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cycles and decadal trends
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1Department of Geosciences, Princeton University, Princeton, New Jersey, USA

Abstract Over the past several decades mountain glaciers and ice caps have been significant
contributors to sea level rise. Here we estimate the ice mass changes in the Canadian Archipelago, the Gulf
of Alaska, and Greenland since 2003 by analyzing time-varying gravimetry data from the Gravity Recovery
and Climate Experiment. Prior to 2013, interannual ice mass variability in the Gulf of Alaska and in regions
around Greenland remains within the average estimated over the whole data span. Beginning in summer
2013, ice mass in regions around Greenland departs positively from its long-term trend. Over Greenland
this anomaly reached almost 500 Gt through the end of 2014. Overall, long-term ice mass loss from
Greenland and the Canadian Archipelago continues to accelerate, while losses around the Gulf of Alaska
region continue but remain steady with no significant acceleration.

1. Introduction

Since 1990, the second largest contributor (behind thermal expansion) to global mean sea level rise has been
the melting of mountain glaciers and ice caps, which have together shed more ice mass than the land ice
sheets on Greenland and Antarctica [Stocker et al., 2013]. Among these glaciers, the ones in the Canadian
Archipelago and the Gulf of Alaska have experienced some of the largest estimated mass changes in the past
decade [Gardneretal., 2011; Jacob et al., 2012]. Future projections of 21st century sea level rise depend on the
quantity and location of land ice mass changes [e.g., Bamber and Riva, 2010; Little et al., 2013a, 2013b], which
require long-term continuous measurement to determine with high accuracy [Wouters et al., 2013]. Earth’s
time-variable gravity field, as observed since 2002 by the Gravity Recovery and Climate Experiment (GRACE),
has provided a highly detailed record of land ice mass change over the past decade [e.g., Luthcke et al., 2008;
Velicogna, 2009; Chen et al., 2011; King et al., 2012; Harig and Simons, 2015]. From the orbits and the range
(rates) between twin satellites [Tapley et al., 2004], a global gravity field is determined each month, or more
frequently [Luthcke et al., 2013]. Changes in the geopotential resolve the surface density to within centimeters
of water equivalent (cm w.e.) [Swenson et al., 2003].

Laser altimetry and GRACE gravimetry have both been used to determine the pastice mass loss rate of the Gulf
of Alaska. Recent studies estimate mass loss (in gigatons per year) ranging from —61 Gt/yr to —75 Gt/yr [Arendt
et al., 2013; Luthcke et al., 2013; Sasgen et al., 2012]. While the overall trends show little or no acceleration,
the region displays large interannual variations in mass, linked in some cases to climatic events [e.g., Arendt
et al., 2013]. Observations in the Canadian Archipelago indicate that ice mass loss acceleration during the
2000s [Gardner et al., 2011, 2013; Jacob et al., 2012] increased the rate of mass loss compared to twentieth
century values [Abdalati et al., 2004; Gardner et al., 2012]. Recent estimates agree that from 2003 to 2010 mass
loss rates have risen to roughly —30 Gt/yr for each of the northern and southern regions of the Canadian
Archipelago. Continued long-term monitoring is needed, however, to determine if these accelerations fall
within the variance of interannual variations, which can significantly impact the estimated ice mass loss rate
[Wouters et al., 2013].

Studying the cryosphere from GRACE data products requires “localization.” We have a bandlimited global
field on the sphere and wish to estimate its behavior over a specific geographic location, such as over an
ice sheet. To this end, we use a modern spherical analogue [Simons et al., 2006] of a classic signal processing
technique [Slepian, 1983]. The spherical Slepian functions at the basis of our method are designed to minimize
the “leakage” of the signal out of the region of interest [Simons and Dahlen, 2006]. Our method has previously
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Figure 1. Map of the total ice mass change (mass corrected using the glacial isostatic adjustment (GIA) model by
Paulson et al. [2007]) for the regions (black dashed lines) around (a) Greenland and (b) Gulf of Alaska. Coastlines are
shown in light grey. Glaciated regions, as determined from the Randolph Glacier Inventory (RGI) version 3.2, are outlined
in dark grey.

been applied to estimate the mass changes of Earth’s large ice sheets [Harig and Simons, 2012, 2015]; however,
the small regions considered here approach the resolution limit for its applicability using GRACE, and the
various findings reported here constitute new evidence of system variability that will be targets for detection
and analysis by other, nongravimetric studies.

Here we investigate ice mass changes in and around the Gulf of Alaska, the Canadian Archipelago, and
Greenland since 2003. Our results will be of methodological interest to the gravity community as well as to
the cryosphere and climate policy communities from the perspective of sea level rise contributions.

2. Methods

We use Slepian functions to localize the time-variable gravity field from GRACE. We briefly review our
technique in this section.

2.1. Theory

Geopotential fields are routinely distributed as “Stokes” coefficients expanding spherical-harmonic basis
functions. These functions form an orthogonal basis on the sphere in which each function spreads its energy
indiscriminately over the entire planet. To analyze the geopotential over ice sheets and glaciers, specifically,
we must isolate those contributions from the global field and resolve them over our regions of interest. As
before [Harig and Simons, 2012, 2015] we project the geopotential into an alternate basis set, the Slepian
functions, whose energy, and thus, sensitivity to signal, for a given bandwidth L, is maximized within the
specific regions of interest R and minimized over the rest of the sphere Q.

The spherical Slepian basis functions maximize their energy within a closed geographical contour on the
sphere (e.g., Figure 1). We are thus looking for new functions g that maximize the ratio

A:/gzdﬁ//gzdg. )
R Q

The functions g that we seek are bandlimited (all of them to the same maximum degree L) linear combinations
of spherical harmonics. Hence, as shown by Simons et al. [2006], their expansion coefficients are found as the
eigenfunctions of a Gram matrix that expresses how nonorthogonal the spherical harmonics are on mere
portions of the unit sphere. We form the matrix of cross products of spherical harmonics and integrate them
over the region, as

/RYIm Yl’m’ dQ = Dlm,l’m" (2)
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Figure 2. Slepian eigenfunctions that are optimally concentrated within regions (grouped by row) outlining (a) Ellesmere Island, (b) Baffin Island, (c) Gulf of
Alaska North, and (d) Gulf of Alaska South. Dashed lines indicate the regions of concentration. Functions are bandlimited to L = 60 and are scaled to unit
magnitude. The parameter a denotes which eigenfunction is shown. The parameter A is the corresponding eigenvalue for each function, indicating the amount
of concentration. Magnitude values whose absolute values are smaller than 0.01 are left white.

The Slepian functions (Figure 2) then result as the orthogonal eigenfunctions of the decomposition of this

symmetric matrix,
Lo

Z Z Dlm,l’m’gl’m’ = /Iglm’ 3)

I'=0 m'=—I"

and the eigenvalues A rank each function by its degree of concentration in the region. There are just as many
Slepian functions, (L + 1)?, as there were elements in the bandlimited spherical-harmonic basis, but they are
doubly orthogonal, over the sphere Q and the region R, and the relatively few high-eigenvalue (1 > 0.5)
functions are an effectively truncated, approximate basis for bandlimited processes over the region. The entire
set remains a complete basis for processes with the same bandwidth over the whole sphere.

In Figure 2 we show the first four optimally concentrated Slepian functions for four different regions. Due to
their small area and the bandwidth used, only a few functions are well concentrated. Other Slepian functions
have more energy outside of the region of interest. By selecting only the most concentrated Slepian functions,
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we reduce the degrees of freedom of the estimation problem. For Greenland, which covers 0.5% of the Earth’s
surface, the number of parameters estimated via our method is just 0.5% of the number of spherical harmonics
that would need to be estimated otherwise.

2.2. Practice

Three fundamental principles help us understand the estimation uncertainties. First, there is the global
signal-to-noise ratio of the spherical-harmonic GRACE times series at the degrees approaching the bandwidth
L = 60. This ratio depends on a multitude of processing details [e.g., Flechtner et al., 2010], but overall the solu-
tions are considered resolvable down to spatial scales of about 400 km over temporal scales of about 10 days
[Rowlands et al., 2005]. Second, there is the fundamental unit of information in spatiospectral localization anal-
ysis, the space-bandwidth product or “Shannon number,” N = |(L + 1)2A/(4x)|, with A/(4r) the area of the
region of interest expressed as a fraction of the entire globe. This is a fundamental mathematical property,
not unlike the Heisenberg uncertainty principle in signal processing, whose bounds the best-concentrated
Slepian functions achieve almost exactly [Kennedy and Sadeghi, 2013]. Third, there is the amount of increase
in the signal-to-noise ratio that is achieved when a local signal is isolated from the global field by projecting
the spherical-harmonic solutions onto the first N terms of the localized Slepian basis. This behavior depends
on the properties of the signal itself. The theoretical foundations, statistical implications, and the practicalities
of the Slepian methodology are very well understood [Simons and Plattner, 2015; Plattner and Simons, 2015],
as indeed they are for various other methods of localization [e.g., Wahr et al., 2006; Schrama et al., 2007; Klees
et al., 2008; Velicogna and Wahr, 2013]. Nevertheless, it is hard to gain a realistic appreciation of the uncer-
tainty of the end products of our analysis without synthetic recovery simulation experiments [e.g., Velicogna
and Wahr, 2006; Harig and Simons, 2012], which we conducted along the same lines in this paper.

2.3. Application

We used 135 months (January 2003 to February 2015) of GRACE RL-05 data from the Center for Space Research
at University of Texas at Austin, distributed as monthly global spherical-harmonic coefficients, but use degree
2 order 0 coefficients from satellite laser ranging [Cheng et al., 2013]. The degree 1 coefficients for geocenter
motion are calculated from Swenson et al. [2008]. We transform the geopotential into surface mass density,
accounting for elastic deformation of the solid Earth resulting from surface mass changes using the load Love
numbers of Wahr et al. [1998]. We regard as negligible the gravitational effects of local sea level retreat accom-
panying (ice) mass loss [Sterenborg et al., 2013]. Although the specific degree 1 and degree 2 coefficients,
and Love numbers may vary somewhat between research groups, our preliminary steps conform to standard
practice in the GRACE community [see, e.g., Reager et al., 2016, supporting information section S1].

We subtract a model for glacial isostatic adjustment (GIA) from Paulson et al. [2007] to remove the viscous
solid-Earth response to previous deglaciation. Such corrections are definitely uncertain [e.g., Guo et al., 2012],
but their size provides some measure of guidance as to their influence on our final results, whose error bars
do notinclude the GIA correction uncertainty per se. For Greenland, the correction is on the order of 5.4 Gt/yr;
for Ellesmere, 6.7 Gt/yr; Baffin 3.6 Gt/yr; and for the Gulf of Alaska, 0.9 Gt/yr in the North and 1.9 Gt/yr in the
South; all subtracted from the total mass signal to yield the contribution due to ice loss proper.

In areas outside of ice sheets, such as the Canadian Archipelago and the Gulf of Alaska, the gravity field
is influenced by changes in water mass in the upper few meters of the Earth. To take those into account,
we remove monthly estimates of terrestrial water storage (TWS) from the Global Land Data Assimilation
System 1.0 (Noah), except in areas covered by glaciers, where they are known to be unreliable [Arendt et al.,
2013], again in keeping with GRACE community practice [see Shepherd et al., 2012, supporting information
section S8]. Here too these corrections have a some uncertainty, but their relative size is small: for the Gulf of
Alaska (North), where they are most important, TWS effects oscillate between +10 Gt. In all areas TWS cor-
rections are primarily seasonal and contribute virtually nothing to any of our quoted rate and acceleration
estimates.

We use the Randolph Glacier Inventory [Pfeffer et al., 2014] to outline broad glacial regions in the Canadian
Archipelago and near the Gulf of Alaska for our localization. We used input/output simulations (as in Harig
and Simons [2012, supporting information]) to determine the size of each region so as to best account for
mass losses near the edges. The regions were slightly enlarged with a buffer of 0.5°, without overlap. For each
buffered region we construct a Slepian basis which only depends on its outline and the bandwidth of the
data, L = 60. The basis is truncated at the Shannon number, N. An effective metric of resolution, the Shannon
numbers for the regions, can be found in Table 1.

HARIG AND SIMONS

ARCTIC ICE MASS LOSS FROM GRACE 3153



@AG U Geophysical Research Letters

10.1002/2016GL067759

Table 1. Ice Mass Trend Estimates (01/2003-05/2013) of the Various Regions in Gigatons per Year (Gt/yr)?

Ice Mass Trend

N Region (Gt/yr)

20 Greenland (GR) —244 +6
Ellesmere Region (EL) —38+2
Baffin Region (BA) —22+2

24 Greenland and Ellesmere Region —-274+6

Sum of two individual regions (GR + EL)

27 Greenland, Ellesmere, and Baffin Islands
Sum of three individual regions (GR + EL + BA)
Gulf of Alaska, North
Gulf of Alaska, South

—-304+6

—36+4

aThe first column lists the Shannon number N = (L + 1)2(A/4x). The sums of the estimates made over individual

regions are compared with estimates localized over the regions combined. They should closely agree, and they do.

GRACE fields for surface mass density are projected into each specific Slepian basis resulting in a time series
for each coefficient. For each Slepian coefficient we fit a function to the time series, consisting of annual and
semiannual periodic components, and up to a third-order polynomial, if the polynomial passes an F test for
significance over the lower orders. We tested and rejected the need for a tidal aliasing (161 day) periodic
term. We use a generalized least squares fit procedure which iteratively solves for the full covariance model of
heteroscedasticity and autocorrelation in the presence of an AR(1) autoregressive noise process, as suggested
by Williams et al. [2014], implemented using MATLAB's £g1s. All of our uncertainties are presented at the
95% confidence (“26") level. We can multiply each estimate by the corresponding eigenfunction and expand
these fits to physical space to form maps representing the long-term changes in surface density. Integration

of these fields over the region results in the total mass change over time.
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Figure 3. Ice mass changes (mass corrected using the GIA model by Paulson et al. [2007]) in gigatons (Gt) for (a) North
and (b) South regions of the Gulf of Alaska. The regions covered by each localization are shaded red in the top right
inset. The black lines are monthly GRACE observations with 2¢ grey error bars determined from our analysis. The solid
blue lines are the best fit estimates including a quadratic curve and the periodic annual and semiannual terms. For each

year in the analysis, two numbers indicate the maximum (top) and minimum (bottom) difference between the

observations and the fitted curves.
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Figure 4. Ice mass changes (mass corrected using the GIA model by Paulson et al. [2007]) in gigatons (Gt) for regions of
(a) Ellesmere Island, (b) Baffin Island, and (c) Greenland. The regions covered by each localization are shaded red in the
top right inset. The black lines are monthly GRACE observations with 26 grey error bars determined from our analysis.
The solid blue lines are the best fit estimates including a quadratic curve and the periodic annual and semiannual terms.
Estimates are fit using data prior to June 2013 (left of vertical grey lines) and then extrapolated forward through 2014
(right of vertical grey lines) to show the departure of recent data from the long-term trends.

3. Results

3.1. Alaska

We calculate the mass changes in two regions of the Gulf of Alaska. In the North region (Figure 3a) ice mass
has been lost since 2003 at a rate of —36 + 4 Gt/yr with an acceleration of 1 + 2 Gt/yr?. Fitting without
considering the quadratic term results in trend estimates that are only different in the second decimal place.
One of the distinguishing features of the mass trend in this area is the magnitude of annual variations, both
in the estimated annual signal, and in departures of the data from the long-term average. During 2009, for
example, the amount of ice lost during the summer melt season was above average, resulting in part from
albedo changes on the glacier surfaces [Arendt et al., 2013]. In the South region (Figure 3b), ice mass was lost
in the past 12 years at a rate of —4 + 3 Gt/yr with an acceleration of —1 + 2 Gt/yr?, or trend estimates that are
only different in the first decimal place without fitting the acceleration.

3.2. The Canadian Archipelago

We examine two regions of the Canadian Archipelago, the Ellesmere Island region (northwest of Greenland),
and the Baffin Island region (west of Greenland). Both of these have been losing ice mass since 2003 (Figures 4a
and 4b). The integrated mass anomaly shows that Ellesmere Island was near mass balance in the first few
years of the GRACE time series. By the end of 2008 (the midpoint of our estimation) the region was losing ice
mass at a rate of —38 + 2 Gt/yr with an acceleration of —8 + 2 Gt/yr?. The years 2011 and 2012 exhibited the

HARIG AND SIMONS

ARCTIC ICE MASS LOSS FROM GRACE 3155



@AG U Geophysical Research Letters 10.1002/2016GL067759

300 147 163

-100 T T T T T T T T T T T T T 3
400 — — — — — —
1b) Baffin Region, seasonal L 40
300
] 55| 69
2007 — 0.5 ~
T 38 33 €
= 100 -25 -34 | %;
Y i w £>,
g 0 WW%MMVW " Loow
[0
E T w
8 100 3 =
- - T T T T T T T T T T T T T ©
1500 N R R R S R R [z
c) Greenland, seasonal — 4 o
1000 - 3
324/ 493 -
1 - 2
134 | 139 |
500 -124 -126 |
0 - 0
| - 1
-500

— T
2002 2004 2006 2008 2010 2012 2014

Time
Figure 5. Ice mass changes found after removing the long-term trend and accelerations from the curves shown in
Figure 4, leaving only the annual and semiannual components (blue lines) fitted from the data (black lines). The regions
covered by each localization for of (a) Ellesmere Island, (b) Baffin Island, and (c) Greenland are shaded red in the inset.
As in Figure 4, estimates are fit using data prior to June 2013 (left of vertical grey lines) and then extrapolated forward
through 2014 (right of vertical grey lines) to show the departure of recent data from the long-term trends. The grey
bands around the blue lines represent the 2¢ confidence intervals for the prediction of new data points. Yearly numbers
indicate the maximum (top) and minimum (bottom) difference between the observations and the fitted curves.

largest mass loss since 2003 in the Archipelago. Beginning in mid-2013 the mass anomaly starts to significantly
diverge from the long-term decadal trends. To illustrate this point, we end our estimation with the data up to
June 2013 and extend the fit forward to cover the rest of the time span (vertical grey lines in Figure 4). During
the summer melt season of 2013, the mass of Ellesmere Island increased compared to several months prior,
before decreasing again in 2014, causing a difference on the order of 150 Gt between the observations and
the long-term decadal trend.

Baffin Island has also exhibited long-term mass loss since 2003, at a rate of —22 + 2 Gt/yr with an acceleration
of —3 + 1 Gt/yr?. Both values are lower than in Ellesmere Island. The mass for Baffin Island similarly diverges
from its long-term trend during 2013, but at a smaller offset of about 50 Gt. Mass loss has been concentrated
in the area of the Barnes Ice Cap (around latitude and longitude 70°, 286°), which has been losing mass for
decades, at an increasing rate more recently [Gardner et al., 2012].

The departure between the mass loss and the long-term trend in recent years becomes more clear when we
remove the fitted long-term trend and acceleration from the time series and compare what remains to the
fitted seasonal components (Figure 5a). Prior to 2013, interannual variations in the mass of Ellesmere Island
are fairly well represented by an average seasonal cycle. The maximum (top row of grey values) and minimum
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Table 2. Attributes of the Fitted Seasonal Ice Mass Cycles for Individual Regions?

Seasonal Seasonal Seasonal

Minimum Maximum per Unit Area
Region (Gt) (Gt) (cmw.e)
Ellesmere Region =25 28 4.9
Baffin Region -10 19 43
Greenland -166 168 6.2
Gulf of Alaska, North -81 76 15.0
Gulf of Alaska, South -70 64 18.1

aWe list the maximum and minimum values of the seasonal mass cycle, in gigatons (Gt). The larger of these in absolute
value is used for the magnitude of the seasonal cycle per unit area of the region, quoted in cm water equivalent (cm w.e.).

(bottom row of grey values) differences between the data and seasonal cycle within each year are on the order
of +30Gt.In 2013 and 2014 these differences reach upward of 150 Gt. Baffin Island displays similar variability to
Ellesmere and shows a similar, but lower magnitude, departure from the trend since 2013 (Figure 5b). By 2014
the offset is roughly 75 Gt. We can compare these offsets to the magnitudes of the seasonal cycles in Table 2.
The seasonal cycle in Baffin Island is 40-68% as large as the cycle in Ellesmere Island in absolute terms. When
we account for the area difference between these two regions, however, they have seasonal magnitudes per
unit area which are quite similar (4.3 compared to 4.9 cm w.e.). Thus, the offsets in 2013 and 2014 may share
a common origin.

3.3. Greenland

The Greenland ice sheet has been the largest land ice contributor to sea level rise in the past decade [Harig
and Simons, 2012; Jacob et al., 2012], and its mass balance could influence the mass estimate in the nearby
Canadian Archipelago, and vice versa. Mass estimation techniques vary between groups, specifically in how
they compensate for signal leakage. The Slepian basis is specifically optimized to minimize leakage from the
region of interest. We perform no amplitude scaling after estimating the field.

We examine the Greenland, Ellesmere, and Baffin regions separately, as well as in combination. Greenland’s
mass loss is roughly an order of magnitude larger than the losses from Ellesmere or Baffin (Figure 4). Since
2003 the ice sheet has lost an average of —244 + 6 Gt/yr of ice, accelerating at a rate of —28 + 9 Gt/yr2.

It is notable that during 2013 Greenland experienced the same abnormally low mass loss seen in Ellesmere
Island. From 2003 to 2012, the average amount of ice lost during the summer melt season (June to November)
was 364 Gt, with a low of 226 Gt in 2004 and a high of 534 Gt in 2012. In contrast, during 2013 (June to
November) the ice sheet lost 78 Gt. This follows 2010-2012, which were each years of record mass loss at
the time. As in the case of the Canadian Archipelago we remove the long-term trend and acceleration to
compare the interannual variations in mass to the average seasonal cycle (Figure 5c). The detrended data are
well represented by seasonal functions prior to 2013, with variations in each year on the order of 75-125 Gt.
In contrast, during 2014 the difference of the data to the seasonal cycle exceeded 500 Gt. The maximum
and minimum of the average seasonal cycle in Greenland are —166 Gt and +168 Gt in each year (Table 2).
Accounting for Greenland'’s area, this seasonal signal is 27-44% larger than in Baffin and Ellesmere Islands.

The trends from the combined regions (Table 1) are very similar to the sum of the trends from individual
regions. The map patterns of ice mass loss for Greenland and Ellesmere Island are only slightly differ-
ent, whether they are localized jointly or separately. This correspondence attests to the robustness of our
estimates.

4, Conclusions

Mountain glaciers and ice caps remain significant contributors to sea level rise, with the Canadian Archipelago
and the Gulf of Alaska experiencing large ice mass changes. Many of these glaciated regions are small, near
the limit that can be resolved by GRACE data. We have analyzed time-variable gravimetry data using a spa-
tiospectral localization technique based on spherical Slepian functions which remains very sensitive for mass
estimation when the area of interest is small compared to the resolution implied by the spherical-harmonic
bandwidth.
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Ice mass losses continue steadily around the Gulf of Alaska with the total mass trend showing no significant
acceleration. Variability in these regions is dominated by the seasonal mass cycle which is roughly 3 to 4 times
as strong as the seasonal cycle around Greenland on a per square meter basis. Ice mass losses in Greenland and
the Canadian Archipelago continue to accelerate over time, increasing the contribution of these areas to sea
level rise. Since the summer of 2013 these regions have experienced a positive ice mass anomaly, where the
yearly mass changes diverge from the long-term decadal trend. In the case of Greenland this anomaly reached
nearly 500 Gt through the end of 2014. Independent verification of our findings by other, nongravimetric,
studies, is underway.
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