doi:10.5194/tcd-6-4417-2012 Discussions

The Cryosphere Discuss., 6, 4417-4446, 2012 ~ "&
www.the-cryosphere-discuss.net/6/4417/2012/ ‘6\5' The Cryosphere

© Author(s) 2012. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal The Cryosphere (TC).
Please refer to the corresponding final paper in TC if available.

Multi decadal glacier area fluctuations in
Pan-Arctic

S. H. Mernild' and J. K. Malmros®

'Climate, Ocean, and Sea Ice Modeling Group, Los Alamos National Laboratory,
New Mexico, USA
2Centro de Estudios Cientificos (CECs), Valdivia, Chile

Received: 30 August 2012 — Accepted: 9 October 2012 — Published: 16 October 2012
Correspondence to: S. H. Mernild (mernild@lanl.gov)

Published by Copernicus Publications on behalf of the European Geosciences Union.

4417

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

TCD
6, 44174446, 2012

Multi decadal glacier
area fluctuations

S. H. Mernild and
J. K. Malmros

O


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/4417/2012/tcd-6-4417-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/4417/2012/tcd-6-4417-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

The shrinking of land-terminating glaciers and ice caps (GIC) has been documented in
high-latitude regions, even though repeat observations upon which to base such stud-
ies have been limited in space. Here, we present a new record of satellite-derived area
changes for 321 land-terminating GIC throughout Pan-Arctic and for the W. Canada
and W. US, with focus on the period from mid-1980s to late-2000s/2011 (the last
ca. 25 yr). The mean shrinking rate was —0.06 + 0.01 km? yr‘1 during a period with
climate warming. Most of the observed GIC shrank in area, more so than previously
believed: while only 8 % advanced. The analysis indicates that the observed GIC have
lost an arithmetic average of one-fifth of their area since the mid-1980s (equal to a
shrinking rate of ca. -1 % yr'1), with the highest rate of loss of —40+4 % (-1.7 % yr’1)
in Alaska, and the lowest rate of loss of —12 £ 3% (-0.5% yr'1) in Arctic Russia.

1 Introduction

Land-terminating glaciers and ice caps (henceforth GIC) excluding the Greenland Ice
Sheet (GrlS) and the Antarctic Ice Sheet (AIS) are tracers of climate warming, as air
temperature and precipitation changes control the surface mass balance, and subse-
quently the volume and area exposure (Kaser et al., 2006; Bloch et al., 2010; Bjork
et al., 2012; Cogley, 2012; Mernild et al., 2012a). The average rise in air temper-
ature of recent decades has been more pronounced at high latitudes than globally
(Hansen et al., 2010), resulting in thinning and shrinking of GIC (Meier et al., 2007;
Bahr et al., 2009; Dyurgerov, 2010; WGMS, 2011). Even without additional warming,
land-terminating GIC will lose an estimated 30 + 5 % of their area to reach equilibrium
with the climate of the past decade, due to the delayed response of GIC to climate
warming (Mernild et al., 2012a).

Around half of the estimated GIC surface area and two-third of its volume are found
in the Pan-Arctic region (Radi¢ and Hock, 2010), highlighting a need to observe and
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map the relation between GIC changes and on-going climate warming, following the
warmest decade (2001-2010) on record (Hansen et al., 2010). Currently, GIC retreat
and mass loss are raising the eustatic global sea-level by approximately 1 mm yr'1,
in the same range as the combined GrlS and AIS sea-level contribution (Meier et
al., 2007; Radi¢ and Hock, 2011).

Time series of frontal position and area of GIC have become far more extensive in
the satellite era (Yde and Knudsen, 2007; Bjork et al., 2012; Bloch et al., 2012; Cog-
ley, 2012; Mernild et al., 2012b). Only a small fraction of the Pan-Arctic’'s GIC has been
directly observed in-situ, even though thousands of individual GIC are located in the
Arctic (Weidick et al., 1992). There is a need for information about contemporary GIC
area fluctuations and their correspondence with climate. Recent analyses (Yde and
Knudsen, 2007; Kaser et al., 2006; Bloch et al., 2010; Bjork et al., 2012; Cogley 2012;
Kargel et al., 2012; Mernild et al., 2012b) of GIC fluctuations and area exposures in
Pan-Arctic, e.g., in W. and SE. Greenland and W. Canada and W. US, based on histori-
cal accounts and aerial and satellite images of the late twentieth century and to present,
have suggested that the GIC area shrinking rate on average is —0.04 km? yr‘1, or -0.1
to -0.5 %yr'1 andupto-1% yr'1 comparable to rates reported for high-latitude moun-
tain ranges (Bloch et al., 2010).

Here, for the period mid-1980s to late-2000s/2011 we examine net area fluctuations
and shrinking rates using multispectral Landsat satellite data for 321 land-terminating
GIC, divided into seven (first-order) glaciated regions: Alaska, W. Canada and W. US,
Arctic Canada, Greenland, Scandinavia, Arctic Russia, and N. and E. Asia, and further
divided into 12 sub-regions. Area changes were considered in the context of observed
air temperature time series. Finally, we investigate differences in GIC initial area versus
GIC area change, and we calculate the percentage of area advancing GIC.
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2 Methods and data set
2.1 The satellite method

The satellite-derived GIC planimetric area data set was obtained from high spatial res-
olution Landsat-5 TM (Thematic Mapper) and Landsat-7 ETM+ (Enhanced Thematic
Mapper Plus) imagery from 28 scenes, having a ground resolution of 30 m (Table 1).
The satellite data set was: (1) obtained from a pair of Landsat scenes covering the
same region, recorded at least ten years apart and with end scenes obtained no ear-
lier than 2003 (within the last decade); (2) acquired during the end-of the ablation
season, typically from end-of July through end-of September, to minimize snow-cover
interference (only GIC larger than 0.028 km? were mapped to avoid snow patches to be
included in the data set); (3) obtained from cloud-free areas, on scenes with less than
50 % cloud-cover; (4) visually inspected before use in the supervised classification pro-
cess to avoid misclassification caused by heavy snow covered scenes; (5) when using
Landsat-7 ETM+ (2003 to present) subject to the Scan Line Instrument (SLI) malfunc-
tion, two (approximate same date) scenes were combined to replace gaps; and (6)
obtained where the SLI failure would not influence the GIC area estimation.

Data from twelve Pan-Arctic sub-regions were acquired (Fig. 1): however, not from
Svalbard and Iceland due to the lack of scenes meeting the selection criteria. All the
Landsat scenes were projected in World Geodetic System 1984 (WGS84), atmospher-

ically and radiometrically calibrated using the Landsat calibration tool in ENVI soft-
ware package (http://www.ittvis.com/ProductServices/ENVI.aspx), converting the band
values to “At Surface Reflectance”. The individual bands (TM and ETM+ bands 1-5,

and (7) were standardized using the ENVITM Dark Subtract (DS) tool before ratios and
indices were calculated.

The supervised classification process used for the scenes was based on a multi-
criteria analysis involving the calculation of a set of indices (Fig. 2) (Mernild et
al., 2012b) (the indices and calculations were carried out using the “Bandmath” tool in
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ENVIT'VI software package): normalized difference snow index (NDSI) (Hall et al., 1995);
normalized difference water index (NDWI) (Gao, 1996); normalized difference vege-
tation index (NDVI) (Rouse et al., 1973); and Ratio TM/ETM + bands (3/5) (Visible
light/Short Wave Infrared). The ratio introduced by Crane and Anderson (1984), and
Dozier and Marks (1987). The ratio between bands 3 and 5 was found to produce bet-
ter contrast across the mountainous regions than the often applied TM/ETM + bands
(2/5) ratio. The Ratio was used in reference due to better performance than the NDSI
index in mountainous areas capturing ice and snow covered areas influenced by shad-
ows and debris (Paul, 2004).

The NDVI was used to filter out vegetation and the NDWI to identify and filter out
lakes in the margin area of the GIC. The resulting classifications were converted to
polygon files representing the GIC area, and where needed the extent were manually

edited in ESRITN| ArcMap. For each GIC, the GIC margin positions were digitized for
both the beginning and end of the observation period and the area shrinkage/advance
rates were calculated. An example of GIC area estimations is illustrated in Fig. 3,
where the margin positions were digitized for a specific glacier for both 1986 and 2011
(ID#L29, SE. Greenland; the location of L29 can be seen in Mernild et al. (2012b;
Fig. 1), and the shrinking rate calculated.

The indices threshold input values used in the individual classification scenes varied
across the regions and years, as a result of the inherent reflective properties due to
changes in the surfaces structure over time. The individual threshold values were se-
lected based on the best performance in identifying elements like snow/ice, vegetation,
and water (NDSI: 0.4-0.5, NDVI: 0.25-0.35, NDWI: 0.2—-0.5). As an example, changes
in vegetation were due to both changes in seasonal and in regional variability, and for
snow cover due to compaction and wetness (Brest, 1987; Hall et al., 2001), making it
difficult to apply an all-round calcification algorithm that works everywhere at any time.

For specific sub-regions the following deviations occurred due to the classification
process:
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— For W. Canada and W. US, only GIC not interrupted by the gaps in the Landsat-7
scene was included.

— For Bolshevik Island, GIC influenced by the Landsat-7 gaps were carefully dig-
itized, and finalized using visual interpretation based on the 1985 Landsat-5
scene. GIC ID #1 was divided, due to extensive cloud cover, at the same loca-
tion in both scenes, therefore only representing the majority of the glacier.

— For Novaya Zemlya the Landsat-5 scene was warped in ArcMap to fit the Landsat-
7 scene due to gaps in the classification (SLI failure) (of 1.2 m due to the root mean
square (RMS), based on 26 ground control points (GCP)). The 1987 classification
had the Landsat-7 gap area removed, so the GIC areas could be compared with
the 2011 classification.

— For NW. Greenland GIC ID #23 was divided, due to the scene coverage, at the
same location in both scenes (for 1987 and 2006), and therefore only representing
most of the GIC within the scene.

2.2 Satellite uncertainties

The overall raw classification errors (misclassifications) for each year were found by
comparison with the cleaned up classification and estimated to be 4.9 % (overestimate
by 3.0 % due to snow patches and underestimate by 1.9 % due to heavily debris cov-
ered terrain and shadow regions) (Table 2). The highest error values were found in
Alaska and W. Canada and W. US caused by shadow effects due to terrain elevations,
where the errors were underestimated by 3.1 % and 3.2 %, respectively. For both S.
Scandinavia and Kamchatka it was due to snow patches, where the errors were over-
estimated by 3.7 % and 3.9 %, respectively. Overall for troublesome regions Alaska, W.
Canada and W. US, S. Scandinavia, and Kamchatka the classification error were 6.2,
6.0, 5.3, and 6.0 %, respectively. In Table 2 error values are listed for the individual
sub-regions.
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Standard pixel errors associated with the different scenes and sensors in relation
to the classification process was expected to be half the pixel size: £15m for both
TM and ETM+ (Table 1) (Hall et al., 2003; Mernild et al., 2012b). As a test e.g., the
Landsat-derived Mittivakkat Gletscher margin, SE. Greenland, was validated against
direct GPS margin observations from 2011, indicating an overall root mean square
(RMS) difference of 22 m between Landsat-7 satellite-derived and GPS margin obser-
vations (Mernild et al., 2012b).

2.3 The data set

We have compiled a data set of Landsat satellite-derived planimetric area change for
321 land-terminating GIC in Pan-Arctic and for the W. Canada and W. US (henceforth
Pan-Arctic), between 52.4° N and 89.3° N latitude, from mid-1980s to late-2000s/2011:
the compiled GIC area corresponds to 1 % of the estimated Pan-Arctic GIC area (Radi¢
and Hock, 2010). The 321 GIC from the compiled data set were chosen to follow (sig-
nificantly; herein the term “significantly” is only used for which the relationship is statis-
tically significant at the 10 % level or better, based on a linear regression t-test) the area
GIC distribution found in the Randolph Glacier Inventory (RGl) v. 2.0 data set (between
52.4° N and 89.3°N latitude, and GIC larger than 0.028 km?) (Arendit et al., 2012) (see
histogram in Fig. 4). Even though the compiled data set have a few percentage less
small glaciers (<5 km2) and more large glaciers (> 5 km2) compared to RGl, the com-
piled data set appears, due to the size distribution, to be representative for Pan-Arctic
GIC, where the smallest bins (below 5km2) contain a non-trivial amount of the total
GIC mass (Bahr and Radi¢, 2012).

The GIC were compiled from seven first-order regions for the period mid-1980s to
late-2000s/2011: Alaska (GIC, n = 26), W. Canada and W. US (31), Arctic Canada (32),
Greenland (104), Scandinavia (60), Arctic Russia (47), and N. and E. Asia (21) (for N.
and E. Asia the observation period covered the period 1999 to 2011) (Table 3), where
Greenland was divided into four sub-regions (NE. (29), SE. (35), SW. (17), and NW.
(23)), and both Scandinavia (N. (29) and S. (31)) and Arctic Russia into two sub-regions
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(Novaya Zemlya (21) and Bolshevik Island (26)), ending up in total with twelve Pan-
Arctic sub-regions (the sub-regions are shown on Fig. 1 and Table 4). The exact ob-
servation periods are illustrated on the first-order regional scale in Table 3. In Table 4
values are illustrated on sub-regional scale.

3 Results and discussion
3.1 GIC initial area versus GIC area change

The compiled data set illustrates a significant trend (Fig. 4), where it can be concluded
for both advancing (r2 = 0.56) and shrinking GIC (r2 = 0.75), that the largest observed
GIC (km2) are the ones having the greatest absolute advancing or shrinking area rates
per year (km2 yr'1): For the minor GIC this absolute trend is vice versa. The change in
area is influenced by the initial GIC size, where large GIC lost the highest absolute val-
ues (Fig. 4) and small GIC lost the highest relative values (Fig. 5). Small GIC between
0.1 to 5.0km? lost in average between -21 to —27 % of the area, and for advancing
GIC, the small GIC between 0.1 and 1.0 km? were the ones having the greatest aver-
age percentage of area increase of 13 to 17 % (Fig. 5). Different theories have been
mentioned in Liston (1999), Granshaw et al. (2006), Demuth et al. (2008), Tennant et
al. (2012), analyzing why the small GIC lost the greatest percentage of their area. This
trend is probably because: (1) large GIC are usually characterized by huge variability
in thickness, while small GIC are typically thinner and the thicknesses more uniform.
As a consequence, the fractional area loss rates for the large GIC is relatively slow,
while the fractional area loss rates for small GIC is relatively fast; (2) a high area-to-
volume ratio, indicating that for the same ablation rate small GIC should shrink faster;
and/or (3) a possible higher perimeter-to-area ratio which makes the small GIC more
affected to reflection radiation and convection of heat from the surrounding areas. GIC
smaller the 0.1 km? faced less percentage of area loss than GIC between 0.1 10 5.0 km?
(Fig. 5), probably because the smallest GIC tended to be located in more sheltered
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locations with the possibility for reduced insolation (DeBeer and Sharp, 2007; Demuth
et al., 2008). However, the understanding of the link between initial area (km2) and area
changes (km2 yr'1), and why the shrinking rates depend on the initial area is still one
of the gaps in our understanding of GIC behavior (Cogley, 2012).

3.2 Areachange — retreat and advance

Throughout the ca. 25 yr of satellite coverage, the Pan-Arctic GIC have faced
widespread non-uniform shrinkage, where 8 %, 26 out of the 321 observed GIC ad-
vanced in area (Figs. 1, 6, and 7). As an example, these non-uniform GIC area changes
are illustrated for twelve individual GIC (for both minor and major GIC) (Fig. 8), where
ten out of twelve GIC showed retreat. On sub-regional scale, half of the twelve regions
showed GIC retreated for all observed GIC, whereas 5 % of the GIC advanced in No-
vaya Zemlya, 9% SE. Greenland (Mernild et al., 2012b), 10 % Kamchatka, 13 % W.
Canada and W. US, 37 % SW. Greenland, and 42 % Bolshevik Island (Table 4). The
GIC area changes in Bolshevik Island are not detailed described in general in the lit-
erature, therefore it is difficult to conclude whether the GIC advancement are due to
a response from a positive net mass balance (climatic response), or due to surging
activities (climate-dynamic GIC response), however all the GIC in Bolshevik Island are
facing north. Advancing GIC have also been recognized in other regions, however they
are located apart from surge clusters, e.g., for W. Canada and W. US (Post, 1969), SW.
Greenland (Yde and Knudsen, 2007), and SE. Greenland (Jiskoot et al., 2003), indi-
cating that the GIC likely are influenced by climate impacts. Common for the advancing
GIC are, for all sub-regions, that they predominantly are facing north (85 %), and that
they were influenced by dynamic response to changes in positive mass balance and
climate, except for GIC located in Arctic Russia or Kamchatka, where surging activities
are present (Grant et al., 2009). For example, for Novaya Zemlya 5 % of the observed
GIC advanced (Table 4), identical with the percentage of surging GIC stated by Grant
et al. (2009), where 32 potential surge-types of GIC were identified out of 692 GIC on
the Novaya Zemlya archipelago.
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For the compiled data set the highest frequency (number of observations) of GIC
area change occurred within the interval from -5 to —20 % (see histogram in Fig. 7),
overall spanning from a shrinkage of —99 % to an advance of 37 %, with an arithmetic
mean relative GIC area change of —-21 + 1% (here and below, the error term is stated
as plus or minus one standard error) (Fig. 7). Without including area losses for the very
largest GIC (GIC > 340 km?; Fig. 5), we are likely to overestimate the overall relatively
rate of area loss, however insignificantly. On the regional scale Alaska faced an aver-
age GIC shrinkage of -40+4 % (-1.7 % yr'1 ), Arctic Canada -35+4% (-1.7% yr'1 )s
N. and E. Asia -23+3% (-1.9% yr‘1), Scandinavia —21 +2 % (-0.9 % yr_1), Green-
land —20 2% (-0.8% yr~'), W. Canada and W. US -12+3% (-0.5%yr™ "), and
Arctic Russia -12+2% (-0.5 %yr‘1) (Fig. 9 and Table 3). For W. Canada and W.
US, more specifically for the Canadian Rocky Mountains, an area shrinkage of —15 to
-25% (ca. 1950-2000) was computed (Luckman and Kavavagh, 2000, DeBeer and
Sharp, 2007), but a direct comparison to previous studies can not be done, due to the
uneven observation periods.

The arithmetic mean area shrinkage for the compiled data set corresponds to ca.
one-fifth of the mid-1980s GIC area, equal to a mean GIC area shrinking rate of —-0.06+
0.01 km? yr_1 (Tables 3 and 4): a higher rate than illustrated in earlier studies (Mernild
et al., 2012b). On a sub-regional scale the absolute arithmetic mean shrinking rate
was highest for NW. Greenland ~0.18km? yr‘1, Novaya Zemlya —0.16 km? yr‘1, and
Ellesmere Island —0.15 km? yr'1, and lowest for N. Scandinavia —0.01 km? yr'1 and W.
Canada and W. US -0.01 km? yr~' (see Table 4 for further sub-regional shrinking rates
and standard errors).

For the compiled Pan-Arctic GIC in general, the relative shrinkage rate averaged
ca.—1% yr‘1 (for the last ca. 25 yr) during climate warming, including record high mean
annual temperatures for the first decade of the 21st century (2001—2010) (Hansen et
al.,, 2010) (Fig. 10): an average relative shrinkage rate similar to rates reported for
high-latitude mountain ranges (Bloch et al., 2010). Overall, this shrinking trend fol-
lows the observed mean global GIC mass balance trend towards negative balances
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(Cogley, 2012), however the mass balance from the most recent pentad (2006—2010)
has experienced more moderate, although still large losses.

Randomly chosen observed automatic weather station (AWS) temperature time se-
ries were obtained from each of the individual sub-regions, including for GISS/NASA
64° N—90° N latitude band from 1985 through 2011 (Fig. 10). Common for the majority
of the displayed AWS was a significant increasing mean annual air temperature (MAAT)
(the trend in MAAT is calculated between satellite observations, between the red trian-
gles on Fig. 10), e.g., in parts of Arctic Canada (Ellesmere Island), Greenland, Arctic
Russia, and N. and E. Asia: the AWS having a significant increasing MAAT are shown
in bold in Table 5. MAAT increased non-uniformly between sub-regions, varying e.g.,
from <0.01°Cyr~" in Sandane (S. Scandinavia) to 0.15°Cyr™" in Fedorov (Bolshevik
Island). For Smithers Airport, W. Canada and W. US, MAAT decreased insignificantly.
Besides the regional variability in MAAT, and that MAAT increases significantly at some
locations, the Pan-Arctic has in general faced increasing MAAT during the last ca. 25 yr
confirmed by the GISS/NASA 64—90° N latitude band time series (see Fig. 10 and Ta-
ble 5), covering record high MAAT for the first decade of the 21st century (2001-2010)
(Hansen et al., 2012).

4 Summary and conclusions

Historically, the representation of shrinking and advancing GIC conditions has been
either non-existent or limited for Pan-Arctic regions, however, satellite and aerial obser-
vations from SE. Greenland GIC went back to the 1930s (Bjork et al., 2012). Mapping
both the present temporal and spatial shrinking and advancing behavior simultaneously
of Pan-Arctic GIC provides insight into the climate impacts on the cryosphere. For the
last ca. 25 yr shrinking of land-terminating GIC has been documented in high-latitude
regions, indicating that GIC have on average lost one-fifth of their area since the mid-
1980s (equal to a shrinking rate of ca. -1 % yr‘1), covering a variation in loss rates
from 40 % in Alaska to 12 % in Arctic Russia.
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Table 1. Satellite platform, sensors, band information, scenes used in the analysis, and preci-
sion errors. A geographical distribution of the sub-regions can be seen in Fig. 1.
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area fluctuations

Sub-region Platform Sensor and bands Ground resolution  Precision error  Scenes Survey years
(meters) (meters) and dates (yyyyddmm) .
O S. H. Mernild and
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Table 2. Sub-regional raw classification error due to a comparison with the cleaned up classifi-
cation. The snow patch error was overestimated for all sub-regions, and the debris and shadow

error underestimated for all sub-regions.

Sub-region Snow patch  Debris cover and  Overall classification

error (%) shadow error (%) shadow error (%)
Alaska 3.0 3.2 6.2
W. Canada and W. US 2.9 3.1 6.0
Ellesmere Island 2.5 1.2 3.7
NE. Greenland 2.7 1.9 4.6
SE. Greenland 3.4 1.8 5.2
SW. Greenland 3.3 2.5 5.8
NW. Greenland 2.7 1.9 2.7
N. Scandinavia 3.1 1.5 4.6
S. Scandinavia 3.7 1.6 5.3
Novaya Zemlya 5.3 3.3 5.3
Bolshevik Island 2.2 0.7 2.9
Kamchatka 3.9 2.1 6.0
Average 3.0 1.9 4.9

4433

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

TCD
6, 44174446, 2012

Multi decadal glacier
area fluctuations

S. H. Mernild and
J. K. Malmros



http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/4417/2012/tcd-6-4417-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/4417/2012/tcd-6-4417-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 3. The compiled Landsat GIC data set were divided into seven first-order Pan-Arctic
regions. For N. and E. Asia the satellite period was shorter than other regions, covering the
period 1999—-2011.
First-order regions Numbers of  Period (years) The percentage of Mean GIC area change Mean GIC area change and
GIC (n) advancing GIC (%)  and standard error (%) standard error (km?yr™")
Alaska 26  1987-2011 (24) 0 —40£4 (-1.7%yr™") -0.04+0.01
W. Canada and W. US 31 1985-2011 (26) 13 -12£3(-0.5%yr™") -0.01+0.00
Arctic Canada (Ellesmere Island) 32 1988-2009 (21) 0 -35+4(-1.7% yr“) -0.15+0.03
Greenland” 104 1985-2011 (26) 8 -20+2 (—O.B%yr”) -0.07 £0.01
Scandinavia (North and South) 60 1987-2011 (24) 0 —21x2(-0.9%yr") -0.02+0.01
Russian Arctic (Novaya Zemlya 47 1985-2011 (26) 26 -12+2(-0.5% yr") -0.10+0.02
and Bolshevik Island)
N. and E. Asia (Kamchatka) 21 1999-2011 (12) 10 -23+3(-1.9%yr™") -0.04+0.01
Pan-Arctic 321 8 211 (~-1 %yr") -0.06 +0.01

" SE. Greenland GIC data have been published in Mernild et al. (2012b).
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Table 4. The compiled Landsat GIC data set were divided into twelve Pan-Arctic regions.

Sub-regions Numbers Period (years) The percentage Mean GIC area change Mean GIC area change

of GIC (n) of advancing GIC (%) and standard error (%) and standard error (km2 yr'1)
Alaska 26 1987-2011 (24) 0  -40+4(-1.7%yr™") —-0.04+0.01
W. Canada and W. US 31 1985-2011 (26) 13 113 (-0.4%yr™") -0.01+0.00
Ellesmere Island 32 1988-2009 (21) 0 -35+4(-1.7 %yr’") -0.15+0.03
NE. Greenland 29 1985-2009 (24) 0 —20+3(-0.8%yr™") -0.05+0.03
SE. Greenland” 35 1986-2011 (25) 9 —27+4 (-1.1%yr™") —-0.03+0.01
SW. Greenland 17 1987-2003 (16) 37 —8+3(-0.5%yr™") -0.02+0.01
NW. Greenland 23  1987-2006 (19) 0 —19+3(-1.0%yr™") -0.18+0.05
N. Scandinavia 29 1987-2006 (19) 0 —192 (-1.0%yr™") -0.01+0.00
S. Scandinavia 31 1988-2011 (23) 0 —2242(-1.0%yr™") -0.03+0.01
Novaya Zemlya 21 1987-2011 (24) 5 —15+2 (-0.6%yr™") -0.16+£0.03
Bolshevik Island 26 1985-2011 (26) 42 —9+4(-0.3%yr™") -0.05+0.02
Kamchatka 21 1999-2011 (12) 10 -23+3 (—1.9%yr‘1) -0.04+£0.01
Pan-Arctic 321 8  —21£1(~—-1%yr " —0.06 +0.01

* SE. Greenland GIC data have been published in Mernild et al (2012b).
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Table 5. GISS/NASA and AWS observed MAAT trends for the individual sub-regions are shown
for the satellite observation periods (the locations of the AWS are illustrated on Fig. 10). Sig-
nificant trends are highlighted in bold. The abbreviations indicate: NOAA (National Oceanic
and Atmospheric Administration), DMI (Danish Meteorological Institute), SMHI (Swedish Me-
teorological and Hydrological Institute), NMI (Norwegian Meteorological Institute), and NASA
(National Aeronautics and Space Administration).

Sub-region AWS Satellite observation MAAT trend Source
period ccyr™)
Alaska Talkeetna 1987-2011 0.04 NOAA
Alaska Beaver Creek 1987-2011 0.01 NOAA
W. Canada and W. US  Stampede Pass 1985-2011 0.05 NOAA
W. Canada and W. US  Smithers Airport ~ 1985-2011 —-0.01 NOAA
Ellesmere Island Eureka 1988-2009 0.09 NOAA
NE. Greenland Danmarkshavn 1985-2009 0.08 DMI
SE. Greenland Tasiilaq 1986—2011 0.08 DMI
SW. Greenland Nuuk 1987—2003 0.10 DMI
NW. Greenland Thule 1987-2006 0.12 DMI
N. Scandinavia Kiruna 1987-2006 0.07 SMHI
N. Scandinavia Bardufoss 1987-2006 0.03 NMI
S. Scandinavia Bergen 1988—2011 0.02 NMI
S. Scandinavia Sandane 1988—2011 <0.01 NMI
Novaya Zemlya Malye Karmakuly 1987-2011 0.08 NOAA
Bolshevik Island Golomjannyj 1985-2011 0.14 NOAA
Bolshevik Island Fedorov 1985-2011 0.15 NOAA
Kamchatka Kljuchi 1999-2011 0.11 NOAA
64°Nto 90°N GISS/NASA 1985-2011 0.08 NASA
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Fig. 1. Satellite-derived area changes of 321 GIC in the Pan-Arctic. Changes are shown as
rates during the observation period from ca. mid-1980s to late 2000s/2011 (the period varies
between regions, and for N. and E. Asia the observation period was 1999 to 2011). The data
were divided into seven first-order glaciated regions: (1) Alaska, (2) W. Canada and W. US,
(3) Arctic Canada, (4) Greenland, (5) Scandinavia, (6) Arctic Russia, and (7) N. and E. Asia.
Three of the first-order regions were divided into sub-regions illustrated on the Landsat images,
indicating in total 12 sub-regions. Red circles show GIC shrinkage and blue circles advance
(percentage, %). Circles with green margin show examples of GIC margin and area changes
illustrated in Fig. 8. Background satellite images are from Landsat-5 TM.
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Fig. 2. A schematic diagram of the workflow for the classification of Landsat images, where the
trapeze shapes indicates steps where input data were added or output data generated, and the
diamond shapes indicates steps where processing of data were done.
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Fig. 3. An example of the margin positions for the glacier L29, SE. Greenland, for 1986 (blue)
and 2011 (red), and the 1986 to 2011 area change (yellow shaded) (the location of glacier L29

can be seen in Mernild et al., 2012b, Fig. 1).
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Fig. 4. Relationship for advancing GIC (blue diamonds) and shrinking GIC (red diamonds), and
their initial area versus area change. The initial GIC area is based on data from mid-1980s,
and the area rate is the annual area difference between mid-1980s and late-2000s/2011. The
inset histogram illustrates the GIC area distribution for the mid-1980s compiled data set, the
late-2000s/2011 compiled data sets, and for the Randolph Glacier Inventory (RGI) data set
between 52.4° N and 89.3° N latitude (Arendt et al., 2012).
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GIC area shrinkage and advance (%)
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Fig. 5. Relationship for advancing GIC (blue diamonds) and shrinking GIC (red diamonds),
and their initial area versus the percentage of area change. The initial GIC area is based on
data from mid-1980s, and the area rate is the percentage annual area difference between mid-
1980s and late-2000s/2011. The bold lines (black, red, and blue) illustrate the mean percentage
of area change for the intervals: 0.01-0.05, 0.05-0.1, 0.1-0.5 etc.
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Fig. 6. Satellite-derived area change rates for GIC within the 12 sub-regions, where red circles
show GIC shrinkage and blue circles advance (km? yr'1). Background satellite images are from
Landsat-5 TM.
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Fig. 8. Examples of satellite-derived margin location and area changes of twelve chosen GIC
(for both minor and major GIC; one GIC for each sub-region) for the period mid-1980s (blue)
to late-2000s/2011 (red) estimated from Landsat images. The location of the GIC is shown in

Fig. 1.
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Fig. 9. Arithmetic mean values of area changes for each of seven first-order glaciated regions
from mid-1980s to late-2000s/2011 (for N. and E. Asia the observation period spans the period
from 1999 to 2011). The number of GIC per first-order region is shown in parentheses. The bars
denote one standard error in each direction; regions with few GIC have the largest standard
error.
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Fig. 10. Examples of AWS observed MAAT omaly time series from different locations in the
individual sub-regions (1985-2011), including MAAT anomaly time series tracked through the
National Aeronautics and Space Administration (NASA) Goddard Institute for Space Studies
(GISS) for the latitude band 90-64° N. The period with GIC satellite observations is marked for
each air temperature time series (see red triangles).
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