an average re- land, J. Glaciol., 9, 279-282, 1970.
treat rate in the 1930s that is higher than that of any otheffowat, I. M., Joughin, 1., Fahnestock, M., Smith, B. E., and Scam-
decade from the mid-19th century to 2010, the period cov- téos, TI A('j: Syln‘:hr?”c_’“s rggggtognq a%celera_tlon ofdsouthﬁast
. . . reenland outlet glaciers -U0I ICe aynamiCs and coupling
T e e, (it Gl 54,6555, 200
. S . . %iskoot, H., Juhlin, D., St Pierre, H., and Citterio, M.: Tidewater
1930s. This suggests that this is a period Of W'deSp,read ',’ap'd glacier fluctuations in central East Greenland coastal and fjord
retreat for a Ial’ge part of Greenland’s glaClerS, which mlght regions (1980s—2005), Ann. Glaciol., 53, 35-44, 2012.
be caused by a strong temperature increase during the 192Qgygel, J. S., Ahistrem, A. P., Alley, R. B., Bamber, J. L., Benham,
and 1930s\(eidick, 1968. However, the length fluctuations  T.J., Box, J. E., Chen, C., Christoffersen, P., Citterio, M., Cogley,
are a delayed and filtered representation of surface mass J. G., Jiskoot, H., Leonard, G. J., Morin, P., Scambos, T., Shel-

The Cryosphere, 6, 13393343 2012 www.the-cryosphere.net/6/1339/2012/


http://dx.doi.org/10.1029/2005GL023962
http://dx.doi.org/10.5194/tcd-6-3891-2012
http://dx.doi.org/10.5194/tcd-6-3891-2012

P. W. Leclercq et al.: Glacier length changes in West Greenland 1343

don, T., and Wiillis, I.: Brief communication Greenland’s shrink- Paul, F., Barrand, N., Berthier, E., Bolch, T., Casey, K., Frey, H.,

ing ice cover: “fast times” but not that fast, The Cryosphere, 6, Joshi, S., Konovalov, V., Bris, R. L., 8g, N., Nosenko, G.,

533-537d0i:10.5194/tc-6-533-2012012. Nuth, C., Pope, A., Racoviteanu, A., Rastner, P., Raup, B., Schar-
Leclercq, P. W., Oerlemans, J., and Cogley, J. G.: Estimating the rer, K., Steffen, S., and Winsvold, S.: On the accuracy of glacier

Glacier Contribution to Sea-Level Rise for the Period 1800- outlines derived from remote sensing data, Ann. Glaciol., in

2005, Surveys in Geophysics, 32, 519-58%;10.1007/s10712- press, 2012.

011-9121-72011. Stineman, R. W.: A consistently well-behaved method of interpola-
Mernild, S. H., Malmros, J. K., Yde, J. C., and Knudsen, N. T.:  tion, Creative Computing, 54-57, 1980.

Multi-decadal marine- and land-terminating glacier recession inWeidick, A.: Observations on some Holocene glacier fluctuations in

the Ammassalik region, southeast Greenland, The Cryosphere, 6, West Greenland, Meddelelser om Grgnland, 165, 1968.

625—639d0i:10.5194/tc-6-625-2012012. Weidick, A.: Gletschere | Sydgrgnland, Grgnlands Geologiske Un-
Moon, T. and Joughin, I.: Changes in ice front position on Green- dersggelse (Geologi | Grgnland 2), 1988.

land’s outlet glaciers from 1992 to 2007, J. Geophys. Res., 113Weidick, A., Bgggild, C. E., and Knudsen, N. T.: Glacier inventory

F02022,d0i:10.1029/2007JF000922008. and atlas of West Greenland, vol. 158, Grgnland Geologiske Un-
Oerlemans, J.: Glaciers and Climate Change, AA Balkema Publish- dersggelse, 1992.
ers, Dordrecht, The Netherlands, 2001. Yde, J. C. and Knudsen, N. T.: Glaciological features in the initial

Paul, F. and l&ab, A.: Perspectives on the production of a glacierin-  quiescent phase of Kuannersuit glacier, Greenland, Geografiska
ventory from multispectral satellite data in Arctic Canada: Cum-  Annaler, 87A, 473-485, 2005.
berland Peninsula, Baffin Island, Ann. Glaciol., 42, 59-66, 2005.Yde, J. C. and Knudsen, N. T.: 20th-century glacier fluctuations on

Disko Island (Qegertarsuaq), Greenland, Ann. Glaciol., 46, 209—
214, 2007.

www.the-cryosphere.net/6/1339/2012/ The Cryosphere, 6, 133343 2012


http://dx.doi.org/10.5194/tc-6-533-2012
http://dx.doi.org/10.1007/s10712-011-9121-7
http://dx.doi.org/10.1007/s10712-011-9121-7
http://dx.doi.org/10.5194/tc-6-625-2012
http://dx.doi.org/10.1029/2007JF000927

