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Abstract surface mass change estimates from Gravity Recovery and Climate Experiment (GRACE)
spherical harmonic solutions are contaminated by north-south stripe noise due largely to aliasing of
high-frequency variations into monthly samples. These meridional stripes are especially troubling for ice mass
balance studies of the Greenland Ice Sheet (GrlS) where large ice mass variations are known to occur along
north-south trending coastlines. By assuming that mass variations and noise have different patterns in both
space and time over Greenland, we use extended empirical orthogonal functions (EEOFs) to filter out this
noise. The method is compared with a conventional approach, by examining both continent-wide estimates
and regional changes. GRACE results are compared with independent regional estimates derived from a
climate model. The EEOF filter is effective at separating ice mass change signals from meridional stripe noise,
with better rejection of high temporal frequency noise and less signal attenuation and spatial smoothing
compared to a conventional method. We use EEOF-filtered GRACE data to examine regional seasonal
variations. Consistent with surface and other data, results show ice mass loss along the west, southwest, and
east coasts during summer and gain in these regions during winter. In addition, there is summer ice mass
gain in the central region of the GrlS.

1. Introduction

The Greenland Ice Sheet (GrlS) is one of the most important contributors to global mean sea level rise
[Vaughan et al., 2013], with an estimated ice mass loss of 250 Gt/yr, equivalent to sea level rise of
0.69 mm/yr, more than from Antarctica (0.50 mm/yr) or mountain glaciers (0.54 mm/yr) [Chen et al., 2013].
While some GrlS loss estimates have used remote sensing observations (airborne and spaceborne radar
and laser altimetry surface elevation change [Zwally et al., 2011] and satellite interferometric synthetic aper-
ture radar ice velocity measurements [Rignot and Mouginot, 2012]), these require assumed values for addi-
tional parameters such as ice thickness or density [Khan et al., 2015]. In contrast, the Gravity Recovery and
Climate Experiment (GRACE) has provided direct estimates of mass changes over the GrlS since its launch
in 2002. Recent GRACE estimates show significant GrlS mass loss, at rates ranging from 249 Gt/yr to
280 Gt/yr and acceleration of loss in the range 21 Gt/yr? to 31 Gt/yr® [Rignot et al., 2011; Schrama et al.,
2014; Velicogna and Wahr, 2013; Wouters et al., 2013].

In addition to long-term losses, GrlS mass also varies month to month [Wouters et al., 2008], in response to
surface mass balance (SMB) processes. Both precipitation and meltwater runoff [van den Broeke et al.,
2009] are important, but another contributor is varying ice discharge rates at marine-terminating glaciers.
Seasonal variations in discharge rates have been associated with meltwater penetration to the subglacial
hydrologic system [Moon et al., 2014]. GRACE estimates at these shorter periods are difficult in the presence
of noise in GRACE data, especially meridional stripes in spherical harmonic (SH) solutions. Swenson and Wahr
[2006] found these stripes to be associated with correlated variations of SH coefficients and developed a
decorrelation filter to suppress them. It has been recognized that the filter may also remove signal or possibly
introduce noise [Velicogna and Wahr, 2013]. This could be a problem for GrlS estimates due to the north-
south orientation of recognized signals along Greenland’s coastlines.

Another filtering approach, based upon empirical orthogonal functions (EOFs), also known as principal
component analysis or singular spectrum analysis (SSA), has been applied to GRACE data previously
[Chambers, 2006; Forootan and Kusche, 2012; Frappart et al., 2010; Schmeer et al., 2012; Schrama and
Wouters, 2011; Vianna et al., 2007]. This technique decomposes the data into different modes consisting of
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spatial patterns and associated temporal variations. Wouters and Schrama [2007] used EOFs to distinguish
signal and noise. Although this was largely successful, additional spatial smoothing was necessary to
suppress residual errors. Because the EOF method is purely empirical, both spatially correlated signal and
noise may be incorporated into the same mode. For this reason, the EOF method would not be effective in
separating GrlS signal from noise where spatial patterns of signal and noise are similar. This limitation also
applies to other decorrelation methods that depend upon spatial characteristics of GRACE time-varying
solutions in a given month [e.g., Kusche, 2007].

The EOF method can be extended to include correlations over time, which would allow signal and noise to be
separable if the two have distinct temporal variations. Ice mass signals are expected to change slowly at time
scales ranging from secular to subseasonal, while noise should be dominant at shorter periods. This
motivates development of a modified EOF filtering method that considers spatial and temporal correlations
simultaneously. As shown below, the approach is successful in obtaining month-to-month GrlS mass change
from GRACE with little signal attenuation and effective suppression of noise.

2. Data and Methods
2.1. Monthly GRACE Solutions

GRACE RLO5 solutions (Center for Space Research (CSR), University of Texas at Austin) are used in this study.
These provide geoid heights from monthly SH coefficients at degrees and orders up to 60. We use 132
monthly solutions from January 2003 to August 2014. After linearly interpolating SH coefficients for missing
months (June 2003; January and June 2011; May and October 2012; and March, August, and September
2013), there are 140 monthly solutions. Interpolation is needed because EOF decomposition, described in
the following section, is best done with uniform temporal sampling. Degree 1 coefficients are estimated
using an ocean model and GRACE data [Swenson et al., 2008]. Degree 2 zonal harmonic (C20) coefficients
are replaced with satellite laser ranging values [Cheng and Tapley, 2004]. Postglacial rebound (PGR), Earth’s
viscoelastic responses from past ice loading, is removed using the ICE-5G model [A et al., 2013]. We remove
means of resulting SH coefficients from each monthly solution and express results in units of surface mass
change [Wahr et al., 1998]. Changes from month to month should largely be due to surface ice and water
redistribution plus contamination from alias errors and random noise.

2.2. Localization of GRACE Coefficients

Previous GRACE studies using EOFs decomposed global SHs to separate signal and noise [Schrama et al.,
2007; Wouters and Schrama, 2007; Boergens et al., 2014] and were successful when globally coherent signal
was discernable from noise. However, as noted above, GrlS ice mass signals in coastal areas have a spatial
pattern similar to meridional stripe noise. As a result, the conventional EOF approach is unlikely to be opti-
mum for the GrlS.

As first step in examining the GrlS, we localize GRACE SHs to Greenland. Slepian [1983] showed how to
develop a basis of orthogonal functions to maximize energy of time series in a limited time interval or
frequency band, and the Slepian method was adapted by Wieczorek and Simons [2005] to a sphere.
Slepian basis functions that concentrate global SHs to the Greenland region were constructed up to degree
60, the maximum in GRACE data. The region of concentration included a buffer zone of 0.5° extending into
the oceans around Greenland, to account for possible leakage in coastal areas [Harig and Simons, 2012]. These
new Slepian basis functions are linear combinations of the global SHs.

2.3. Extended EOF

The extended EOF (EEOF) method was initially developed to identify propagating waves in spatiotemporal
data sets [Weare and Nasstrom, 1982], unlike the original EOF approach which looks for spatially correlated
modes. Because EEOF methods have been presented in many references [e.g., Hannachi et al., 2007;
Navarra and Simoncini, 2010; Tangang et al., 1998; von Storch and Navarra, 1999], only a very concise
summary is presented here. The EEOF approach is similar to conventional EOF but differs in the structure
of the data matrix before and after decomposition. To clarify this difference, consider spatiotemporal data,
with numbers of spatial and temporal samples p and n, respectively. For GRACE, n = 140, the number of
months, and p is the number of SH coefficients. Each time-varying SH coefficient of a certain degree and

EOM ET AL.

GRACE-CORRELATED ERROR REDUCTION 5579



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014379

. T
order is a column vector, d]-(1’") = (d] , djz, e dj’., N dj’) ,where jis the index from 1 to p. The superscript indi-

cates an element of a column vector for the ith month. In conventional EQF analysis, coefficients are arranged
in an n x p matrix, D = [dg”ﬂ d(21’")-~-d£,1'”>}. In the EEOF method, column vectors d}1’”> are successively time

lagged using a window length parameter M. The lagged versions are arranged in an extended submatrix Df.

For example, dg”') is extended to become
D1E _ [dghn—MH) dsz‘n—MJrZ)”.dgM,n)] )
The full extended data matrix Df is given by
Df = {DE D§~-~D§] 2)

M is set by the temporal scale of interest. For example, M = 12 would be suitable for investigating spatial pat-
terns in monthly data correlated at annual or shorter time scales. The particular choice M = 5 used in this
study is discussed below.

In conventional EOF analysis, spatial patterns and associated time series of data set (D) are separated into
EOFs via the singular value decomposition (SVD):

D=uxzVv" (3)

where V and U are orthogonal matrices, with column vectors representing spatial patterns and associated
time variability, respectively. X is a rectangular diagonal matrix containing singular values of D, which mea-
sure the explained variance of each mode (spatial pattern and associated temporal variation). In the EEOF
method, SVD decomposition of the extended data matrix, D yields elements in V that include time-lagged
variations up to M months:

s | P Co @
(1) i@ v () () i)

where subscript and superscript indicate kth spatial mode and jth location index, respectively, and t in
parentheses is a positive integer related to the window length parameter ranging from 1 to M. Therefore,
the kth column of V represents the kth spatial mode and is rearranged for simplicity as follows:

Vi = M“‘”m Vi (2)..v (P (M), 5)

. T
where v{'?)(t) = (v,l(t),v,%(t), -~-,vj((t),-~-,v’,3(t)) .

The conventional EOF method can be used to filter a given data set by retaining only desired modes, and the
reconstructed (filtered) data set, D, can be described as

N
D = ZXkUkUkVL where N = min(n, p), (6)
k=1
where ug and vy are th column vectors of U and V, respectively, and o is the kth diagonal element of X in
equation (3). The y is a weighting parameter to determine which column vectors are included in the recon-
struction. For example, if the first and third modes are retained, y; and y3 are ones while others are zeros. If all
Xk are ones, the reconstructed D' is identical to initial data set, D.

In the EEOF method, reconstruction differs because modes also include spatiotemporal variation as shown in
equation (4). The EEOF reconstruction formula is

N
D =M> yowucVy,  where N = min(m—M-+1,Mp), 7
k=1
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where uy is kth column vector of U in equation (3) with length of (n — M+ 1). The asterisk is a convolu-
tion operator converting the prevector (i.e, uy) to a Toeplitz matrix, enabling multiplication with the
following matrix:

U,l 0 - 0
U U :

uA=|u u E A (8)
0 0 UT7M+]

M in equation (7) is a diagonal n x n weighting matrix. Because the extended data matrix, D, has fewer terms
at smaller lags, values of M are chosen as follows:

. 1 1 1 1 1 1
M_dlag(17§7 7W7M7 3M7m7 7571>' (9)

The EEOF method, and related multichannel singular spectrum analysis (MSSA), use temporally lagged corre-
lations [Hannachi et al., 2007], to distinguish low-frequency variability (in this case presumably ice mass
signal) from higher-frequency variability (presumably noise). Although the two methods are mathematically
equivalent, there is a difference in their application. MSSA aims to identify known or unknown periodic
signals in the presence of noise [e.g., Ghil et al., 2002; Rangelova et al., 2009, 2012; Zotov et al., 2015, 2016].
To do this, MSSA incorporates a large number of lags M, which leads to increased repetition of signals of inter-
est and improved statistical confidence in estimated signals [Ghil et al., 2002]. For example, Rangelova et al.
[2012] set M at half the total GRACE epoch to separate seasonal and subseasonal variations. However, a large
number of lags may lead to misinterpretation of noise, which may be oscillatory if it is Brownian (or corre-
lated) [Allen and Robertson, 1996; Allen and Smith, 1996]. This may be a problem in Greenland where
GRACE meridional stripe noise is superimposed on ice mass signals [Seo et al., 2008].

We use the EEOF filtering method to find EOF patterns using only a few lags [Plaut and Vautard, 1994; von
Storch and Navarra, 1999]. With a few lags, there may be spectral mixing in leading modes, possibly causing
annual, subannual, and interannual oscillation and secular variations to contribute to the same mode
[Rangelova et al., 2012; von Storch and Navarra, 1999]. However, this is not a problem because the goal here
is to separate signal from noise. The discussion below shows that signal-dominated modes are easily distin-
guished from noise-dominated modes by visual inspection of PC/EOFs. Noise-dominated modes show rapid
variations in both space and time, while modes dominated by ice mass signals evolve slowly in time.

3. EEOF Filter Development

We examine GRACE estimates of mass change along latitude 70°N through Central Greenland, as shown in
Figure 1a. As described earlier, global SH coefficients have been localized to Greenland using a Slepian basis
in the SH domain, with a half degree buffer zone extending into the oceans [Harig and Simons, 2012]. We use
Hovmodller diagrams to show evolution of mass at 70°N latitude over time. In these diagrams, the horizontal
axis is east-west distance along 70°N latitude and the vertical axis is time. Figures 1b—1e show Hovmoller
diagrams of various estimates of surface mass with time increasing from 2003 (at the bottom) to 2014 (at
the top).

Figure 1b is a Hovmoller diagram of GRACE mass variations at 70°N without conventional decorrelation
filtering. Figure 1c is a similar Hovm®ller diagram after conventional decorrelation filtering. It shows that con-
ventional filtering attenuates signal amplitude and introduces spatial smoothing, which causes signals from
east and west coasts to merge. Both Figures 1b and 1c show a gradual change from positive to negative
values from 2003 to 2014, indicating steady ice mass loss on both coasts over this period [Khan et al., 2015].

Annual sinusoids and linear trends over time were removed from Figures 1b and 1c¢, leaving residual varia-
tions displayed in Hovmoller diagrams, Figures 1d and 1e. Note that the smaller range of amplitudes requires
a different color scale. In Figure 1d, a maximum on the west coast, during the middle years (2006-2010), indi-
cates an accelerated rate of loss superimposed upon the negative trend in Figure 1b. Figure 1d shows that
east coast residuals oscillate, with about 2 cycles in 14 years. Both types of temporal variation in the

EOM ET AL.

GRACE-CORRELATED ERROR REDUCTION 5581



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2017JB014379

a) measurement line

AN

Year
2008

Year
2008

¢) with de—correlation

b) without de—correlation

1250

2013 2014

1000

2012

750

2011

500

2010

250

2009

—-250

2007

=500

2006

2005

-750

2004

—1000

2003

& -1250
60°W 40°W 200W 60°W 40°W 200W [kg /m?]

d) residuals of b) e) residuals of ¢)

250

200

2013 2014

2012

150

2011

100

2010

50

2009

2007

—100

2006

2005

—150

2004

—-200

2003

- -250
60°W 40°W 20°W 60°W 40°W 2000 [kg/m?]

Logitude Logitude

Figure 1. Hovmoller diagrams of ice mass variations for filtered and unfiltered GRACE data along 70°N. (a) Location of the measurement latitude. Diagrams (b) with
and (c) without a conventional decorrelation filter. (d and e) Residual diagrams after removing linear trend and seasonal variations.
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Figure 2. Temporal mode time series from EPC1 to EPC6, which are from u; to ug in equation (7). Each curve has a mean of
zero, but curves are offset for clarity.

residuals (acceleration in the west and oscillation in the east) are likely caused by SMB fluctuations [Seo et al.,
2015]. Residuals of conventionally filtered GRACE data (Figure 1e) are spatially smooth, making it difficult to
distinguish east and west coast differences. In Figure 1e it is also difficult to see the high temporal frequency
(month-to-month) variations evident in Figure 1d. These high-frequency variations are assumed to be noise
that we will remove using EEOF filtering.

We apply the EEOF filter using a window length (M) of 5 months, chosen because we expect that noise is
unlikely to be correlated beyond 5 months. Figure 2 shows time series of the first six modes (uy in equation (7),
hereafter referred as to EPCk). Time series of the first five modes are relatively smooth, evidence that they are
dominated by ice mass variations. Modes EPC1 and EPC2 display well-recognized trend and acceleration
signals [Velicogna, 2009]. Annual, interannual, and possibly subseasonal signals are evident in EPC3 to
EPC5. In contrast, EPC6 has the appearance of white noise, with similar behavior for all higher modes. This
indicates that EEOF filtering should retain only the first five modes. A similar conclusion comes from analysis
of spatial modes (SH coefficients) in Figure 3, which shows panels similar in concept to Hovmoller diagrams,
but in which the horizontal coordinate is SH degree and the vertical coordinate is temporal lag. Left and right
parts of the panels, respectively, display sine and cosine coefficients separately as they vary over SH degree.
We refer to panels in Figure 3 as Hovmoller diagrams, although they are of a novel kind.

Figures 3a-3c display SH order 14 coefficients as they vary over SH degree from 14 to 60, with temporal lag
ranging from 0 to 4 months, top to bottom. Order 14 is chosen because it is approximately the GRACE reso-
nance order at which alias error tends to be strongest. Figure 3 shows results for EEOF spatial modes (Vy, k=1,
3, and 6). Figures 3a and 3b (modes 1 and 3) show slow variations with increasing lag. Mode 2 is similar and
not shown. The first two modes account for 94.6% of variance, and thus, most ice mass changes in fixed loca-
tions such as glacial outlets and coastal areas. Figure 3b shows continuity of correlations with increasing lag,
possibly related to ice mass signals at seasonal or shorter time scales undergoing spatial migration (modes
3-5, accounting for 1.8% of variance). In contrast, mode 6 (Figure 3c) shows no organized patterns with
changing lag. This would be expected if this mode is noise dominated. The total variance accounted for by
noise-dominated modes (6 and higher) is 3.6%, nearly double that of modes 3-5.

GRACE observations filtered using the EEOF method to retain modes 1-5 are displayed in Figure 4. Figure 4a
is equivalent to Figure 1c, but with EEOF replacing conventional decorrelation filtering. The steady decline in
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Figure 3. Hovmoller diagrams of different spatial modes for SH coefficients at order 14. Each diagram represents distinct
patterns with increasing lag: (a) time-invariant coefficients in the first mode, (b) a mode whose coefficients vary slowly,
persisting 2 months or longer, and (c) a mode with random variations with lag, distinctly different from Figures 3a and 3b.

mass over time is evident on both coasts, but separation of east and west coast signals is improved relative to
Figure 1c, and there is less attenuation of signal amplitude. After linear trends and annual sinusoids are
removed from Figure 4a, residuals in Figure 4b show evidence of mass loss acceleration in the west and
oscillations in the east, similar to Figure 1d, but without the high temporal frequency variations due to
noise. There is much better separation of east and west coast signals relative to Figure 1e and, again, less
amplitude attenuation.

4, GRACE Mass Change Estimates

We compute GRACE mass change time series for the entire GrlS using the three different methods (unfiltered,
conventional decorrelation filtered, and EEOF filtered), with results shown in Figure 5. Least squares linear
trends are displayed for each method. Slepian-localized SH coefficients are used, without forward modeling
[e.g., Chen et al., 2013], with a half degree buffer to correct for signal leakage into the surrounding oceans. The
most striking difference in Figure 5 is that the linear trend of the conventionally filtered (gray) time series has
a much smaller magnitude than unfiltered and EEOF series (blue and red, respectively), by about 20%. This
shows that conventional filtering has significantly attenuated signals along east and west coasts. The
unfiltered (blue) series has stronger high-frequency variations relative to the conventionally filter series.
These are associated with noise, including meridional stripe noise. These high-frequency changes persist in
the conventionally filtered (gray) series, indicating incomplete removal of noise. The EEOF-filtered series
(red) shows a trend and seasonal behavior very similar to the unfiltered (blue) line, but with greatly reduced
high-frequency variations. Similar differences among unfiltered, conventionally filtered, and EEOF-filtered
series were seen in the Hovmoller diagrams. These convincingly demonstrate the effectiveness of the
EEOF filter.

We use SMB fields from a regional Greenland climate model, RACMO2.3/GR [Noél et al., 2015], to obtain an
independent estimate of ice mass variations within the GrlS in order to compare it with the three GRACE esti-
mates. RACMO2.3/GR provides SMB components including precipitation, evaporation, sublimation, runoff
and melted/refrozen water, forced by the European Centre for Medium-Range Weather Forecasts operational
forecast analyses. Previous studies have demonstrated that these SMB fields agree well with GrlS mass
changes observed by GRACE after including ice discharge estimates [van den Broeke et al., 2009; van
Angelen et al., 2014; McMillan et al., 2016; Xu et al., 2016]. Sasgen et al. [2012] also confirmed this agreement
using satellite altimetry data.

Since the spatial resolution of RACMO02.3/GR is much higher (~11 km) than that of GRACE, monthly SMB fields
are resampled to have spatial resolution equivalent to SH degree and order 60. These smoothed SMB fields
S(r, t) are used to represent change in ice mass over the GRACE era, M(r,, t):

OM(r;,t) = [; [S(ri,t) — D(r;, t)]dt = [; [S(r1, t) — 3D(ry, t)]dt — Do (ry)[t — to], (10)

in which D(r,, t) is lateral ice flow including ice discharge into the oceans, r; is a two-dimensional vector with
longitude and latitude over Greenland, and t, is reference time of January 2003. 5D is an ice flow divergence
anomaly relative to Dy, the mean of D (i.e., 6D =D — D).
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Figure 4. (a) Similar to the Hovmoller diagram in Figure 1c except that EEOF filtering (retaining modes 1-5) replaces conventional decorrelation filtering.
(b) Residuals after removing linear trend and seasonal terms from Figure 4a, to be compared with Figure 1e. EEOF filtering greatly improves separation of east
and west coast signals, with related clarity of acceleration behavior in the west and interannual variation in the east.

D, in equation (10) indicates an average field of ice mass change induced by ice flow and can be estimated
simply by integration of equation (10) during the whole study period.

Do(r) = [oM(r, te) — Ji:S(r, )]/ (te = to), i

in which t, is the end month of the study period. Because éD in equation (10) is the anomaly, its integrated
value is zero. Although the three estimates of ice mass change shown in Figure 5 exhibit some differences in
J0M at seasonal or subseasonal time scales, the mean ice mass loss rates (i.e., SM/t) are very similar because the
dominant negative trends are much stronger than seasonal or subseasonal variations, so we adopt dM/t
computed from GRACE data without decorrelation filtering applied.

Wintertime ice discharge variations tend to be nearly constant or to show small increases after a seasonal
minimum in the fall [Bartholomew et al., 2010; Joughin et al., 2008, 2010; Rignot and Kanagaratnam, 2006].
Thus, the contribution of 6D during winter months should be small relative to other seasons, and month-
to-month ice mass variations ought to be dominated by SMB and the mean discharge Dy, so that

OME=0M(r;, tz) — OM(r;, t1) = [2Sdt — (t — t1)Do, (12)

where t; and t, are two successive months (i.e., t, — t;=1) and the right-hand integral term is approximated
by the average SMB, [S(r, t;) + S(r;, t5)1/2. With equation (12), we can compare monthly difference mass
variations observed by GRACE with the SMB derived by RACMO2.3/GR during winter seasons.

EOM ET AL.

GRACE-CORRELATED ERROR REDUCTION 5585



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014379

2000 ; ; T T T T T

with de—correlation filter [-211.76 + 6.55]
== /0 de—correlation filter [-270.50 + 8.43]
1500 - == reconstructed from EEOF [—270.73 +7.95]

1000

500

Mass Change [Gton]
o

-500

—-1000

—-1500

—2000 1 | Il | 1 | 1 | 1 | 1
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

Figure 5. GrlS mass variations with (gray) and without (blue) decorrelation filtering and with EEOF filtering (red). Linear
trend estimates for each time series with 95% confidence intervals in units of gigaton per year. All clearly show
seasonal variations but different trends and relative sizes of short period variations.

Figure 6 shows RACMO2.3/GR (SMB) and GRACE (§M§f) compared using equation (12). Figures 6a-6¢ show
estimated 5M§f derived from SMB and D, during adjacent months spanning October 2008 to January 2009.
There is strong positive SMB in southern basins during October-December 2008, with reduced magnitude
from December 2008 to January 2009. Figures 6d-6f show GRACE estimate (no decorrelation filtering) of
((SMS). The GRACE results show meridional stripes (correlated noise) and large differences relative to (SMB-Dy)
(note a difference in scales relative to Figures 6a-6¢). Figures 6g-6i show GRACE estimates after applying the
conventional decorrelation filter. In southern regions, results are similar to estimates from SMB-Dg
(Figures 6a-6¢), but there are artifacts in the GRACE results in the north that are absent in SMB-Dj results.
Finally, Figures 6j-61 show GRACE estimates filtered by the EEOF method. They are very similar to
Figures 6a-6¢ (from SMB-Dy). We interpret small differences as due to wintertime contributions of 6D which
was neglected.

GRACE mass concentration (mascon) solutions [e.g., Save et al., 2016] are gridded surface mass change fields
which lack correlated errors (meridional stripes) that afflict GRACE SH solutions. In the supporting informa-
tion, we analyze mascon solutions in a manner similar to that above and find them to be relatively limited in
their ability to study regional-scale and subseasonal ice mass change over the GrlS.

Given the demonstration above that EEOF filtering is effective in suppressing correlated error while preser-
ving ice mass signal, we now examine seasonal average month-to-month GrlS ice mass changes. Figure 7
shows EEOF-filtered GRACE estimates of mean differences in ice mass between adjacent months over the
study period, 2004 to 2013. In winter (November to March), ice mass accumulation is evident in the south.
Both fall and spring show relatively small changes, while summer months (June to September) show large
losses, especially in the south. In particular, difference maps during the summer show large losses at major
glacial outlets such as Helheim and Kangerdlugssuaq on the west coast and Jakobshavn Isbrae on the east
[Howat et al., 2011; Joughin et al., 2010]. A likely explanation is enhanced discharge associated with melt-
water effects at marine-terminating glaciers [Schoof, 2010]. Note that high-altitude inland regions show
accumulation during the summer.
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Figure 6. Comparison of SMB fields (a—c) calculated by RACMO2.3/GR after removing reference ice discharge field, Dy, and (d—f) consecutive month-to-month GRACE
ice mass variation maps without filtering, with (g-i) conventional decorrelation filtering and (j-I) using EEOF filtering.

EOM ET AL. GRACE-CORRELATED ERROR REDUCTION 5587



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014379

a) Mean of Oct. — Sep.

b) Mean of Nov. — Oct. ¢) Mean of Dec. — Nowv. d) Mean of Jan. — Dec.

f) Mean of Mar. — Feb. g) Mean of Apr. — Mar. h) Mean of May — Apr.

y

k) Mean of Aug. — Jul.

,_ | @ -100
—45° —45° [kg/mz]

—45°

Figure 7. Mean monthly difference maps of ice mass from 2004 to 2013, calculated by averaging of 6M{fs from EEOF-filtered data for the study period.

5. Conclusions

GRACE SH time-varying mass fields are corrupted by north-south (meridional) stripes due to aliasing of high-
frequency signals such as atmospheric and ocean bottom mass redistribution. This correlated stripe noise
contaminates high degree and order SH coefficients. A conventional decorrelation filter has been used in
many studies to remove these stripes. Although effective, the conventional method may also attenuate or
smooth the signal, and there is evidence in Figures 6g-6i that it is not able to suppress high-frequency noise.
These problems are particularly important with regard to GRACE estimates over the GrlS, because there the
signal has a dominant north-south orientation along Greenland’s coastline.

The EEOF method decomposes monthly GRACE data into spatial and temporal modes and provides results
relatively free of correlated noise by retaining only those modes that change slowly over several months.
The EEOF method is more effective than conventional decorrelation filtering, improving estimates of mass
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change for the entire continent and allowing resolution of changes at finer temporal and spatial scales, as
demonstrated by comparison with regional climate model estimates.

EEOF filtering provides sensible estimates of seasonal and subseasonal mass change over the GrlS, which
have been difficult to obtain with conventional decorrelation filtering. EEOF-filtered estimates show signifi-
cant ice mass losses at major glacial outlets and other locations, demonstrating that they are suitable for
studies at relatively fine spatial and temporal resolution. In combination with in situ and model data,
EEOF-filtered results should allow further understanding of seasonal and longer-term changes in ice
discharge and ice dynamics.
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