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Abstract
TheArcticMonitoring andAssessment Program (AMAP2017) report identifies theArctic as the largest
regional source of land ice to global sea-level rise in the 2003–2014 period. Yet, this contextualization
ignores the longer perspective from in situ records of glaciermass balance.Here, using 17 (>55 °N
latitude) glacier and ice capmass balance series in the 1971–2017period,wedevelop a semi-empirical
estimate of annual sea-level contribution from sevenArctic regions by scaling the in situ records to
GRACEaverages.We contend that our estimate represents themost accurateArctic land icemass
balance assessment so far available before the 1992 start of satellite altimetry.We estimate the 1971–2017
eustatic sea-level contribution from land icenorthof∼55 °Ntobe 23.0±12.3mmsea-level equivalent
(SLE). In all regions, the cumulative sea-level rise curves exhibit an acceleration, starting especially after
1988.Greenland is the source of 46%of theArctic sea-level rise contribution (10.6±7.3mm), followed
byAlaska (5.7±2.2mm), Arctic Canada (3.2±0.7mm) and theRussianHighArctic (1.5±0.4mm).
Our annual results exhibit co-variability over a 43 year overlap (1971–2013)with the alternative dataset
ofMarzeion et al (2015Cryosphere 9 2399–404) (M15).However, wefinda 1.36× lower sea-level
contribution, in agreementwith satellite gravimetry. The IPCCFifthAssessment report identified
constraining the pre-satellite era sea-level budget as a topic of low scientific understanding thatwe
address and specify sea-level contributions coincidingwith IPCCSpecial Report on theOcean and
Cryosphere in aChangingClimate (SROCC) ‘present day’ (2005–2015) and ‘recent past’ (1986–2005)
reference periods.We assess anArctic land ice loss of 8.3mmSLEduring the recent past and12.4mm
SLEduring thepresent day. The seven regional sea-level rise contribution time series of this study are
available fromAMAP.no.

1. Introduction

As climate change intensifies, the commitment of
global land ice loss is increasing and is now almost
entirely attributable to human activity (Marzeion et al
2014, 2018). An acceleration in global sea-level rise is
now evident in satellite derived global sea-level data

(Nerem et al 2018). During 2004–2010, Arctic land ice
(including sub-Arctic Iceland and sub-Arctic areas of
Scandinavia and Alaska)was responsible for 35% of all
global sea-level rise (Box and Sharp 2017).

While comprehensive and accurate when inte-
grated regionally, the satellite gravimetry record is lim-
ited in continuous temporal coverage to 2003–2015.
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Bamber et al (2018) expand a land ice sea level contrib-
ution assessment back to 1992 using satellite altimetry
and regional-climate modeling. For the Arctic region
as a whole, they integrate glaciers and ice caps and pre-
sent five year mass change quantities. Here, we extend
the Arctic global sea-level contribution 21 more years
into the past by scaling the mass balance of 17
annually-resolved individual glacier mass balance
records to seven regional mass balance estimates from
satellite gravimetry. We include Alaska, Iceland and
Scandinavia in our assessment even though some gla-
ciers lie below the Arctic circle. We thus refer to the
Arctic generally as the glaciated regions north of 55 °N
latitude (excluding the much smaller contributions
from eastern Siberia). We thus construct a seven-
region 47 year (1971–2017) annual mass balance time
series from glacier and ice cap mass balance records
north of 55 °N that is constrained by satellite gravi-
metry. Our semi-empirical estimates of regional sea-
level rise contribution are comparedwith independent
estimates from Marzeion et al (2015) and with the
satellite altimetry and gravimetry assessment of Gard-
ner et al (2013).

2.Data

2.1. Glacier and ice cap climaticmass balance
measurements
Annual surface mass balance from 61 glaciers and ice
caps located between latitude 55° and 79° latitude are
updated after Mernild et al (2013), using data from
World Glacier Monitoring Service (WGMS 2017),
Dyurgerov and Meier (2005), Cogley et al (1996),
Thomson et al (2017) and through personal corre-
spondence from principle investigators (see supple-
mentary table 1, available online at stacks.iop.org/
ERL/13/125012/mmedia). Each mass balance record
represents the ‘specific’, i.e. per unit area,mass balance
—accumulation minus runoff—area-integrated over
each glacier’s area-altitude distribution. A 0.35 w.e. m
uncertainty, suggested by Zemp et al (2013) and
consistent with Beedle et al (2014) is assumed for the
in situ glacier survey surfacemass balance data.

Two thirds of the data series originate from the
North Atlantic (Norway, Sweden, Iceland, Svalbard
and Greenland). Scandinavia (here Norway and Swe-
den), with 43% (26 of 61) of the sampled glaciers, con-
tains a very small (0.2%) fraction of the total Arctic
land ice volume of 114,878±13,486 km3 or
317±37 mm eustatic sea-level equivalent (SLE) (Box
and Sharp 2017). In comparison, Arctic Canada has
just four continuous mass balance records since 1971.
Yet, Arctic Canada contains 39% of the volume of all
Arctic land ice (excluding Greenland). Alaska, with
18% of the Arctic ice volume, similarly of more sig-
nificance to sea-level than Scandinavia, has four
records maintained since 1971 (or before). The spatial

coverage of the mass balance records is particularly
sparse over the Russian High Arctic ice caps, the Polar
Urals and eastern Siberia (figure 1). While mass bal-
ance data prior to 1971 exist (e.g. Wolken et al 2017),
they are more fragmentary in space and time. Starting
in 1971 also gives sufficient coverage of the relatively
low temperature period until the mid 1980 when
Arctic warming increases substantially (Overland et al
2004).

There is a 50% increase in temporal coverage from
the 1980s to the 1990s (figure 2) driven by the start of
10 Icelandic and one Greenland glacier record. The
apparent drop in data availability after 2016 is an arti-
fact of annual mass balance values that are not yet
available to this study. While 33 glaciers (54% of 61)
have at least 95% data availability in the 2003 to 2015
period coinciding with satellite gravimetry, over the
entire 1971–2017 study period, 17 glaciers (28% of 61)
have 80% data availability. We select 80% as the data
availibility requirement of this study. Thus, only the
data from the selected 17 glaciers are used here in our
regionalmass balance reconstruction.

2.2. Regional land icemass change from satellite
gravimetry
Gravity Recovery and Climate Experiment (GRACE)
satellite retrievals for regions other than Greenland are
after Wouters et al (2008) (hereafter W08) are used to
estimate regional land ice mass changes for the eight
regions. The twoCanadian regions are later combined.
The glacial isostatic adjustment correction is after
Caron et al (2018). As input, W08 use a ensemble
combination of CSR RL05, GFZ RL05, JPL RL05 and
ITSG-GRACE 2016 spherical harmonics, where each
solution is given a weight according to its estimated
monthly error. Mass balances are estimated bymodel-
ing mass anomalies in glaciated areas, converting this
model to pseudo-GRACE observations and adjusting
the anomalies until optimal agreement is reached with
the actual observations in a least-square sense. See
W08 and Gardner et al (2013) for more details. Results
agree within uncertainties to the ‘mascon’ solutions of
Jacob et al (2012). See Gardner et al (2013) supplemen-
tarymaterial for a comparison.

Yearly W08 mass change for regions outside of
Greenland is measured between successive Septem-
bers. Spline interpolation is used to fill the missing
September in 2013. Instrumental noise and high-fre-
quency atmospheric and oceanic signals cause the
mass change signal-to-noise ratio to decrease with
the mass of a glacier region. To reduce this effect, a
lowpass filter is applied to remove signals with peri-
ods less than three months, on the assumption that
these signals mainly represent noise. The filtering is
not applied to the Greenland time series, since signal-
to-noise ratio is less of an issue there. W08 uncer-
tainty values in table 1 are based on the calibrated
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errors provided by the science team, and scaled
to match the empirical derived uncertainties follow-
ing Wahr et al (2006). The noisier 2002 and 2016

GRACE retrievals are excluded from this study that
limits itself to mass changes from the 2003 to
2015 period (table 1). For Greenland, we use the

Figure 1. Locations of Arctic glaciermass balance records with names given on themap for records used in this study for the
1971–2017 regionalmass balance reconstruction.

Figure 2.Count of glaciers contributing area specificmass balance data in the 1971–2017 period. The number above the blue line
indicates the count of availablemass balance data for each year.

3

Environ. Res. Lett. 13 (2018) 125012



Cazenave et al (2018) ensemble GRACE values and
error estimates (that includeW08).

2.3. Greenland land icemass balance 1971–2017
Annual Greenland land ice mass balance (BaGreenland)
data (including peripheral glaciers) are compiled from
Box and Colgan (2013) updated in Kjeldsen et al
(2015). For reconstructed Greenland mass balance,
Box and Colgan (2013) report a root mean squared
difference (RMSD) of 69 Gt yr−1 after calibration to
Wahr et al (2006)GRACE data updated through 2011.
Greenland mass balance is updated 2012–2016 after
the Cazenave et al (2018) ensemble of multiple
GRACE retrievals. We estimate 2017 BaGreenland to be
−59.5±222.2 Gt yr−1 using multiple regression of
warm season (June through September) monthly
average temperature and annual precipitation from
NCEP/NCAR Re-analysis (Kalnay et al 1996).
Explained variance is 43%. In the search to estimate
BaGreenland for 2017, we find that the highest predictive
skill among regions examined in this study is Arctic
Canada, but only at 22% explained variance. Thus,
Arctic Canadamass balance is not considered a reliable
predictor ofBaGreenland.

3.Methods

3.1. Semi-empirical regional totalmass balance
assessment
Akin toDowdeswell et al (1997) andMeier et al (2007),
we aggregate in situ glacier mass balance time series to
upscale to regional values. We enhance the approach
by an absolute calibration to GRACE estimates and by
representing a later time period (the 2000s onward)
with more pronounced climate change impacts on
glaciermass balance.

For each in situ mass balance record (i) having at
least 80% of available data 1971–2017 (47 years), we
calculate the 2003–2015 average BaD( ) and standard
deviation s( ) and 1971–2017 anomalies Ba’D( ) rela-
tive to the W08 (years 2003–2015) baseline. Each
record is divided by the standard deviation, i.e. stan-
dardized as:

Ba Ba Ba Ba .

1
i y i y i i, , ,2003 2015 ,2003 2015sD ¢ = D - D - -( )

( )
/

The individual glacier Ba iD ¢ values are averaged
over six regions (all but Greenland is) (table 1) and
multiplied by the W08 regional GRACE mass balance
averages (table 1). By this approach, we estimate mass
balance totals for each region and year in the
1971–2017 interval in a way that is scaled to the
GRACE mass balance retrievals. Lacking in situ mass
balance record fromArctic Canada South, table 1 Arc-
tic Canada North and South mass balance values are
summed into a single regional value and thus the com-
bined region is represented by four Arctic in situmass
balance records.

Themass balance contribution from tidewater gla-
ciers is not directly treated by this method which relies
on surface mass balance observations and their corre-
spondence with GRACE mass change retrievals. For
Arctic Canada during a period of low surface melting
1991–2005, half (52%) of its mass loss resulted from
ice discharge (Millan et al 2017). During 2005–2014
when surfacemelting increased, themass loss from ice
discharge comprised just 10% of the total mass bud-
get. Therefore, the reconstructed total mass balance
here is minimally influenced by not directly account-
ing for ice discharge before the large increase in Arctic
Canadian sea-level contribution in 2006. Similarly,
Larsen et al (2015) find Alaskan ice loss (1994–2013)
due to surface melting to be much greater than from
its calving glaciers, including the large Columbia
Glacier.

TheMcCall glacier data are not used in our scaling
because they have two periods in the 1971–2017 per-
iod that lack annual data, with mass balance estimated
from linear interpolation of multi-year geodetic mass
balance (M Nolan, personal communication March,
2018). Because by far most of the Alaskan mass deficit
is located in the southern coastal part of the region, the
exclusion of the McCall glacier record (figure 1)
increases the cumulative Alaska sea-level estimate by
under 10%.

Table 1.Regional Arctic land icemass balance 2003–2015 after Cazenave et al (2018)a andWouters et al (2008)b.

Glaciated region Mass balance 2003–2015, Gt yr−1 Uncertainty, Gt yr−1 Uncertainty,% Fraction of total

Greenlanda −257 15 6% 61.1%

Alaskab −70 17 24% 16.6%

Arctic CanadaNorthb −33 5 15% 7.8%

Arctic Canada Southb −29 6 21% 6.9%

Arctic Russiab −14 5 36% 3.3%

Icelandb −11 5 45% 2.6%

Svalbardb −11 3 27% 2.6%

Scandinaviab −1 5 500% 0.2%

Total −421 61 14% 100.0%

Totalmmeustatic sea-level 15.1 2.2

Totalmm/year eustatic sea level 1.16 0.17
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3.2.Data gap treatment
In the interest to include Iceland in this reconstruc-
tion, despite the WGMS-reported Icelandic surface
mass balance records beginning in 1986, Iceland land
ice mass balance is represented by a selection of six
Norwegian mass balance series for which more than
30% explained variance is evident, that is, between
Hofsjökull, Iceland and Austdalsbreen, Aalfotbreen,
Nigardsbreen, Storbreen andHardangerjokulen, Nor-
way and between Tungnaárjökull, Iceland and Aal-
fotbreen, Noway. Searching the whole database of
glacier mass balance series, it is only with Norwegian
records that there is some predictive skill (explained
variance above 30%) for Icelandic glaciers.

Given the lack of in situ mass balance series from
the Russian High Arctic leads this study to use of the
Svalbard composite, scaled to the satellite gravimetry
of the Russian High Arctic. Uncertainty is higher for
our Russian High Arctic reconstruction because pre-
sumably there is some difference in climate between
the RussianHigh Arctic and Svalbard, for example dif-
ferences in the variability of sea ice and atmospheric
circulation. The uncertainty envelopes for Iceland and
the RussianHighArctic are doubled in attempt to con-
servatively account for our approximation. The
impact of the higher uncertainty for Iceland and Rus-
sian High Arctic for sea-level contribution is ulti-
mately minimal since these regions represent under
7% of the total Arctic land ice contribution 1971 to
2017, presented later.

3.3. Sensitivity testing
The assumption that the 12 year (2003–2015) gravi-
metry observations represent the variability over the
1971–2017 period is tested by comparing the results of
this study with the independent regional mass balance
assessment ofMarzeion et al (2015).

3.4. Uncertaintymodeling
To account for an expected increased violation of
temporal homogeneity of the statistical scaling of this
study, mass balance uncertainty is estimated to
increase linearly before 2003, reaching a value 50%
larger than the 2003 value in 1971. The 2003–2015
uncertainty is set to that of GRACE results after
Wouters et al (2008). The 2016–2017 Greenland mass
balance uncertainty is set to 1.96× the standard
deviation of the multiple regression fit, representing
the 95%uncertainty envelope of the fit.

3.5. Spatial inhomogeneity
A North Atlantic bias is evident when examining
which individual glacier records best represent an all-
Arctic-glaciers composite. Supplementary table S2
lists records with at least 20 years duration and how
they correlate with an all-glacier composite series.
Norwegian, Icelandic and Swedish individual records
occupy the top 11 rankings. The ranking also shows

how the small number of non-North Atlantic records
(four from Alaska or four from Arctic Canada)
correlate poorly with the all-glacier composite. Devon,
Arctic Canada has the top Canadian explained var-
iance of 19%. McCall, Alaska (ultimately excluded
from the regional scaling) has the top Alaskan
explained variance of 15%. Alaskan and Canadian
sources are of particular concern because they together
comprise the majority of the 2003–2015 average
satellite gravimetry derived 132 Gt yr−1 Arctic land ice
loss, excluding Greenland. While the Scandinavian
region hosts most (26 glaciers or 43%) of the mass
balance records, it comprises just 0.8% of the non-
Greenland (0.2% including Greenland) Arctic ice loss
total.

Neglecting the North Atlantic bias would intro-
duce destructive interference, for example between
extreme Alaska mass loss in 2004 (figure 3(a))
while Canadian land ice gained mass (relative to the
2003–2015 baseline) (figure 3(b)) or how in 2015 the
all glaciers composite suggests a year of mass gain
despite substantial sea-level rise contributions from
Alaska andArctic Canadian.

To avoid destructive interference between regions,
when scaling to the W08 regions (table 1), regional
standardized composites (as in those for Canada and
Alaska in figures 3(a) and (b)) are used. A major
assumption and potential drawback is that the sam-
pling is sufficiently robust to represent the 1971–2002
regionalmass balance.

4. Results and discussion

4.1. Arctic regional land icemass balance
Cumulative mass balance from each region (figure 4)
indicates relative stability (or land ice growth) from
1971 until the mid-1980s. The Greenland ice mass
gain until 1977 is attributable to increasing snowfall
(Burgess et al 2010) associated with persistent atmo-
spheric circulation (Bjørk et al 2017) and relatively low
surface melt rates (Box 2013). The Greenland varia-
bility here is consistent with the Rignot et al (2008)
reconstruction. Increased Greenland ice loss starting
in 1998 is attributed to increasing surface melting
(Box 2013) and through surface albedo feedback
amplifying melt from a larger and increased duration
of darker bare ice area (Tedesco et al 2011, 2013a, Box
et al 2012). Increased rain fraction of total precipita-
tion also amplifies Greenland ice mass loss (Doyle et al
2015). The bare ice albedo feedback that involves
mineral and microbiological impurities (Stibal et al
2017, Ryan et al 2018) operates elsewhere in the Arctic
thanGreenland (Lutz et al 2016).

Alaska having a roughly constant ice loss rate
starting in 1988 is consistent with Larsen et al (2015)
who estimate an equivalent Alaskan ice loss rate
(75±11 Gt yr−1) while for 2003–2015 satellite
gravimetry data after Wouters et al (2008) average
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−70±17 Gt yr−1 (table 1). Alaska land ice mass
variability is less attributed to precipitation varia-
bility than surfacemelting (Larsen et al 2015).

Arctic Canada ice mass loss is characterized by an
acceleration beginning in ∼1986, increasing sharply
2006–2012 (Sharp et al 2011) until 2013 which had
positive mass balance (Sharp et al 2015) while Alaska
had lower loss ice rates. The increase in Canadian Arc-
tic land ice loss ismainly due to increased surfacemelt-
ing and fromwarmer summers (Gardner et al 2011) as
precipitation rates have remained relatively stable
(Gardner et al 2012). Atmospheric heat advection into
Baffin Bay from a region of anomalously high sea sur-
face temperatures in the northwestern Atlantic
appears to have been responsible for the warming that
contributed to the increase in ice loss from Arctic
Canada (Sharp andWolken 2011, Derksen et al 2012).
Since in situ observations in the Canadian Arctic began
in the early 1960s, the most negative balance years
have occurred since 2005 (Wolken et al 2017). Docu-
mented increases in the post-2004 equilibrium line

altitude by >250 m relative to the pre-2005 levels
(Burgess 2017, Thomson and Copland 2017) coincide
with enhanced warming of ice cap surfaces above
1400 m a.s.l. (Mortimer et al 2016). Densification of
ice cap firn areas due to warming has reduced or elimi-
nated the refreezing storage capacity of the many ice
caps in this region, thus increasing their sensitivity to
future warming (Colgan et al 2008, Bezeau et al 2013,
Noël et al 2018).

Arctic Canada and Greenland’s reduced ice loss
2013–2017 is attributed to decreased surface melt
from cold air temperature anomalies produced by
persistent extremes in atmospheric circulation
(Tedesco et al 2013b, 2014, Sharp et al 2015, Box and
Sharp 2017). For example, 2013 was a positive mass
balance year for Arctic Canada (Sharp et al 2015)
while Svalbard, with an opposite pattern of persistent
atmospheric circulation, had its strongest ice loss on
record thus far (Lang et al 2015), superseded by 2016
mass loss. The 2012 pattern was the opposite, with
extreme Greenland and Arctic Canada mass loss with

Figure 3.Regional composite glaciermass balance time series. Gray shading indicates±one standard deviation from the available
sample of annual observations (blue crosses). The number of glaciers contributing to each composite is indicated in red text above
each value. Vertical dashed lines are placed eachfive years. The scaling toGt per year is indicated on the right vertical axes.
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anomalously low Svalbard ice mass loss. The long
term pattern of steady loss from Svalbard is simulated
to have been persistent since 1980 (Østby et al 2017).

Relative to the 2003–2015 baseline, Scandinavia
mass balance anomalies rates were positive for 8 years
between 1987 and 1995 (except 1991 and 1994 which
were nearly positive), attributable to persistent atmo-
spheric circulation conditions associated with the
North Atlantic Oscillation that increased snowfall
rates (Nesje et al 2000). Svalbard mass balance has
been relatively variable yet with increased ice loss rates

starting in 2003 (except 2008 and 2014). (See also Lang
et al 2015.)

4.2. Arctic total sea-level contribution in the
1971–2017 period
The totaled all Arctic land ice sea-level rise contrib-
ution for 1992–2017 is estimated to be 21.8±
11.2 mm (table 2), equal to 31% (of 70±10 mm) of
the global sea-level rise after Nerem et al (2018). The
all-Greenland land ice eustatic sea-level rise contrib-
ution for the 1971–2017 period (10.6±7.3 mm) is

Figure 4.Arctic land ice cumulative sea-level contributions outside of the 2003–2015GRACEperiod (circles or squares) via scaling of
regional standardized composites of in situmass balance series. Uncertainty envelopes for each region appear in supplementary figures
S1–S6.

Table 2.Arctic Glacier andGreenland land ice sea-level contribution estimates.

Region

Sea-level

contribution

1971–2017,mm Uncertainty,mm

IPCC SROCC

recent past,

1986–2005,mm Uncertainty,mm

IPCC SROCC

present day,

2005–2015,mm Uncertainty,mm

Greenland 10.61 7.31 3.03 6.63 7.68 5.90

Alaska 5.71 2.16 2.93 1.32 1.69 0.82

Arctic

Canada

3.21 0.72 1.05 0.20 2.13 0.07

Scandinavia 0.08 0.34 0.02 0.19 0.03 0.10

Svalbard 1.12 0.33 0.46 0.23 0.23 0.15

Iceland 0.82 0.70 0.22 0.40 0.31 0.23

RussianHigh

Arctic

1.45 0.80 0.59 0.56 0.29 0.36

total 23.00 12.36 8.30 9.53 12.36 7.63
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46% of the total sea-level contribution (table 2).
Greenland’s contribution is 1.52× that from Antarc-
tica (7.6± 3.9 mm) in the 1992–2017 period (Shep-
herd et al 2018). During the IPCC SROCC recent past
(1986–2005), the average stable Greenland mass
balance has a substantial uncertainty relative to its near
zeromagnitude ofmass change.

Alaska is the next largest sea-level contributor
since 1971, 1.8× larger than Arctic Canada (table 2).
Even though the 2003–2015 Alaska rate is 1.1× Arctic
Canada (table 1), the larger 1971–2017 difference is
attributable to Alaska beginning its sustained loss ear-
lier thanArctic Canada.

Excluding Greenland, Dowdeswell et al (1997)
found an Arctic sea-level contribution of
0.13 mm yr−1 for a variable period roughly 1955 to
1995. Here, using a similar regional data set, we find
the Arctic sea-level contribution to be 3.6× larger
(0.47±0.19 mm yr−1) for the 1971–2017 interval.
Our findings are indicative of an accelerated sea-level
contribution of Arctic Glaciers, that 20 years ago
(Dowdeswell et al 1997) had not emerged from the
noise. A driver of the acceleration is a substantial
increase in Arctic warming occurring after the mid-
1980s (Overland et al 2004). That warming signal is
now unequivocal and attributed to anthropogenic
climate change (Marzeion et al 2014, 2018).

4.3. Comparisonwith other studies
We compare our annual mass balance time series with
the independent estimates fromMarzeion et al (2015),

hereafter ‘M15’. M15 values are the result of a model
driven by global gridded monthly precipitation and
temperature observational data after New et al (2002)
and Mitchel and Jones (2005). Here, Greenland is
excluded because the Cazenave et al (2018) satellite
gravimetry does not separate peripheral icemasses.

For the 43 year overlap (1971–2013), we find high
confidence in correlations among the six compared
regions, ranging from 0.430 (1-p=0.996) for the
Russian High Arctic to 0.846 (1-p>0.999) for Scan-
dinavia (table 3). Alaska and Scandinavia agreemost in
magnitude. The range of values in this study is larger
for Alaska but smaller for Scandinavia. For Iceland,
this study suggests twice the loss rate of M15, while
M15 finds larger losses for Arctic Canada, Svalbard,
and the Russian High Arctic. Totaled over the 43 years
of overlap, M15 suggests a global sea-level contrib-
ution (13.5 mm) that is 1.36× larger than this study
(table 4) (figure S8). For Svalbard the M15 loss rate is
3.4× this assessment. Given that mass balance from
this study is tied to GRACE retrievals, we contend that
our results aremore accurate inmagnitude.

A comparison with the satellite altimetry and gravi-
metry results from Gardner et al (2013) for the
2003–2009 period (the Svalbard result from Gardner
et al 2013 is based on glaciological and local geodetic
measurements) also suggests that theM15mass balance
is on average twice more negative than observed
(table 4). Over the same period, our study is in agree-
ment with Gardner et al (2013). Marzeion et al (2017)
acknowledge that satellite-basedmass balance estimates

Table 3.Comparisonwith 1971–2013 annual values from this study andMarzeion et al (2015).

Region Correlation Confidence (1-p)

Average

mass-balance

M15Gt yr−1

Averagemass-

balance this

studyGt yr−1

Mass-balance

ratioM15÷this
study

Mass-balance

standard error ratio

M15÷this study

Alaska 0.672 >0.999 −30.3 −37.5 0.8 0.6

Arctic Canada 0.587 >0.999 −35.9 −22.4 1.6 0.9

Scandinavia 0.846 >0.999 −0.5 −0.6 0.8 1.6

Svalbard 0.678 >0.999 −24.2 −7.2 3.4 2.2

Iceland 0.505 0.999 −2.9 −6.3 0.5 0.5

RussianHigh

Arctic

0.430 0.996 −19.9 −9.3 2.1 1.3

Total cumulative

seal-evel forcing

1971–2005

13.5 9.9

Table 4.Comparison of regionalmass balance values for the 2003–2009 period.

Marzeion et al

(2015)Gt yr−1

Gardner et al

(2013)Gt yr−1

This study

Gt yr−1

RatioMarzeion et al

(2015)÷Gardner et al (2013)
Ratio this study÷
Gardner et al (2013)

Alaska −48 −50 −57 1.0 1.1

Arctic Canada −40 −60 −47 0.7 0.8

Iceland −7 −10 −11 0.7 1.1

Svalbard −43 −5 −8 8.6 1.6

Scandinavia −1 −2 −1 0.5 0.6

RussianHigh

Arctic

−25 −11 −11 2.3 1.0

average 2.3 1.0
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provide lower mass loss estimates than M15. The M15
overestimate appears tied to the delayed response of gla-
cier geometry to climate forcing that may not be cap-
tured by theM15 glaciermodel (Marzeion et al 2017).

The high confidence in correlation between the
independent M15 results and this study supports our
extrapolation before year 2003. Nonetheless, to check
for temporal homogeneity, examining four con-
secutive 10 year periods, we find an increase in the
multi-regional average correlation and a decrease in
the average mass balance bias ratio (table 5). However,
the temporal change in agreement cannot confirm the
validity of our temporal homogeneity assumption.
The increase in correlation may be the result of an
increase in time of the quality of the observational data
driving M15. Further, if there is a decrease in the stan-
dard error ratio, that is, the width of the data distribu-
tions agreeing more in the last decade (2001–2010), it
is unclear if this is the result of ourmethod beingmore
accurate later in our reconstruction. figure S8 illus-
trates an overall tendency for agreement. Overall,
table 5 reinforces howM15 has a ~30%more negative
mass balance than this study.

5. Conclusions

We compile annual standardized time series of indivi-
dual glacier in situ surfacemass balancemeasurements
spanning up to 47 years, and develop seven regional
(Alaska, Arctic Canada, Iceland, Scandinavia and the
Russian High Arctic)mass balance estimates spanning
the 1971–2017 period. Greenland is included in effort
to completely represent the Arctic as a counterpart to
e.g. Antarctica or non-polar land ice sea-level con-
tributions. These semi-empirical regional estimates
extend 32 years prior to the satellite gravimetry period
or 19 years earlier than, e.g. Bamber et al (2018). We
contend that the semi-empirical regional mass balance
estimates presented here now represent the most
observationally constrained and accurate estimates
available prior to the 1992 start of satellite altimetry
monitoring.

We show that the sea-level rise contribution from
Arctic land ice is 31% of the global eustatic sea-level
contribution since 1992, making it the largest regional
land ice source of global sea-level rise. According to
our semi-empirical reconstruction, Greenland alone
represents roughly half (46%) of this Arctic land ice
contribution to sea-level rise.

We address the IPCC Fifth Assessment identifica-
tion of low scientific understanding in constraining
the pre-satellite era sea-level rise budget and specify
sea-level contributions coinciding with IPCC Special
Report on the Ocean and Cryosphere in a Changing
Climate (SROCC) ‘present day’ (2005–2015) and
‘recent past’ (1986–2005) reference periods. The rate
of the total sea-level rise contribution of Arctic land ice
has increased by 3× between the 1986–2005 recent
past and 2006–2015 present day periods adopted by
IPCC SROCC. We assess an Arctic land ice loss of
8.3 mm SLE during the recent past and 12.4 mm SLE
during the present day, equivalent respectively with
net water fluxes of 5000 t s−1 rising between these two
periods to 14 000 t s−1.

Our regional mass balance reconstruction corre-
lates strongly with independent results fromMarzeion
et al (2015). However, this study finds 1.3× lowermass
loss overall, according to lower ice mass loss rates for
Arctic Canada, Svalbard and theRussianHighArctic.

Alaska and Arctic Canada exhibited distinct regio-
nal variability, for example having opposite extremes
in 2004 and 2011. These regional extremes are also evi-
dent in 2013 when Arctic Canada gained mass and
Greenland had a relatively low mass loss year while
Svalbard had its largestmass loss on record. These spa-
tial extremes are all primarily attributable to persistent
extremes in atmospheric circulation, highlighting not
only the importance of assessing land ice changes at
the regional scale, but also how the atmosphere is a
dynamic driver of differing land ice changes over both
space and time.

Acknowledgments

This work is developed in support of the Arctic
Monitoring and Assessment Program (AMAP) and
under the framework of the Network on Arctic
Glaciology (NAG) of the International Arctic Science
Committee (IASC). Financing for this study is primar-
ily by DANCEA (Danish Cooperation for Environ-
ment in the Arctic) under the Danish Ministry of
Energy, Buildings and Climate and The Danish
Council for Independent research under project 4002-
00234. Support to DB was provided by the Geological
Survey of Canada, with field logistics for collection of
mass balance data in the Canadian Arctic provided by
the Polar Continental Shelf Project, NRCAN. BWwas
funded NWO VIDI grant 016.Vidi.171.065. We are

Table 5.Multi-region averages for the comparison ofMarzeion et al (2015) and this study four consecutive 10 year periods.

Period Average correlation

Averagemulti-regionmass balance ratio

M15÷this study
Averagemulti-region standard

error ratio

1971–1980 0.528 1.7 1.4

1981–1990 0.628 2.7 1.1

1991–2000 0.647 1.3 1.3

2001–2010 0.567 1.3 1.0

9

Environ. Res. Lett. 13 (2018) 125012



very grateful for constructive critique and comments
from: two anonymous reviewers; Chris Larsen of
University of Alaska, Fairbanks and Sharon Smith
from theGeological Survey of Canada.

ORCID iDs

Jason EBox https://orcid.org/0000-0003-
0052-8705
WilliamTColgan https://orcid.org/0000-0001-
6334-1660
BertWouters https://orcid.org/0000-0002-
1086-2435
DavidOBurgess https://orcid.org/0000-0003-
4430-5351
ShadO’Neel https://orcid.org/0000-0002-
9185-0144
Laura I Thomson https://orcid.org/0000-0003-
4753-7924
SebastianHMernild https://orcid.org/0000-0003-
0797-3975

References

AMAP2017 Snow,Water, Ice and Permafrost in the Arctic (SWIPA)
2017 (Oslo,NO:ArcticMonitoring andAssessment
Programme (AMAP))

Bamber J L,Westaway RM,Marzeion B andWouters B 2018The
land ice contribution to sea level during the satellite era
Environ. Res. Lett. 13 063008

BeedleM J,Menounos B andWheate R 2014An evaluation ofmass-
balancemethods applied to castle creek glacier, British
Columbia, Canada J. Glaciol. 60 262–76

Bezeau P, SharpM, Burgess D andGasconG 2013 Firn profile
changes in response to extreme 21st-centurymelting at
Devon IceCap,Nunavut, Canada J. Glaciol. 59 981–91

BjørkAA et al 2017Changes inGreenland’s peripheral glaciers
linked to theNorthAtlantic OscillationNat. Clim. Change
8 48

Box J E 2013Greenland ice sheetmass balance reconstruction: Part
II. Surfacemass balance (1840–2010) J. Clim. 26 6974–89

Box J E andColganW2013Greenland ice sheetmass balance
reconstruction: Part III.Marine ice loss and totalmass
balance (1840–2010) J. Clim. 26 6990–7002

Box J E, Fettweis X, Stroeve J C, TedescoM,Hall DK and SteffenK
2012Greenland ice sheet albedo feedback: thermodynamics
and atmospheric driversCryosphere 6 821–39

Box J E and SharpM2017Changes to arctic land ice Snow,Water,
Ice and Permafrost in the Arctic (SWIPA) 2017 (Oslo,NO:
ArcticMonitoring andAssessment Programme (AMAP))
pp 137–68

BurgessDO2017Mass balance of ice caps in theQueen Elizabeth
Islands, Arctic Canada: 2014 –2015Open File 8223Geological
Survey of Canada p 38

Burgess EW, Forster RR, Box J E,Mosley-Thompson E,
BromwichDH, Bales RC and Smith LC2010A spatially
calibratedmodel of annual accumulation rate on the
Greenland Ice Sheet (1958–2007) J. Geophys. Res.-Earth Surf.
115 14

Caron L, Ivins ER, Larour E, Adhikari S, Nilsson J andBlewitt G
2018GIAmodel statistics for GRACEhydrology, cryosphere,
andOcean scienceGeophys. Res. Lett. 45 2203–12

Cazenave A et al 2018Global sea-level budget 1993-present Earth
System ScienceData 10 1551–90

Cogley J G, AdamsWP, EcclestoneMA, JungRothenhausler F and
OmmanneyC S L 1996Mass balance ofWhite Glacier, Axel
Heiberg island,NWT,Canada, 1960–91 J. Glaciol. 42 548–63

ColganW,Davis J and SharpM2008 Is the high-elevation region of
Devon ice cap thickening? J. Glaciol. 54 428–36

DerksenC et al 2012Variability and change in the Canadian
cryosphereClim. Change 115 59–88

Dowdeswell J A et al 1997Themass balance of circum-Arctic
glaciers and recent climate changeQuat. Res. 48 1–14

Doyle SH et al 2015Amplifiedmelt and flowof theGreenland ice
sheet driven by late-summer cyclonic rainfallNat. Geosci.
8 647

DyurgerovMB andMeierMF 2005Glaciers and the changing Earth
system: a 2004 snapshotOccas. Paper 58 Institute of Arctic
andAlpine Research, Boulder, Colorado p 117

Gardner A,Moholdt G, Arendt A andWouters B 2012Accelerated
contributions of Canada’s Baffin andBylot Island glaciers to
sea level rise over the past half centuryCryosphere 6 1103–25

Gardner A S et al 2013A reconciled estimate of glacier contributions
to sea level rise: 2003 to 2009 Science 340 852–7

Gardner A S,Moholdt G,Wouters B,WolkenG J, BurgessDO,
SharpM J, Cogley JG, BraunC and Labine C 2011 Sharply
increasedmass loss from glaciers and ice caps in theCanadian
Arctic ArchipelagoNature 473 357–60

JacobT,Wahr J, PfefferWT and Swenson S 2012Recent
contributions of glaciers and ice caps to sea level riseNature
482 514–8

Kalnay E et al 1996TheNCEP/NCAR40-year reanalysis project
Bull. Am.Meteorol. Soc. 77 437–71

KjeldsenKK et al 2015 Spatial and temporal distribution ofmass
loss from theGreenland Ice Sheet since AD1900Nature
528 396

LangC, Fettweis X and ErpicumM2015 Stable climate and surface
mass balance in Svalbard over 1979-2013 despite the Arctic
warmingCryosphere 9 83–101

LarsenC F, Burgess E, Arendt AA,O’Neel S, JohnsonA J and
Kienholz C 2015 Surfacemelt dominates Alaska glaciermass
balanceGeophys. Res. Lett. 42 5902–8

Lutz S, AnesioAM, Raiswell R, Edwards A,NewtonR J, Gill F and
Benning LG2016The biogeography of red snow
microbiomes and their role inmelting Arctic glaciersNat.
Commun. 7 11968

Marzeion B, ChampollionN,HaeberliW, Langley K, Leclercq P and
Paul F 2017Observation-based estimates of global glacier
mass change and its contribution to sea-level change Surv.
Geophys. 38 105–30

Marzeion B, Cogley J G, Richter K and ParkesD 2014Attribution of
global glaciermass loss to anthropogenic and natural causes
Science 345 919–21

Marzeion B, Kaser G,Maussion F andChampollionN2018 Limited
influence of climate changemitigation on short-term glacier
mass lossNat. Clim. Change 8 305

Marzeion B, Leclercq PW,Cogley J G and JaroschAH2015 Brief
communication: global reconstructions of glaciermass
change during the 20th century are consistentCryosphere 9
2399–404

MeierMF,DyurgerovMB, RickUK,O’Neel S, PfefferWT,
AndersonR S, Anderson S P andGlazovskyA F 2007Glaciers
dominate Eustatic sea-level rise in the 21st century Science
317 1064–7

Mernild SH, LipscombWH,BahrDB, Radic V andZempM2013
Global glacier changes: a revised assessment of committed
mass losses and sampling uncertaintiesCryosphere 7 1565–77

Millan R,Mouginot J andRignot E 2017Mass budget of the glaciers
and ice caps of theQueen Elizabeth Islands, Canada, from
1991 to 2015Environ. Res. Lett. 12 024016

Mitchell TD and Jones PD 2005An improvedmethod of
constructing a database ofmonthly climate observations and
associated high-resolution grids Int. J. Climatol. 25 693–712

MortimerCA, SharpMandWouters B 2016Glacier surface
temperatures in theCanadian highArctic, 2000–15 J. Glaciol.
62 963–75

NeremRS, Beckley BD, Fasullo J T,Hamlington BD,
Masters D andMitchumGT2018Climate-change-driven
accelerated sea-level rise detected in the altimeter eraProc.
Natl Acad. Sci. USA 115 2022–5

10

Environ. Res. Lett. 13 (2018) 125012

https://orcid.org/0000-0003-0052-8705
https://orcid.org/0000-0003-0052-8705
https://orcid.org/0000-0003-0052-8705
https://orcid.org/0000-0003-0052-8705
https://orcid.org/0000-0003-0052-8705
https://orcid.org/0000-0001-6334-1660
https://orcid.org/0000-0001-6334-1660
https://orcid.org/0000-0001-6334-1660
https://orcid.org/0000-0001-6334-1660
https://orcid.org/0000-0001-6334-1660
https://orcid.org/0000-0002-1086-2435
https://orcid.org/0000-0002-1086-2435
https://orcid.org/0000-0002-1086-2435
https://orcid.org/0000-0002-1086-2435
https://orcid.org/0000-0002-1086-2435
https://orcid.org/0000-0003-4430-5351
https://orcid.org/0000-0003-4430-5351
https://orcid.org/0000-0003-4430-5351
https://orcid.org/0000-0003-4430-5351
https://orcid.org/0000-0003-4430-5351
https://orcid.org/0000-0002-9185-0144
https://orcid.org/0000-0002-9185-0144
https://orcid.org/0000-0002-9185-0144
https://orcid.org/0000-0002-9185-0144
https://orcid.org/0000-0002-9185-0144
https://orcid.org/0000-0003-4753-7924
https://orcid.org/0000-0003-4753-7924
https://orcid.org/0000-0003-4753-7924
https://orcid.org/0000-0003-4753-7924
https://orcid.org/0000-0003-4753-7924
https://orcid.org/0000-0003-0797-3975
https://orcid.org/0000-0003-0797-3975
https://orcid.org/0000-0003-0797-3975
https://orcid.org/0000-0003-0797-3975
https://orcid.org/0000-0003-0797-3975
https://doi.org/10.1088/1748-9326/aadb2c
https://doi.org/10.3189/2014JoG13J091
https://doi.org/10.3189/2014JoG13J091
https://doi.org/10.3189/2014JoG13J091
https://doi.org/10.3189/2013JoG12J208
https://doi.org/10.3189/2013JoG12J208
https://doi.org/10.3189/2013JoG12J208
https://doi.org/10.1038/s41558-017-0029-1
https://doi.org/10.1175/JCLI-D-12-00518.1
https://doi.org/10.1175/JCLI-D-12-00518.1
https://doi.org/10.1175/JCLI-D-12-00518.1
https://doi.org/10.1175/JCLI-D-12-00546.1
https://doi.org/10.1175/JCLI-D-12-00546.1
https://doi.org/10.1175/JCLI-D-12-00546.1
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.4095/300231
https://doi.org/10.1029/2009JF001293
https://doi.org/10.1002/2017GL076644
https://doi.org/10.1002/2017GL076644
https://doi.org/10.1002/2017GL076644
https://doi.org/10.1017/S0022143000003531
https://doi.org/10.1017/S0022143000003531
https://doi.org/10.1017/S0022143000003531
https://doi.org/10.3189/002214308785837084
https://doi.org/10.3189/002214308785837084
https://doi.org/10.3189/002214308785837084
https://doi.org/10.1007/s10584-012-0470-0
https://doi.org/10.1007/s10584-012-0470-0
https://doi.org/10.1007/s10584-012-0470-0
https://doi.org/10.1006/qres.1997.1900
https://doi.org/10.1006/qres.1997.1900
https://doi.org/10.1006/qres.1997.1900
https://doi.org/10.1038/ngeo2482
https://doi.org/10.5194/tc-6-1103-2012
https://doi.org/10.5194/tc-6-1103-2012
https://doi.org/10.5194/tc-6-1103-2012
https://doi.org/10.1126/science.1234532
https://doi.org/10.1126/science.1234532
https://doi.org/10.1126/science.1234532
https://doi.org/10.1038/nature10089
https://doi.org/10.1038/nature10089
https://doi.org/10.1038/nature10089
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1038/nature16183
https://doi.org/10.5194/tc-9-83-2015
https://doi.org/10.5194/tc-9-83-2015
https://doi.org/10.5194/tc-9-83-2015
https://doi.org/10.1002/2015GL064349
https://doi.org/10.1002/2015GL064349
https://doi.org/10.1002/2015GL064349
https://doi.org/10.1038/ncomms11968
https://doi.org/10.1007/s10712-016-9394-y
https://doi.org/10.1007/s10712-016-9394-y
https://doi.org/10.1007/s10712-016-9394-y
https://doi.org/10.1126/science.1254702
https://doi.org/10.1126/science.1254702
https://doi.org/10.1126/science.1254702
https://doi.org/10.1038/s41558-018-0093-1
https://doi.org/10.5194/tc-9-2399-2015
https://doi.org/10.5194/tc-9-2399-2015
https://doi.org/10.5194/tc-9-2399-2015
https://doi.org/10.5194/tc-9-2399-2015
https://doi.org/10.1126/science.1143906
https://doi.org/10.1126/science.1143906
https://doi.org/10.1126/science.1143906
https://doi.org/10.5194/tc-7-1565-2013
https://doi.org/10.5194/tc-7-1565-2013
https://doi.org/10.5194/tc-7-1565-2013
https://doi.org/10.1088/1748-9326/aa5b04
https://doi.org/10.1002/joc.1181
https://doi.org/10.1002/joc.1181
https://doi.org/10.1002/joc.1181
https://doi.org/10.1017/jog.2016.80
https://doi.org/10.1017/jog.2016.80
https://doi.org/10.1017/jog.2016.80
https://doi.org/10.1073/pnas.1717312115
https://doi.org/10.1073/pnas.1717312115
https://doi.org/10.1073/pnas.1717312115


Nesje A, LieO andDahl SO2000 Is theNorth atlantic oscillation
reflected in Scandinavian glaciermass balance records?
J. Quat. Sci. 15 587–601

NewM,ListerD,HulmeMandMakin I 2002Ahigh-resolutiondata
set of surface climate over global land areasClim.Res.211–25

Noël B, van de BergW J, Lhermitte S,Wouters B, Schaffer N and
van den BroekeMR2018 Six decades of glacialmass loss in
theCanadianArctic archipelago J. Geophys. Res.-Earth Surf.
123 1430–49

Østby T I, Schuler TV,Hagen JO,Hock R,Kohler J and
ReijmerCH2017Diagnosing the decline in climaticmass
balance of glaciers in Svalbard over 1957–2014Cryosphere 11
191–215

Overland J E, SpillaneMC, Percival DB,WangMY and
MofjeldHO2004 Seasonal and regional variation of pan-
Arctic surface air temperature over the instrumental record
J. Clim. 17 3263–82

Rignot E, Box J E, Burgess E andHanna E 2008Mass balance of the
Greenland ice sheet from1958 to 2007Geophys. Res. Lett. 35
L20502

Ryan J C,HubbardA, StibalM, Irvine-FynnTD, Cook J, Smith LC,
CameronK andBox J 2018Dark zone of theGreenland Ice
Sheet controlled by distributed biologically-active impurities
Nat. Commun. 9 1065

SharpM, Burgess DO,Cogley J G, EcclestoneM, Labine C and
WolkenG J 2011 Extrememelt onCanada’s Arctic ice caps in
the 21st centuryGeophys. Res. Lett. 38 L11501

SharpMandWolkenG 2011Glaciers outsideGreenland [in ‘State
of theClimate in 2010’]Bull. Am.Meteorol. Soc. 92 S155–6

SharpM et al 2015Glaciers and ice caps outsideGreenland [in ‘State
of theClimate in 2014’]Bull. Am.Meteor. Soc. 96 S137–9

ShepherdA et al 2018Mass balance of the Antarctic ice sheet from
1992 to 2017Nature 558 219

StibalM et al 2017Algae drive enhanced darkening of bare ice on the
Greenland ice sheetGeophys. Res. Lett. 44 11463–71

TedescoM,Alexander P, Box J E, Cappelen J,Mote T, SteffenK,
van deWal R SW,Wahr J andWouters B 2013bGreenland

ice sheet [in ‘State of theClimate in 2012’]Bull. Am.Meteor.
Soc. 94 S1–258

TedescoM, Box J E, Cappelen J, Fettweis X, Jensen T S,Mote T,
RennermalmAK, Smith LC, van deWal R SWandWahr J
2014Greenland ice sheet [in ‘State of theClimate in 2013’]
Bull. Am.Meteor. Soc. 95 S5–49

TedescoM, Fettweis X,Mote T,Wahr J, Alexander P, Box J E and
Wouters B 2013a Evidence and analysis of 2012Greenland
records from spaceborne observations, a regional climate
model and reanalysis dataCryosphere 7 615–30

TedescoM, Fettweis X, van denBroekeMR, van deWal R SW,
Smeets C, van de BergW J, SerrezeMC andBox J E 2011The
role of albedo and accumulation in the 2010melting record in
GreenlandEnviron. Res. Lett. 6 014005

Thomson L I andCopland L 2017Changing contribution of peak
velocity events to annual velocities following amulti-decadal
slowdown atWhite GlacierAnn.Glaciol. 58 145–54

Thomson L I, ZempM,Copland L, Cogley J G and EcclestoneMA
2017Comparison of geodetic and glaciologicalmass budgets
forWhite Glacier, AxelHeiberg Island, Canada J. Glaciol. 63
55–66

Wahr J, Swenson S andVelicogna I 2006Accuracy ofGRACEmass
estimatesGeophys. Res. Lett. 33 L06401

WGMS2017Global glacier change bulletin no. 2 (2014-2015) ed
MZemp, SUNussbaumer, I Gärtner-Roer, JHuber,
HMachguth, F Paul andMHoelzle ICSU(WDS)/IUGG
(IACS)/UNEP/UNESCO/WMO (Zurich:WorldGlacier
Monitoring Service) p 244

WolkenG, SharpM J, Andreassen LM, BurgessD J, Copland L,
Kohler J, O’Neel S, PeltoMS, Thomson L andWouters B
2017 State of theClimate in 2016Bull. Am.Meteor. Soc 98
S140–3

Wouters B, ChambersD and SchramaE JO 2008GRACEobserves
small-scalemass loss inGreenlandGeophys. Res. Lett. 35
L20501

ZempM et al 2013Reanalysing glaciermass balancemeasurement
seriesCryosphere 7 1227–45

11

Environ. Res. Lett. 13 (2018) 125012

https://doi.org/10.1002/1099-1417(200009)15:6<587::AID-JQS533>3.0.CO;2-2
https://doi.org/10.1002/1099-1417(200009)15:6<587::AID-JQS533>3.0.CO;2-2
https://doi.org/10.1002/1099-1417(200009)15:6<587::AID-JQS533>3.0.CO;2-2
https://doi.org/10.3354/cr021001
https://doi.org/10.3354/cr021001
https://doi.org/10.3354/cr021001
https://doi.org/10.1029/2017JF004304
https://doi.org/10.1029/2017JF004304
https://doi.org/10.1029/2017JF004304
https://doi.org/10.5194/tc-11-191-2017
https://doi.org/10.5194/tc-11-191-2017
https://doi.org/10.5194/tc-11-191-2017
https://doi.org/10.5194/tc-11-191-2017
https://doi.org/10.1175/1520-0442(2004)017<3263:SARVOP>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<3263:SARVOP>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<3263:SARVOP>2.0.CO;2
https://doi.org/10.1029/2008GL035417
https://doi.org/10.1029/2008GL035417
https://doi.org/10.1038/s41467-018-03353-2
https://doi.org/10.1029/2011GL047381
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1002/2017GL075958
https://doi.org/10.1002/2017GL075958
https://doi.org/10.1002/2017GL075958
https://doi.org/10.1175/2013BAMSStateoftheClimate.1
https://doi.org/10.1175/2013BAMSStateoftheClimate.1
https://doi.org/10.1175/2013BAMSStateoftheClimate.1
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.1088/1748-9326/6/1/014005
https://doi.org/10.1017/aog.2017.46
https://doi.org/10.1017/aog.2017.46
https://doi.org/10.1017/aog.2017.46
https://doi.org/10.1017/jog.2016.112
https://doi.org/10.1017/jog.2016.112
https://doi.org/10.1017/jog.2016.112
https://doi.org/10.1017/jog.2016.112
https://doi.org/10.1029/2005GL025305
https://doi.org/10.1029/2008GL034816
https://doi.org/10.1029/2008GL034816
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013

	1. Introduction
	2. Data
	2.1. Glacier and ice cap climatic mass balance measurements
	2.2. Regional land ice mass change from satellite gravimetry
	2.3. Greenland land ice mass balance 1971–2017

	3. Methods
	3.1. Semi-empirical regional total mass balance assessment
	3.2. Data gap treatment
	3.3. Sensitivity testing
	3.4. Uncertainty modeling
	3.5. Spatial inhomogeneity

	4. Results and discussion
	4.1. Arctic regional land ice mass balance
	4.2. Arctic total sea-level contribution in the 1971–2017 period
	4.3. Comparison with other studies

	5. Conclusions
	Acknowledgments
	References



