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We study the longest tide gauge record available from Greenland, that is the Nuuk/Godthab site in southwest
Greenland, for the time period 1958-2002. Standard regression methods and the application of the Ensemble
Empirical Mode Decomposition technique reveal a rate of sea-level rise of =~ 2 mm yr~!, two complete cycles
of the 18.6-years lunar nodal tide, and a negligible acceleration. Using previous assessments for the globally
averaged sea-level rise during that period, glacial isostatic adjustment modeling and sea-level “fingerprinting”
of the mass loss of continental ice sources, terrestrial water sources and oceanic steric effects, we evaluate the
various contributions to local sea-level rise at the tide gauge location. The misfit between the observed and the
modeled sea-level trend is unlikely to reflect tectonic deformations but, more intriguingly, may indicate that
the mass balance of the Greenland ice sheets was, during the second half of the last century, somehow closer

to balance than suggested by previous investigations.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the seminal work of Gutenberg (1941), observations from tide
gauges deployed along the world's shorelines have been recognized as a
fundamental tool for the study of the global mean sea-level rise (for a
review, see Spada and Galassi, 2012). The long term tide gauge records
reflect various processes that change the total mass of the oceans (mass
term) or their density in response to thermal expansion and salinity var-
iations (steric component). The mass term includes effects from the
melting of continental ice sheets, glaciers and ice caps, the alteration
of land water reservoirs, and hydrological variations originating from
human activity (see e.g., Milne et al., 2009; Cazenave and Remy, 2011).

Although the number and the quality of tide gauges observations
have dramatically increased since the birth of the Permanent Service
for Mean Sea Level (PSMSL) in 1933 (Woodworth and Player, 2003;
Holgate et al., 2012), their geographical distribution remains largely
non-uniform and biased toward the northern hemisphere. As of today,
only a few tens of time series have a sufficient length for an assessment
of secular sea-level variations (Douglas, 1991, 1997; Spada and Galassi,
2012) (only 73 PSMSL annual records have a length exceeding
100 years). In addition, they require suitable corrections for the effects
of sediment compaction, water or hydrocarbon extraction, tectonics,
and glacial isostatic adjustment (GIA). However, at the present time,
global models useful for computing such corrections only exist for GIA
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(Spada and Galassi, 2012). Recent estimates of global mean sea-level
rise point to values in the range between 1.5 and 2 mm yr~ !, although
a significant scatter still exists, reflecting different approaches and
averaging methods applied (Spada and Galassi, 2012).

In view of rapid changes affecting the polar ice sheets (see the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment
Report, hereinafter AR4, Bindoff et al.,, 2007), in situ sea-level observa-
tions from these regions would be potentially very important. In partic-
ular, it is expected that relative sea-level observations from tide gauges
located in the vicinity of major ice sheets could help to constrain the
recent time-history of their mass unbalance (before the year ~2000,
this was only poorly determined because of the limited resolution of
remote sensing techniques, see Bindoff et al., 2007). However, despite
significant collaborative efforts, at the end of the nineties the state of
polar tide gauges was generally unsatisfactory. The whole subject was
reviewed by Plag (2000), who pointed out the degradation of the observ-
ing system and emphasized the relevance of Arctic tide gauge data for the
geophysical community. Nonetheless, in some specific locations, such as
southwest Greenland, the sparsity of instrumental observations can be
partly alleviated using data from salt marshes (Woodroffe and Long,
2009), which are potentially valuable for reconstructing the relative
sea-level variations during the last few centuries (Barlow et al,, 2013).

As of the year 2000, a small number of tide gauges were in operation
along the Arctic shores of Russia, Greenland, Iceland, Norway, Canada
and USA (Plag, 2000). Among these, a few were characterized by record
lengths exceeding a few decades, and thus are potentially suitable for
estimating local long-term sea-level trends. For Norway and Russia,
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the state of the tide gauges has been recently reviewed by Henry et al.
(2011), who have highlighted the importance of these observations
for the assessment of the mass and steric components of recent sea-
level rise. However, the situation was, and still remains, particularly
problematic in Greenland, where the PSMSL database now collects re-
cords from only eight sites (Fig. 1), mostly located along the southwest
margins of the Greenland ice sheet (GIS). The instrumental record from
the Nuuk/Godthab tide gauge, hereafter referred to as NG, is remarkably
long (>40 years) compared to other sites in Greenland (<10 years),
and covers a time span ~1958-2003 during which only a few assess-
ments of the GIS mass balance are available (Hanna et al., 2005;
Bindoff et al., 2007; Rignot et al., 2008; Slangen, 2012). The PSMSL tide
gauge time series for Greenland are visualized in Fig. 2, which also
shows the length (P, years) and completeness (c,%) of each record.

The context above encourages a new analysis of the NG record,
which aims to test the consistency of the NG datum with the various
contributions to sea-level rise in southwest Greenland and, in particular,
to ascertain whether relative sea-level data from this site could be useful
for constraining volume changes in the GIS during the second half of last
century. We extend the previous analysis of Plag (2000), who recog-
nized that trends shown by Arctic tide gauges are in broad agreement
with an overall un-loading of the Arctic land-based cryosphere, and by
Fleming et al. (2009) who focused on the present-day GIA contributions
to sea-level change around Greenland. However, in comparison with
previous studies, here we consider a longer time frame and we perform
a more detailed study taking advantage of the AR4 assessments, of nu-
merical modeling based on the solution of the “Sea Level Equation”
(Farrell and Clark, 1976), and of the computation of sea-level “finger-
prints” (Mitrovica et al., 2001; Tamisiea et al., 2011). Although we
focus on an individual tide gauge record, our approach could be extend-
ed to other Arctic records with sufficient lengths.

The paper is organized as follows: in Section 2 we analyze the NG
time series, in Section 3 we examine various contributions to sea-level
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Fig. 1. Map of southern Greenland, showing the location of the Nuuk/Godthab (NG) tide
gauge (longitude = 51.73°W, latitude = 64.17°N) and of other PSMSL sites in Greenland:
[ulissat, Aasiaat, Sisimiut, Maniitsoq, Qaqortoq I, Ammassalik and Scoresbysund. The time
series for these tide gauges are displayed in Fig. 2. The figure also shows the present-day
ice thickness of the GIS (in meters); ice thickness data are from Bamber et al. (2013).
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Fig. 2. Overview of the PSMSL metric monthly time series available from the Greenland
sites in Fig. 1. For visualization purposes, the time series have been shifted by 500 mm
and the average has been subtracted. The record length P (in years) and the completeness
¢ (%) are also shown.

change at NG, and we discuss the results in Section 4, with the conclu-
sions presented in Section 5.

2. Sealevel trend at the NG tide gauge

The NG tide gauge record, obtained from the database of the PSMSL
(http://www.psmsl.org/!), contains monthly mean sea-level values be-
tween 1958.4 and 2002.3. The total time span of the record is thus P =
439 years and its completeness is c = 79% (the minimum completeness
requested by Douglas (1997) and Spada and Galassi (2012) in their
studies on secular sea-level rise was ¢ = 80% and 70%, respectively).
The time series does not belong to the RLR (“Revised Local Reference”)
PSMSL dataset; rather, the data is from the “metric” dataset, hence the
benchmark is arbitrary and jumps are undetected (unfortunately, only
metric observations are available from Greenland). Nevertheless, the
NG observations can be used in this context, since we are mostly inter-
ested in the average rate of relative sea-level rise over several decades,
which is unaffected by the choice of the benchmark. In 2002, the NG in-
strument was damaged and is no longer maintained by the DMI (Danish
Meteorological Institute). Coincidentally, the time period of the NG tide
gauge almost exactly overlaps the one adopted in the AR4 assessments
of the total budget of global mean sea-level change during the second
part of the 20th century (namely, 1961-2003). In her recent study,
Slangen (2012) also payed specific attention to this time period. This
will greatly facilitate, in Section 3, comparisons between the observed
rate at the NG site and existing assessments for the various components
of sea-level change.

The NG time series is reproduced in Fig. 3a. A few interruptions are
visible, which, however, do not affect seriously its completeness. Al-
though a small change of coordinates is reported in 1969 in the PSMSL
station documentation, a visual inspection does not reveal anomalies
or discontinuities in the record at that epoch. Since Nuuk is located
along the western coast of Greenland (see Fig. 1), distant from collision-
al boundaries, tectonic deformations are not expected to significantly
contaminate the observations. The NG time series suggests the

T Extracted from Database 26 June 2013.
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Fig. 3. (a): The NG time series (thin dotted curve are where segments join consecutive
monthly values, while isolated points imply interruptions in the time series), its 10-year
moving-average (thick black curve), and the linear trend over the whole observation period
(red line) obtained by least squares. (b): Interpolated and mirrored NG record (thin dotted
curve), the Intrinsic Model Function IMF8 corresponding to the longest period (~18 years)
in the EEMD analysis (black curve), and the residual (red). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)

existence of a long-term linear trend and of large amplitude oscillations
with a period of ~2 decades, which are likely to represent the effects of
the 18.6 years nodal tide (Trupin and Wahr, 1990). The oscillations are
particularly evident after the application of a 10-year running average
(thick line in Fig. 3a), clearly showing that the nodal tide attains almost
exactly two full cycles within the time window of the NG data. There-
fore, it is expected that the assessment of the trend is not too biased
by this oscillating component of the signal.

To estimate the local long term sea-level trend from the NG data, we
first performed a straight-forward linear regression. Considering the
whole time period of the NG record (1958.4-2002.3), the inferred rate
of sea-level change is (+1.9 & 0.7) mm yr~ !, where the uncertainty
has been evaluated by the explicit expressions given by Spada and
Galassi (2012) and corresponds to the 95% confidence interval. The
trend is shown by a red line in Fig. 3a. The sea-level acceleration
(twice the quadratic term of a second order polynomial regression)
for the NG time series is (—0.05 + 0.04) mm yr~ 2. By a Fisher F-test
performed on the variances of the residues of the linear and quadratic
regressions, we have verified that the latter does not improve the fit
with respect to the former at the 95% confidence level.

In contrast to a simple regression, the Empirical Mode Decomposi-
tion (EMD) technique does not require a-priori assumptions about the
functional expression of the regression model (Huang et al., 1998). Fur-
thermore, it is particularly suitable for analyzing non-linear and non-
stationary time series (Barnhart, 2011). In this method, time series are
split into a finite set of empirically orthogonal Intrinsic Mode Functions
(IMFs) describing cyclic variations not necessarily characterized by con-
stant amplitudes and phases. The EMD is thus particularly useful for iso-
lating the terms with dominating periodicities from a tide gauge record.
After the subtraction of the IMFs, the residual reveals the “natural” trend
of the signal, which is not constrained to have a predetermined polyno-
mial form.

Here we use an improved version of the EMD method (the “ensemble
EMD”, or EEMD, see Wu and Huang, 2009), namely the Complete Ensem-
ble Empirical Mode Decomposition with Adaptive Noise (CEEMDAN),

described by Torres et al. (2011) and implemented in MATLAB.? The
EEMD has been recently employed by Breaker and Ruzmaikin (2013) to
study the long-term trend of the San Francisco tide gauge record. The
method requires the estimate of two parameters. The first (Nstd) deter-
mines the noise level, and is defined as the ratio of the standard deviation
of the first IMF (IMF1) to the standard deviation of the original time
series. For the NG record, the value obtained is Nstd = 0.30. The second
parameter (NE) defines the number of realizations required to construct
IMFs; in this case, following Breaker and Ruzmaikin (2013), we use NE =
300. Since the EEMD method is adaptive, the number of IMFs is not set a-
priori, but is determined by the data themselves.

Since the EEMD requires continuous data, gaps in the original NG
time series have been filled by a cubic spline interpolation (De Boor,
1978). In addition, following Qingjie et al. (2010), errors due to end
effects are prevented by applying a mirroring technique. In Fig. 3b, we
show the NG time series after interpolation and mirroring, the residual
(red curve) obtained after subtracting the IMFs, and the IMF8
(black curve) which represents the oscillation with the longest
period (~18 years). To obtain a linear trend from the residual, we
have performed a standard linear regression, which provides a rate of
(1.93 + 0.03) mmyr~'. Adding in quadrature the uncertainty in the re-
sidual itself, we obtain

r% = 11934018 mm yr ', (1)

(95% confidence), for the time period 1958.4-2002.3 (extrapolating our
assessment to the time interval 1961-2003, the same considered in the
AR4, does not significantly change the estimate). While the value
obtained is consistent with the one gained above by a standard linear
regression, the strong improvement in its precision results from the re-
moval of the cyclic components implied in the EEMD approach. Note
that in Eq. (1) and in the following, the uncertainty will be expressed
using two significant figures, even when the fractional uncertainty is
large. This is generally contrary to common practice (see e.g., Taylor,
1997), but it facilitates comparison with the AR4 results.

The value of r° in Eq. (1) is comparable with the average rate
of global sea-level change during the period 1961-2002 (+1.8 +
0.8 mm yr~ !, where the uncertainty denotes the 95% confidence inter-
val) assessed by AR4. According to Table 3 of Wahl et al. (2013), these
values are also in broad agreement with the rate of global sea-level
rise during 1950-2009 (namely, 1.80 + 0.11 mm yr~'), and with the
regional rate for the North Sea (1.62 & 0.29 mm yr~ ') during the
same period. However, in view of the large local effects expected at
the NG tide gauge from GIA and in particular from the isostatic effects
associated with the melting of the nearby GIS, this agreement is certain-
ly fortuitous.

3. Sea-level components at the NG tide gauge

The long-term rate of relative sea-level change observed at tide
gauges stems from the combination of several components. Following
the general approach outlined by Slangen (2012) and Spada and
Galassi (2012), this can be tentatively written as:
rOBS _ rGIA + TSTE + rMAS + rTEC + rOTH" (2)
where the observed rate r° is constrained by Eq. (1), r°* is the GIA
component of sea-level change (associated with the response of the
Earth following the last deglaciation, 21-4 kyrs BP), r°'F is the steric
component arising from changes in the ocean's temperature, r4S is
the contribution associated with mass exchange (referred to as the
“mass term” in the following), and terms "= and r°™ account for the
contribution of tectonic movements and of other possibly unknown
factors, respectively (the latter including, for instance, sediments

2 See: http://bioingenieria.edu.ar/grupos/Idnlys/metorres/re_inter.htm.
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compaction and anthropogenic effects). In turn, the mass term in (2)
can be modeled as:

rMAS _ rTER + rAlS + rGlC + TGIS7 (3)

where the terms on the right hand side are associated with terrestrial
water mass exchange, including impoundment by dams and groundwa-
ter mining (%), and mass variations of the Antarctic Ice Sheet ('),
glaciers and ice caps (), and of the Greenland ice sheet (°®), respec-
tively. The Inverse Barometer correction has been neglected here, since
its globally averaged value during 1961-2003 is <0.1 mm yr~', its sig-
nature is mainly meridional, and southern Greenland is sited close to
the zero contour line of this sea-level component (see Fig. 3.2e of
Slangen, 2012).

Some of the terms of Eqs. (2) and (3) are individually discussed in
the following subsections, with reference to the NG tide gauge. A possi-
ble role for the tectonic component will be addressed in Section 4.

3.1. The GIA component

Fig. 4a and b show the sea-level fingerprints associated with GIA at
global and regional scales, respectively. Since the time scale of GIA is
of the order of a few kilo-years (Turcotte and Schubert, 2002), the
rates of sea-level change shown in Fig. 4 can be considered to be con-
stant over the time period of concern here (a few decades). The maps
are obtained by adopting the model ICE-5G(VM2) of Peltier (2004),
based on an extension of the gravitationally self-consistent sea-level
theory first proposed by Farrell and Clark (1976). Gridded solutions of
the “Sea Level Equation” (SLE) for model ICE-5G(VM2) have been
downloaded from the home page of W.R. Peltier on August 2013.
Since for this model the ice sheets' melting ends ~4000 years ago, GIA
is not currently causing any alterations in the total mass of the oceans,
but is of course producing regional sea-level variations due to the
Earth's on-going adjustment to the changes following the LGM (Last
Glacial Maximum). As a consequence, for the fingerprints in Fig. 4, the
average sea-level (ASL) is

(r*") <o, )

where here and in the following, the symbol { ) denotes the average
over the surface of the oceans. However, this property does not hold
for the mass terms in Eq. (3) since, in contrast with GIA, they currently
involve a net mass variation of the oceans, as well as surface displace-
ments due to local changes.

GIA — ICE-5G(VM2)

Across the Davis Strait (i.e., between Greenland and Canada, see
Fig. 4b), a sea-level rise of several millimeters per year results from
the combined effects of two processes, namely the collapse of the iso-
static forebulge surrounding the former Laurentian ice sheet and the
melting of the Greenland ice sheet. The relative contributions of these
two processes have been separately studied by Fleming and Lambeck
(2004). The rate of sea-level rise is strongly reduced along the coasts
of southwest Greenland and it changes its sign to the south. According
to the current version of model ICE-5G(VM2), the rate of GIA-induced
sea-level change at the NG tide gauge is

GIA -1
Tice—sqwmz) = +0.67 mm yr (5)

with an unspecified uncertainty (for NG and all the other PSMSL tide
gauges, numerical predictions for sea-level change are available from
http://www.atmosp.physics.utoronto.ca/peltier/). In view of the large
gradients of GIA-induced sea-level variations in southwest Greenland
shown in Fig. 4b, we expect that details in the GIA modeling assump-
tions, both in terms of the ice mass descriptions and Earth rheology
used, could lead to significantly different results.

To estimate the uncertainty associated with r®, we have carried
two further GIA runs (R1 and R2) in which two different global chronol-
ogies for the melting history of the late-Pleistocene ice sheets have been
employed (the computations have been made using an improved ver-
sion of the program SELEN by Spada and Stocchi, 2007). The chronolo-
gies are ICE-5G and the one progressively developed at the Research
School of Earth Sciences (RSES) of the National Australian University
by Kurt Lambeck and co-workers (see Lambeck et al., 1998 and refer-
ences therein). Since the latter is valid as of 2005, it will be referred to
as KLO5 in the following (Kurt Lambeck, personal communication,
2012). ICE-5G and KLO5 differ significantly for the global distribution
of the ice masses, and in particular for the post Last Glacial Maximum
GIS chronologies, and are constrained by different relative sea-level
datasets. As pointed out by Spada et al. (2012), these differences have
a significant impact on predictions of present-day vertical uplift along
the coast of Greenland.

The results of the two runs are shown in Fig. 5. For run R1, we have
employed a three layer viscosity profile for the mantle, obtained by vol-
ume-averaging the multi-layered VM2 profile of Peltier (2004). The
upper mantle, transition zone, and lower mantle Maxwell viscosities
are 0.5,0.5 and 2.7 x 10%! Pa-s, respectively, and the lithospheric thick-
ness is 90 km. For run R2, we have adopted the nominal viscosity profile
of Fleming and Lambeck (2004), which is constrained by Holocene
relative sea-level observations in Greenland. In this case, the upper
mantle, transition zone, and lower mantle viscosities are 0.4, 0.4 and

-4

Fig. 4. (a): Global view of r/, the rate of present-day sea-level change due to GIA from the Last Glacial Maximum (21 ka) (r°*), obtained using model ICE-5G(VM2) (Peltier, 2004). The
magenta and the green contours mark the particular values r°* = 0 and r** = 1 mm yr~!, respectively. (b): Detail of (a) showing a regional-scale contour plot of °/ for southern Green-
land. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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GIA run R1

4-3-2-1012 3 4

Fig. 5. (a): Regional sea-level variations in southern Greenland according to four distinct GIA models. Models ICE-5G and KLO5 are employed in runs (R1, R3) and (R2, R4), respectively. The
mantle is incompressible in (R1, R2) and compressible in (R3, R3). Details about the modeling are given in Section 3.1. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

10 x 102! Pa-s, respectively, with a lithospheric thickness of 80 km. We
did not vary these viscosity values, since this would alter the match of
the GIA model predictions with the Holocene relative sea-level varia-
tions used to constrain their parameters. The formulation by Milne
and Mitrovica (1998) has been employed to account for the impact of
Earth rotation variations on sea-level change. Runs R1 and R2 have in
turn been repeated adopting the recipe by Tanaka et al. (2011) in
order to mimic the effects of mantle compressibility, and the results
are shown in Fig. 5 as GIA runs R3 and R4, respectively. Despite the
significant spatial variability shown by the GIA response in southwest
Greenland (see Fig. 5), in all the computations performed, the GIA-
induced rate of sea-level change tends to decrease close to the shorelines.

The values of GIA-induced sea-level rise predicted at the NG site are
1.54,1.03,0.81,and 0.64 mm yr~!, for models R1, R2, R3 and R4, respec-
tively. Along with the value corresponding to the nominal ICE-5G(VM2)
model (Eq. (5)), these values define the interval

r = 411405 mm yr ', (6)

which represents our preferred estimate for the current rate of GIA-in-
duced sea-level change at NG. From Fig. 5, we note that the spread of
the GIA predictions is sensibly larger along the eastern coasts of
Greenland.

A comparison of (6) with (1) indicates that GIA is one of the domi-
nating terms in Eq. (2); however, the effective role of GIA can be
assessed only by evaluating all the other contributions. We note that ac-
cording to recent assessments of the GIS during the last decade (see e.g.,
Serensen et al., 2011), which imply uplift rates of ~3 mm yr~! in south-
west Greenland (Spada et al., 2012), the relative importance of GIA is
now greatly reduced in this region.

3.2. The thermosteric component

Bindoff et al. (2007) have evaluated the ocean-average steric compo-
nent to total sea-level rise during two distinct time periods: 1961-2003
and 1993-2003. Their assessments are presented in Table 5.3 of the
ARA4. For the former period, which almost exactly overlaps the time
span of the NG tide gauge record, they provide an ASL of

<r§;ﬁ> —40.42+0.12 mm yr ', (7)

(90% confidence), while during the latter there is evidence of a significant
increase in the steric component, with values close to 1.5 mm yr~ .
Estimate (7), which accounts for thermal expansion to a depth of

3000 m, combines results from Antonov et al. (2005) and Ishii
et al. (2006).

The geographical distribution of linear trends in thermal expansion
for the period 1955 to 2003 is highly non-uniform, especially across
the equatorial oceans (see Fig. 5.16 of the AR4, based on Ishii et al.,
2006). From a visual inspection of this figure, in the Davis Strait the
trend of the thermosteric component of sea-level change was positive
during that time period, with values possibly below the global average
(Eq. (7)). To obtain a more refined estimate of the total steric compo-
nent of sea-level rise at Nuuk, we have analyzed the data available
from the National Oceanographic Data Center (NODC), see http://
www.nodc.noaa.gov/. In particular, we have considered fields of the ste-
ric sea-level anomaly down to a depth of 2000 m, during the time period
between the pentads 1958-1962 and 2000-2005. The regional pattern
of the average rate for southwest Greenland is displayed in Fig. 6.
Using values from ocean pixels within the 3° x 3° area marked by a

300° 310° 320° 330°

-10 -05 0.0 0.5 1.0

Fig. 6. Steric component of sea-level change in southern Greenland between 1958-1962
and 2000-2005 according to the NODC data. The 3° x 3° rectangle surrounding NG con-
tains the ocean pixels that have been used to obtain the estimate of r°'F given in Eq. (8).
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rectangle in Fig. 6, we obtain
r* = 4+0.39+0.14 mm yr (8)

where the uncertainty represents the standard deviation of the mean.
This overlaps with the estimate (7) based on the AR4 report. Using steric
anomalies to a depth of 700 m, also available from the NODC, would not
change appreciably the value of r°' in the area surrounding Nuuk. We
note that Eq. (8) does not account for possible bottom pressure varia-
tions caused by ocean warming and circulation changes. However,
using a coupled Atmosphere-Ocean General Circulation Model under
the IPCC-A1B scenario, Landerer et al. (2007) have shown that these
will play a role, especially in shelf areas, during the 21st and 22nd
centuries.

3.3. The TER component

The terrestrial exchange (TER) sea-level fingerprint for the time
period 1961-2003 (Fig. 7) mostly shows negative values. It has been
constructed by Slangen (2012), combining groundwater extraction
data from Wada et al. (2012) and reservoir impoundment data from
Chao et al. (2008). The two processes contribute to produce a sea-
level fall and a total ocean-averaged effect of

<rTER> =—020+020 mm yr ', (9)

where the uncertainty has been estimated by adding in quadrature the
individual uncertainties of the contributing mechanisms (see Table 3.1
of Slangen, 2012). In the region of the Davis Strait, the TER component
of sea-level rise is

r™ = —0.07+0.07 mm yr ', (10)
which therefore represents the smallest mass term in Eq. (3).
3.4. The AIS component

For the mass term AIS in Eq. (3), the ASL assessed by AR4 is
(Vhks) =+0.14041 mm yr ', (11)

during the period 1961-2003 (again, see Table 5.3 of Bindoff et al.,
2007). As discussed in greater detail in Section 4, this is simply a reason-
able estimate, since no supporting data effectively exist for the mass bal-
ance of the AIS during this period of time.

Since the NG tide gauge is located in the extreme far-field of
Antarctica, Eq. (11) is expected to constitute a valid approximation for

0.0 0.2

TER

Fig. 7. Global (a) and regional (b) views of the mass term r

! _ rTER (mml/yr)

0.4 -041 0.0 0.1

the rate of local sea-level change. In fact, a property of the sea-level fin-
gerprints is that at very large distances from the ice source, a value
greater than the ocean-averaged value is reached, largely a result of
the direct gravitational response (Mitrovica et al., 2001). This is con-
firmed by the results presented in Fig. 8, where Fig. 8a shows the global
(normalized) sea-level fingerprint (i.e., the ratio r/(r}) corresponding to
the melting of the AIS, while Fig. 8b shows its regional pattern. These
have been obtained by solving the SLE using SELEN under the assump-
tion of an elastic rheology for the mantle, which is appropriate in view of
the short time scale considered here (a few decades), compared to those
of GIA. A uniform net mass variation over the AlS is also assumed. In
view of the axial symmetry of the AlS, the global fingerprint shows little
effect from the rotational feedback on sea-level (Mitrovica et al., 2001).
However, larger effects are expected for the GIC and the GIS.

Using the AR4 assessment in Eq. (11) and the numerical values
presented in Fig. 8b, our estimate for the AIS component of total sea-
level change at NG is

a4 11k ) = +015£0.45 mm yr . (12)

3.5. The GIC component

To evaluate the mass term r/ in Eq. (3), we have solved the SLE
employing the distribution of mountain glaciers and ice caps tabulated
by Meier (1984), assuming a uniform net mass variation over the
sources. The corresponding global normalized sea-level fingerprint is
shown in Fig. 8c. In comparison with the AIS and GIS (this latter is con-
sidered in Section 3.6 below), the GIC fingerprints show a larger spatial
variability, which reflects the scattered distribution of the GIC sources.

The site of NG (Fig. 8d) is located very close to the nodal line of the
sea-level fingerprint, corresponding to a minimal sea-level change.
This is consistent with the results obtained by Mitrovica et al. (2001)
(see their Fig. 1c), even though they did not assume a uniform mass var-
iation across the GIC. The same is found in Slangen (2012). From the nu-
merical results presented in Fig. 8d, we obtain:

s 4 0.25<r,‘§;i> = +0.13+0.05 mm yr ', (13)
while
(rika) = +0.50+0.18 mm yr ' (14)

represents the ASL assessed by the AR4 for the period 1961-2003, es-
sentially based on the work of Dyurgerov and Meier (2005). This
value includes glaciers and ice caps around major ice sheets and its un-
certainty corresponds to the 90% confidence interval. The large

300° 310° 320° 330°

of sea-level change for the time period 1961-2003. The magenta and the green contours have the same meaning as in Fig. 4.

The gridded data for this figure have been provided by Aimee Slangen (personal communication, 2013). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 8. Normalized sea-level fingerprints (r/(r}) for the AIS (top), GIC (middle) and GIS (bottom), where r is the rate of relative sea-level change and (r) is its ocean-average. The contours
with r/(r) = 0 and r/(r) = 1 are marked in magenta and green, respectively. Different color tables are employed for the global (left) and regional maps (right) for ease of assessment. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

discrepancy of r°/ from the globally averaged value is the consequence
of the relatively small distance separating the NG tide gauge from the
major GIC sources in the northern polar region.

3.6. The GIS component

The GIS sea-level fingerprint is shown in Fig. 8e and f. Since we do
not dispose of a detailed mass balance for the GIS during the time period
1961-2003, these fingerprints have been obtained assuming a uniform
mass variation over the GIS, as we have done for the GIC and the AIS
components in previous sections. On a global scale (8e), this is charac-
terized by a pattern of far-field sea-level rise, in excess of the eustatic
average (r°'%), as seen for the AIS, and by broad swathes in the southern
Atlantic and eastern Pacific oceans associated with the rotational effects
on sea-level change (Mitrovica et al., 2001). In contrast to the AIS and
GIC results, the regional GIS sea-level fingerprint (8f) is markedly char-
acterized by negative values, caused by the uplift of the solid Earth in

response to the ice mass loss as well as the decreased gravitational at-
traction of the nearby ice sheet (see Spada et al., 2012).

For the rate of ASL rise caused by the GIS melting during the period
1961-2003, three estimates are available, none of which are based on
the NG tide gauge datum. While they are overlapping, since they are
not fully equivalent, they will be considered separately in the following.
The first, published by AR4, is

(rika) =+0.05+012 mm yr ", (15)

which is largely based on Hanna et al. (2005), but also accounts for other
mass balance estimates obtained for the period 1993-2003 (see
Fig. 4.18 of the AR4). Since (r$k;) results from a very small number of as-
sessments, its uncertainty has not a statistically rigorous significance
and it does not correspond to a specific confidence level. We note that

within the range of uncertainty, (r{ks also includes negative values
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that would correspond to a positive mass balance for the GIS (ice mass
accretion) during the period 1961-2003.

After the publication of the AR4, the work of Hanna et al. (2005) was
extended and updated by Rignot et al. (2008). By averaging the total
mass balance estimates given in their Fig. 3 over the time period
1960-2000, a second estimate for the ASL rise can be obtained

<r,§g§;> = 1020+0.08 mm yr ', (16)

which suggests a larger contribution of the GIS compared to (15).

A third estimate has been recently given by Slangen (2012), who
combined surface mass balance data from Ettema et al. (2009) with
the dynamical component of ice loss from Rignot et al. (2011), suggest-
ing:

<r§{52> =40.14+0.16 mm yr ', 17)

which only marginally includes negative values, indicative of an in-
crease of the GIS mass.

Taken all together, estimates (15), (16) and (17) point to an ASL rise
(r%Sy in the range between + 0.1 and +0.2 mmyr~ . From the normal-
ized-fingerprint values in Fig. 8f, one has

551, (18)

which allows for a straightforward computation of the local rate of sea-
level rise expected at the NG tide gauge during 1961-2003 according to
the three estimates above for (r°). Note that, in (18), the large scaling
factor in front of (r°) denotes the large departure from eustasy arising
from NG being in the near-field of the GIS.

Various results, reviewed by Alley et al. (2010), strongly indicate
that during last decade, (r°"*) has increased considerably above the
values reported for the period 1961-2003, implying a significant accel-
eration (Velicogna, 2009; Rignot et al., 2011). In particular, according to
the recent ICESat-based estimate of Sgrensen et al. (2011) and Spada
et al. (2012), the ASL rise associated with the melting of the GIS has
been (r"*) = 0.67 + 0.08 mm yr~' between 2003 and 2008, exceeding
by one order of magnitude the AR4 assessment for 1961-2003 (15).

4. Discussion

In Fig. 9, the top lines (black) summarize the numerical values ob-
tained F9 in Section 3 for the various sea-level change contributions

(Egs. (2) and (3)). While the GIA term is only obtained from modeling,
the others are based on various assessments given in the literature. For
the mass terms, estimates of local sea-level variations have been obtain-
ed by modeling. Concerning the GIS, three rates are given, correspond-
ing to three different estimates for the average sea-level change given
in Section 3.6. It is apparent that the GIA and the GIS terms provide
the largest contribution to sea-level variation at NG during period
1961-2003. The two terms, however, are counteracting, with the GIA
producing a relative sea-level rise and the changes in the GIS having
the tendency to produce a sea-level fall, according to the three estimates
considered here. The remaining mass terms (AIS, GIC and TER) have a
minor role, and, in general, are characterized by a large fractional uncer-
tainty. However, together with the STE term, they act in the same direc-
tion as the GIA term (i.e., sea-level rise). The three MOD lines in Fig. 9
(blue) show the total modeled and/or assessed values for the rate of
sea-level change at NG. They result from adding the terms of lines 1.-
5. with each of the three GIS contributions corresponding to the esti-
mates of AR4, of Rignot et al. (2008) (R08) and of Slangen (2012)
(S12), respectively.

Although the fractional uncertainties in the MOD values are relative-
ly large, a comparison with the observed rate (red in Fig. 9) is possible,
at least qualitatively. All the MOD rates indicate positive rates of sea-
level change, as seen in the observed trend. The observed trend is fully
consistent (the error bars completely overlap) with the model predic-
tions based on the AR4 assessment for the GIS component, while the
agreement is only marginal if we consider the MOD value based on
the Slangen (2012) estimate. The observed rate is clearly inconsistent
with the MOD rate inferred from the Rignot et al. (2008) results. Overall,
the results in Fig. 9 indicate that the level of the disagreement between
the rate of sea-level change inferred from NG and the predictions
resulting from modeling or obtained from the literature is of the order
of 0.5-1 mm yr~!, which represents a significant fraction of the
observed rate.

The general misfit between the observations and model predictions
in Fig. 9 could be attributed to an erroneous evaluation of one or more of
the terms in Eq. (2) or to some unmodeled effects. Since the GIA and the
GIS have the largest amplitudes, errors in the evaluations of these two
terms would be the most likely contribution to the disagreement. In
particular, the assumption of a uniform mass balance for the GIS
maybe the source of significant errors. Due to the very low urbanization
in the Nuuk region, anthropogenic effects can safely be excluded. Sys-
tematic errors associated with the instrumentation, however, cannot
be ruled out. Another possible source of misfit could, in principle, be as-

sociated with tectonic deformations associated with the "= term in

Relative Sea Level change at the NG site

1. Glacial Isostatic Adjustment, GIA

—e— +1.1+0.6
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6. Greenland Ice Sheet, GIS (AR4) e -0.28 +0.66
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Fig. 9. Summary of individual modeled (or assessed) contributions to the sea-level trend expected at the NG tide gauge during the period 1961-2003 (black), the total modeled or assessed
sea-level change (MOD, blue) and the observed trend (OBS, red) at the NG tide gauge. The error bars on the total MOD rates are obtained by adding in quadrature the individual (inde-
pendent) uncertainties of the individual sea-level contributions. Note that for the GIS, three estimates are available, and thus three MOD rates. Numerical values are given in the right-hand
column. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



50 G. Spada et al. / Global and Planetary Change 118 (2014) 42-51

Eq. (2). These have been often invoked as a possible cause of long-term
sea-level variations at tide gauges (Spada and Galassi, 2012; Olivieri
etal., in press). Previous work (e.g., Chung and Gao, 1997) has suggested
that Greenland is a tectonically stable region with a low level of seismic-
ity (Johnston, 1987) possibly controlled by on-going GIA (Chung, 2002).
Furthermore, observations of vertical rates of crustal uplift observed by
Global Positioning System (GPS) along the coasts of Greenland can be
satisfactorily explained, at least during 2003-2008, by combining GIA
effects based on the ICE-5G model of Peltier (2004 ) with isostatic defor-
mations associated with the present-day elastic response to ice
unloading, without invoking tectonic deformations (Spada et al,,
2012). Although the agreement between predictions of isostatic models
and GPS vertical rates is particularly good at the GPS site of KELY in
southwest Greenland, relatively close to the location of the NG tide
gauge, a role for tectonic subsidence cannot be ruled out at the
0.5 mm yr~ ' level, since the uncertainty on the longest GPS vertical
rates is still above the 1 mm yr~! level (see Table 3 of Spada et al.,
2012). Possible effects from the vertical deformations associated with
cryospheric fluctuations during the Little Ice Age (LIA) are expected to
produce small effects in SW Greenland, even assuming an extremely
low asthenospheric viscosity (Valentina Barletta, personal communica-
tion, 2013).

Assuming that the trend of sea-level change observed at the NG
tide gauge is not significantly affected by tectonic deformation, and
that the proposed estimates at lines 1.-5. can be trusted, the results of
Fig. 9 can be used to refine previous estimates of (r°'%). In particular,
they suggest that (r°") could be somewhat biased toward positive
values. The bias appears to be larger for the estimates by Rignot et al.
(2008) and Slangen (2012) compared with the AR4 assessment. Be-
cause of Eq. (18), this produces exceedingly negative values of the
local sea-level trend at NG, which prevent a full agreement with the ob-
served rate of sea-level change. A disagreement at the ~1 mm yr~! level
between MOD and OBS, suggested by Fig. 9, would imply, according to
Eq. (18), a reduction of ~0.2 mm yr~ "' in (r°’%). Hence, estimates (16)
and (17) would be consistent with the GIS being almost in balance dur-
ing the period 1961-2003 (i.e. (") = 0), which would match the AR4
assessment (15).

5. Conclusions

Despite the unsatisfactory state of Greenland tide gauges, we have
shown that at least one of the available instrumental sea-level records
(NG) can be of interest from a geophysical standpoint. The location of
the NG station and its record length (~4 decades) makes it potentially
useful for constraining volume changes in the GIS during a period
(1958-2002) when only a few mass balance estimates exist for the
GIS, sometimes characterized by a considerable degree of uncertainty.
Our main results can be summarized in three points.

i) Analysis of the NG sea-level time series by standard regression
methods clearly shows a linear sea-level rise and a negligible
sea-level acceleration. The EEMD analysis of the NG record re-
veals a marked cyclic component with a period of ~18 years,
probably representing the effect of the nodal tide. Based on pre-
vious AR4 assessments, results from the literature and on the
sea-level fingerprint method, all sea-level components have
been evaluated, along with their uncertainties. The methods
employed can also be extended to all polar tide gauge records
of adequate length.

ii) During period 1961-2003, GIA and the isostatic disequilibrium
associated with melting of the GIS have been the dominating
causes of sea-level variation at the NG tide gauge, but these pro-
cesses have been acting in opposite directions: GIA has produced
a sea-level rise, while the GIS has contributed a sea-level fall.
When combined with the other sea-level contributions, includ-
ing the steric component and various mass terms, the total

modeled rate of sea-level change at NG is found to be broadly co-
herent with the observed trend, but its amplitude is not fully ex-
plained.

In view of the large uncertainties in the modeled components of
sea-level change at NG, the misfit between predictions and ob-
servations cannot be interpreted unambiguously. Nevertheless,
two meaningful interpretations are possible. First, the NG tide
gauge could be subject to a regional tectonic subsidence, at a
level of 0.5-1 mm yr~'. However, in view of the tectonic setting
and the low rate of seismicity in SW Greenland, this relatively
large subsidence rate appears unrealistic. As an alternative, the
evidence from NG could indicate that the mass balance of the
GIS was, during 1961-2003, closer to balance than suggested
by several estimates in the literature that followed the AR4
assessment.

iii
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