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ATfiC{E history: Much of the research to understand the ice mass changes of Greenland ice sheet (GrlIS) has focused
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secular) mass changes show large variability, and if not properly accounted for, can introduce significant
biases into estimates of long-term ice mass loss rates and accelerations. Despite the growing number
of geodetic observations, in terms of spatial coverage, types of observables, and the extent of the time
series, studies of the transient mass changes over GrlS are lacking. To address this limitation, we apply

Keywords: multi-channel singular spectral analysis to the Gravity Recovery and Climate Experiment (GRACE) mass
Greenland concentrations (mascon), surface mass balance (SMB) model output, and ice discharge data, to determine
transient mass change the transient mass changes over Greenland over the decade (2007 to 2017). The goal of this analysis is to
GRACE elucidate the spatio-temporal variability of the ice mass change. For the entire GrlS, both the mascon and
SI\I;I SB SMB transient mass changes are characterized by a sustained mass gain from late 2007 to early 2010, a

sustained mass loss from early 2010 to early 2013, and a mass gain from early 2013 to mid-2015. Global
Positioning System sites deployed along the coast of Greenland showed uplift from early 2010 to early
2013 and subsidence from early 2013 to 2015, consistent with the corresponding ice mass loss and gain
of the entire GrIS. The peak-to-peak amplitude of the transient mass change was estimated to be —294
=+ 27 Gt from GRACE mascons and -252 + 16 Gt from the SMB where the latter value includes the effect
of ice discharge. The transient mass change due to ice discharge accounted for less than 10% of the total
transient mass change. Our regional assessment reveals that the central-west, southwest, northeast, and
southeast regions display similar time-varying patterns as we found for the entire GrIS, but the north
and northwest regions show different patterns. Atmospheric circulation anomalies as measured by the
Greenland Blocking Index (GBI) are able to explain most of these transient anomalies. More specifically,
high-GBl-associated high temperature was one of the main reasons for the transient mass loss of the
entire GrIS during 2010-2012 while low GBI can explain the transient mass gain during 2013-2015.
Contrasting behaviors of precipitation anomalies in east and west Greenland under abnormally high or
low GBI conditions may explain the different patterns of the transient mass change in the northwest and

the rest of Greenland.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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term highly dynamic fluctuations in space and time (Wouters et
al., 2008; Chen et al, 2011; Seo et al., 2015; Khan et al., 2014)
that introduces uncertainties in predictions of future ice loss. This
is particularly the case over the past decade when the Greenland
Blocking Index (GBI) was more frequently at extreme levels than
before (Hanna et al., 2016). The accompanying atmospheric cir-
culation anomalies exerted great impacts on Greenland ice mass
balance. Therefore, it is necessary to thoroughly investigate the
short-term ice mass change patterns over Greenland from the past
decade and their links with the atmospheric circulation anomalies.

Most studies have focused on the long-term ice mass loss of
the GrlIS (e.g., van den Broeke et al, 2009; Zwally et al, 2011;
Shepherd et al., 2012; Kjeldsen et al., 2015; Khan et al., 2016). Oth-
ers also studied the short-term ice mass changes and their impacts
on estimates of long-term ice mass loss (Velicogna et al., 2005;
Velicogna and Wahr, 2006; Chen et al., 2006; Ramillien et al., 2006;
Wu et al, 2006; Velicogna, 2009; Csatho et al., 2014). GRACE
has been particularly valuable in determining non-secular mass
changes (Velicogna et al., 2005; Wouters et al., 2008; Chen et al.,
2011). Sasgen et al. (2012) combined GRACE data with Interfero-
metric Synthetic Aperture Radar, and regional climate model data
to investigate the GrIS ice mass loss and found that the ice dis-
charge, surface melting, runoff, and precipitation contributed to
the ice mass balance in a complex and regionally-variable inter-
play. Csatho et al. (2014) used altimetry data from 1993 to 2012
to reveal the complex spatio-temporal variations of dynamic mass
loss and widespread intermittent thinning.

None of the above listed studies characterized and explained
the most recent spatio-temporal short-term mass changes over the
entire GrIS. With the increasing number of geodetic observations,
it is time to conduct a systematic, comprehensive, and up-to-date
investigation of these data to address this problem. Since the long-
term and seasonal mass changes in Greenland have been well
studied, in this study we will focus on the transient mass changes,
i.e.,, ~3-year changes.

To understand the spatiotemporal characteristics of the tran-
sient ice mass changes over Greenland, multiple datasets are used.
GRACE mascon data are used to investigate the transient ice mass
changes over the entire GrlIS as well as the spatial variability over
the different sub-regions. Global Positioning System (GPS) verti-
cal displacements are used to investigate the bedrock’s elastic re-
sponse to ice loading changes and further constrain the estimates
of ice mass changes. The transient ice mass changes due to surface
mass balance (SMB) and ice discharge are also modeled and com-
pared with the GRACE results. Finally, we also explore the possible
links between the transient ice mass changes and atmospheric cir-
culation anomalies represented by GBI.

2. Data
2.1. GRACE data

We use GRACE mascon solutions from Jet Propulsion Labora-
tory (JPL), Goddard Space Flight Center (GSFC), and the Center
for Space Research (CSR), University of Texas Austin. Hereafter,
we refer to them as the “JPL mascon”, “GSFC mascon”, and “CSR
mascon”, respectively. The JPL mascon is the release 5 version 2
with the coastal resolution improvement filter (Wiese, 2015). The
GSFC mascon is the release 5 version 2.3b (Luthcke et al., 2013;
Watkins et al., 2015;). The CSR mascon is the release 5 version
1.0 (Save et al., 2016). To account for the land/ocean mass leakage,
we follow Save et al. (2016) to extend the coastlines of Green-
land by 120 km into the ocean. Based on these new boundaries
and the drainage basins defined by Rignot et al. (2011), we divide
Greenland into 6 sub-regions: ‘NO’ (north), ‘NW’ (northwest), ‘CW’
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Fig. 1. GPS sites (circles filled with gray or cyan) and six sub-regions (delineated by
gray lines) in Greenland. The cyan sites are used in this study. The gray sites are not
used due to data gaps or their short time duration. (For interpretation of the colors
in the figure(s), the reader is referred to the web version of this article.)

(central-west), ‘SW’ (southwest), ‘NE’ (northeast), and ‘SE’ (south-
east), which are shown in Fig. 1.

After obtaining the mass change time series for each sub-
region, we interpolate them to monthly data with equal spacing
using spline interpolation. We then fit and remove the linear and
quadratic terms from the interpolated time series to obtain the
detrended time series. Hereafter, we refer to this mascon residual
time series as the “mascon data”.

2.2. SMB and ice discharge data

SMB and ice discharge to the ocean are the two ways that the
GrlS losses ice mass. SMB is the difference between accumulation
from precipitation (snow and rain) and mass loss from ablation
(melting, sublimation, evapotranspiration, and runoff). SMB out-
puts by the regional climate model, MAR version 3.8 (Fettweis et
al.,, 2017, updated in 2018) and RACMO2.3p2 (Noél et al., 2018) are
used in this study. The MAR output data are provided at monthly
for 5 x 5 km grids over the entire GrIS. The RACMO02.3p2 pro-
vides 1x1 km monthly incremental SMB covering the whole GrIS
and peripheral ice caps and 5.5 x 5.5 km monthly cumulative pre-
cipitation, sublimation, and runoff covering the surrounding tundra
region. We obtain the RACM02.3p2 SMB over tundra by using pre-
cipitation minus ablation from sublimation and runoff. Compared
to the data described in Noél et al. (2018), no model physics has
been changed. Only the spatial resolution has been increased to 5.5
km from 11 km. To obtain the SMB over the sub-regions, we in-
tegrate the monthly incremental SMB at each grid point and then
sum the values of all points within each sub-region. We fit and re-
move the linear and quadratic terms from each SMB time series
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to obtain the residual data that will be referred to as “SMB data”
hereafter.

We also use the ice discharge data over Greenland from Bamber
et al. (2018) to account for the mass changes due to glacier dy-
namics. This new data set provides data from 1958 to 2016 by
supplementing and extending Rignot et al. (2008) with a new data
set that captures surface velocities at sub-annual temporal inter-
vals for 195 outlet glaciers across Greenland. We calculate the total
ice discharge from the entire GrIS and from each sub-region. We
also fit and remove the linear and quadrative terms from each ice
discharge time series to obtain the residual data, termed as “dy-
namics data” hereafter.

2.3. GPS data

There are more than 50 GPS receivers sited around the edge
of the GrlS, most of which were deployed after 2006 as part of
the Greenland network, GNET (Fig. 1). The GPS raw data are pro-
cessed by the same software and settings as detailed in Khan et
al. (2010) to yield daily coordinate solutions and their uncertain-
ties in the International Global Navigation Satellite System Service
2008 (IGS08) frame. In this study, we use only the vertical coordi-
nate time series. We do not use the GPS sites that began collecting
data after 2009.0 or those that experienced extreme data gaps be-
tween 2010 and 2013 as these data deficiencies will impact the
determination of the main features of the transient displacements.
In total, we use 26 sites that are shown in Fig. 1.

The vertical displacements of these sites represent the bedrock’s
response to historical and present surface mass changes and
can be used to infer the ice mass changes (Khan et al., 2010;
Wahr et al., 2013). As we focus on the displacement caused by
ice loading, we follow Zhang et al. (2017, 2018) to calculate and
remove the atmospheric, hydrologic, and non-tidal ocean loading
displacements using the Green’s function method (Farrell, 1972).
We fit and remove the linear and quadratic terms from the vertical
position time series to obtain the residual time series. A singular
spectral analysis (SSA) method is used to fill the data gaps. The
post-processed GPS vertical position time series are simply called
as “GPS data” hereafter.

3. Extracting the transient signal

Multi-channel Singular Spectral Analysis (M-SSA) is an ad-
vanced data-adaptive method that detects various signals by simul-
taneously taking advantage of the spatial and temporal correlations
in geophysical fields (Broomhead and King, 1986). It does not re-
quire a priori information on mathematical function or stochastic
model, making it suitable for analyzing various kinds of data. Based
on these advantages we choose M-SSA to extract the transient sig-
nals from the GRACE mascon data, the SMB data, the ice discharge
data, and the GPS data. This approach has been proven effective
in detecting and reconstructing periodic and non-periodic signals
from noisy GPS and GRACE time series (Rangelova et al., 2012;
Walwer et al., 2016; Zhang et al., 2017, 2018). We use the same M-
SSA methods and settings as used in Zhang et al. (2017). Readers
may refer to Zhang et al. (2017) and Section S1 of the Supplemen-
tary Material (SM) for further details.

We apply M-SSA to the mascon time series of the six sub-
regions simultaneously to extract the transient signals of ice mass
changes using the JPL, CSR, and GSFC mascons. In Section S1 of
the SM we provide the technical details of how we retrieve the
transient signals and we show the first ten reconstructed compo-
nents of the M-SSA results. We average the transient signals from
the JPL, GSFC, and CSR mascons and use this average as the final
transient signal. The largest differences between the average tran-
sient signal and the three individual transient signals are regarded
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Fig. 2. Transient mass changes of the entire GrIS and its amplitude derived from
the SMB data (a), the ice discharge data (b), the sum of SMB and ice discharge (c),
and the GRACE mascon data (d). Please note that we use a much narrower vertical
range in (b) than in the other three panels for visual clarity.

as the uncertainties. We apply the same procedure to the SMB and
ice discharge data, to retrieve their corresponding transient signals.
The details of the analysis and the first ten reconstructed compo-
nents of SMB and ice discharge are shown in Section S2 of the
SM.

The M-SSA technique requires that all the time series have the
same length and sampling interval, but the time spans of the GPS
time series are different. Given this constraint, we only apply SSA
(not the ‘multichannel’ analysis) to each GPS time series at a time
to retrieve the transient changes of displacements. The transient
signals derived from 26 vertical position time series are presented
in Section S3 of the SM.

4. Results
4.1. Transient mass changes of the entire Greenland ice sheet

Fig. 2 shows the transient mass variations of the entire
GrIS, extracted from the SMB, dynamics, SMB plus glacial dis-
charge (termed as “SMB+dynamics”), and the mascon data, respec-
tively. The transient signals extracted from the mascon, SMB, and
SMB+dynamics data are similar and characterized by a sustained
mass gain from late 2007 to early 2010, a sustained mass loss
from early 2010 to early 2013, and a mass gain from early 2013 to
mid-2015. Based on these time-varying characteristics, we divide
the transient mass change into three phases for subsequent inves-
tigation, including Phase 1: 2008-2009; Phase 2: 2010-2012; and
Phase 3: 2013-2014. We use the peak-to-peak value from early
2010 to early 2013 to quantify the amplitude of the transient vari-
ations. The amplitudes are —294 + 27 Gt and —252 + 16 Gt for
the mascon signal and the SMB+dynamics signal, respectively. The
transient signal extracted from the dynamics data shows different
patterns with much smaller amplitudes (Fig. 2c). We note that the
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magnitude of the dynamic transient changes is about 16 Gt lower
than the SMB and mascon amplitudes. The similar time-varying
patterns and amplitudes between the SMB and mascon signals
suggest that SMB was the dominant contributor to the transient
mass change of the GrIS from 2007 to 2017 with little contribu-
tion from ice discharge.

We show the long-term and seasonal ice mass changes of the
entire GrIS in Section S4 of SM. The long-term ice loss rate and
acceleration of the entire GrlIS are estimated to be 307.8 + 11.9
Gt/yr and 18.0 & 9.3 Gt/yr? from 2007 to 2016 based on the JPL
mascon solutions with GIA removed by A et al. (2013). The mean
peak-to-peak amplitude of the seasonal mass change is estimated
to be 136.2 £+ 16.3 Gt with amplified amplitudes in 2010-2013.
The amplitude of the transient mass change (—294 + 27 Gt) is
comparable to the long-term ice mass loss and is much greater
than the seasonal mass change.

To investigate how the transient mass change influences the es-
timates of the long-term ice change rates, we remove the seasonal
oscillations (Fig. S9 of the SM) from the JPL mascon solutions and
estimate the ice change rates from 2008 to 2017. The data used for
the estimation are accumulated from 2007 to the epoch of inter-
est. After removing the seasonal variations, the changes in the rate
estimates are mainly influenced by the transient ice mass varia-
tions. Fig. S10 of the SM shows that the estimated ice change rates
vary from —237 Gt/yr to —353 Gt/yr and have similar variations as
the transient signal (Fig. 2d). This result suggests that the transient
variations have a strong influence on the estimates of long-term
ice mass loss rates and that the transient mass change is an im-
portant component of the ice mass changes in Greenland.

4.2. Transient mass changes of sub-regions

Fig. 3 shows the transient ice mass variations of each sub-
region, extracted from the SMB, dynamics, their sum, and mascon
data. The mascon results (Fig. 3d) reveal that the mass change in
CW, SW, SE, and NE show similar patterns as the entire GrIS, but

. (a)‘SMEli
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their amplitudes are different: the SE and SW regions have the
largest amplitudes (—111 £ 2 Gt), the CW and NE have relatively
smaller amplitudes (—34 4+ 2 Gt and —46 £ 1 Gt). However, the
transient mass changes in the NW and NO have very different sig-
nals when compared to the other regions. In these regions, we
observe a sustained mass loss from early 2008 to early 2010, a
sustained mass gain from early 2010 to early 2013, and a mass
loss from early 2013 to 2016. The amplitudes of these signals are
small, only 7 & 2 Gt in the NW and 2 +1 Gt in the NO. Due to
the low signal-to-noise ratio in the NO transient signal, the signal
will not be real, and it will not be further interpreted.

The transient signals extracted from the SMB data (Fig. 3a)
show similar time varying patterns as those extracted from the
mascon data in NW, CW, NE, SW, and SE. Transient signals ex-
tracted from dynamics (Fig. 3b) are weak in NO and NE and
stronger in NW, CW, SW, and SE. Given the much larger amplitudes
of the SMB transient signals in CW, SW, and SE, the dynamic tran-
sient signals in these regions contributed little to the total tran-
sient mass variations. This result can be observed by comparing
Figs. 3a and 3c. However, in NW, the dynamic component con-
tributed significantly to the transient variations by increasing the
amplitude of the transient signal from 17 Gt (only SMB, Fig. 3a) to
30 Gt (SMB + dynamics, Fig. 3c), but it only slightly changed the
phases of the peaks. Even though the transient signals extracted
from the mascon and SMB + dynamics data have different ampli-
tudes (7 Gt vs. 30 Gt) in NW, they show similar phases and time
varying patters. Overall, the transient SMB changes reveal similar
characteristics to the transient mascon changes, indicating SMB is
the main contributor to the transient mass changes in the six sub-
regions. The distributions and amplitudes of the transient mass
changes are also summarized in Fig. 4, which indicate that north-
west Greenland has different transient mass changes compared to
the other regions.
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Fig. 3. Transient mass changes within each region, derived from (a) SMB data, (b) ice discharge data, namely ice dynamics, (c) the sum of SMB and ice dynamics, and (d)
GRACE mascon data. Note that we use different vertical ranges to visually amplify the temporal patterns.
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Fig. 4. Amplitudes of transient mass change from 2010 to 2013 of the six sub-regions derived from (a) SMB+dynamics data and (b) GRACE mascon data.

4.3. GPS displacements due to ice mass changes

The transient signals extracted from the 26 GPS vertical posi-
tion time series are shown in Fig. S7 of the SM. Fig. 5a shows
the amplitudes of the transient displacements and Fig. 5b presents
the transient displacement time series at five of the 26 sites. De-
spite site specific local effects associated with the sensitivity of
elastic loading to nearby ice mass changes (Wahr et al, 2013;

Adhikari et al., 2017; Liu et al.,, 2017; Zhang et al., 2017), the GPS
data share common features. All sites showed uplift from early
2010 to early 2013 and followed by a subsidence from 2013 to
around 2015 indicating that more ice mass was lost near the coast
of Greenland from around 2010 to 2013, and then followed by less
ice mass loss from 2013 to 2015. These displacements were consis-
tent with the transient mass changes of the entire GrIS as shown
in Fig. 2. We also find that sites in south Greenland have larger
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Fig. 5. (a): Amplitudes of the transient displacements from 2010 to 2013 at the 26 GPS sites. Sites with black circles indicate these sites are close to glaciers or ice sheet
margins. The peripheral glaciers and ice caps are marked as gray areas. (b): Transient displacements at five exemplary sites.

amplitudes than those in the north (Fig. 5a). This result indicates
that the southern coastal regions lost more ice than the northern
regions from 2010 to 2013. This is also consistent with the mas-
con and SMB results as shown in Fig. 4. Fig. 5a shows that 11 sites
(KMOR, BLAS, SRMP, RINK, KAGA, KSNB, HEL2, LYNS, TREO, HJOR,
and SENU) showed notably larger amplitudes than their nearby
sites. This is because these sites are deployed very close to glaciers
or ice sheet margins thus capturing a stronger ice loss signal.

5. Discussion
5.1. Transient contributions from runoff and precipitation anomalies

Since SMB was the dominant contributor to the transient mass
changes from 2007 to 2016, here we analyze how the runoff and
precipitation, the two most important components of SMB, influ-
enced Greenland mass balance in the past decade. To quantify how
runoff and precipitation contributed to the transient mass changes,
we first calculate the annual anomalies of runoff and precipitation,
which are shown in Fig. 6. The anomalies are calculated by remov-
ing the 2007-2016 mean from the annual runoff and precipitation.
For the entire GrlIS (Fig. 6g), the runoff anomalies were much larger
than the precipitation anomalies (980 Gt vs. 560 Gt in terms of
the summation of the absolute anomalies), which suggests that the
runoff anomalies dominated the transient mass changes of the en-
tire GrIS from 2007 to 2016.

We find that the runoff anomalies did not dominate the tran-
sient mass changes in all the sub-regions (Fig. 6). During the whole
period (2007-2016), runoff contributed more to the transient mass
change than precipitation in the NO and SW regions in terms of
the summation of the absolute anomalies, less in the NW and NE
regions, and comparably in the CW and SE regions.

Moreover, the roles of runoff and precipitation could change in
different sub-periods. We compute the average of annual runoff
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Fig. 6. Annual runoff and precipitation anomalies in the sub-regions (a-f) and the
entire GrIS (g) from 2007 to 2016. The numbers in the panels indicate the runoff
anomalies versus the precipitation anomalies in terms of the summation of the ab-
solute anomalies from 2007 to 2016.
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and precipitation anomalies during each phase. These are shown
in Fig. 7 in comparison with the temperature anomalies.

Phase 1 (2008-2009):

During this phase, both the runoff and precipitation anomalies
were negative in the CW and SW regions (Figs. 7a and 7d). Nega-
tive runoff anomalies mean relative mass gain; and vice versa. The
sum of these two opposite contributions to ice mass change gen-
erated a net mass gain in the CW and SW regions as evidenced in
Fig. 3a. This result indicates that the runoff anomalies contributed

more to the transient mass change than the precipitation anoma-
lies. In the SE region, it is apparent that the positive precipitation
and negative runoff precipitation anomalies together contributed
to the transient mass gain during this phase. In the NE region,
the positive precipitation anomalies in the south contributed more
mass gain than mass loss caused by widespread positive runoff
anomalies, finally causing the transient mass gain as shown in
Fig. 3a. In the NW and NO regions, it is also apparent from Figs. 7a
and 7d that positive runoff and negative precipitation anomalies
together contributed to the transient mass loss during this phase.
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Fig. 8. Time series of monthly Greenland Blocking Index (GBI) anomalies from 2007 to 2016.

Phase 2 (2010-2012):

During this phase, nearly the entire GrIS showed positive runoff
anomalies (Fig. 7b) mainly due to two severe melting events that
occurred in 2010 (Tedesco et al., 2011) and 2012 (Nghiem et al.,
2012; Tedesco et al., 2013). The years 2010 and 2012 were also
two of the ten highest-GBI years observed over the period 1851
to 2015 (Hanna et al.,, 2016). In CW, SW, SE, and NE, runoff dom-
inated the transient mass loss during 2010-2012. However, in the
NW and NO regions, the widespread positive precipitation anoma-
lies compensated for the positive runoff anomalies and caused the
transient mass gain (Fig. 3a). Fig. 7e also shows that the precipita-
tion anomalies in east and west Greenland were opposite in sign.

Phase 3 (2013-2014):

During this phase, nearly the entire GrIS showed negative
runoff anomalies (Fig. 7c) that were opposite to that during
phase 1. East Greenland (NO, NE, and SE) showed positive precipi-
tation anomalies while west Greenland (NW, CW, and SW) showed
negative precipitation anomalies (Fig. 7c). In east Greenland, nega-
tive runoff anomalies and positive precipitation anomalies together
contributed to the transient mass gain (Fig. 3a). In the CW and SW
regions, the negative runoff anomalies contributed more mass gain
than the mass loss caused by negative precipitation anomalies,
thus finally generated a transient mass gain (Fig. 3a). In the NW re-
gion, the widespread negative precipitation anomalies caused more
mass loss than the mass gain contributed from negative runoff
anomalies, resulting in a mass loss in the NW (Fig. 3a). Precipita-
tion showed the opposite signs in east and west Greenland.

Since near-surface air temperature is often used as a proxy
for surface melting (e.g., Tedesco et al., 2011), we compute the
3-m temperature anomalies from the MAR model during the three
phases (Figs. 7g-7i). The temperature anomalies were negative
over most of Greenland during phases 1 and 3 but positive dur-
ing phase 1. By comparing Figs. 7g-7i and Fig. 2, we observe that
higher (lower) temperature caused the entire GrIS to lose (gain)
more ice mass. Comparing the temperature anomalies with the
precipitation anomalies, we also observe that higher (lower) tem-
perature correlated with more (less) precipitation in west Green-
land and less in east Greenland.

5.2. Climatologic mechanisms for transient mass changes

The GBI and North Atlantic Oscillation (NAO) index are im-
portant atmospheric indices that reflect the state of the general
atmospheric circulation over Greenland. The GBI was defined by
Fang (2004) based on the mean 500 hPa geopotential height (GPH)
for the 60-80°N, 20-80°W region and popularized by Hanna et

al. (2013, 2014, 2015, 2016). The NAO index is based on the sur-
face sea-level pressure difference between the Subtropical (Azores)
High and the Subpolar Low (Hurrell, 1995). The NAO is associated
with atmospheric blocking over GrlS, and both NAO and GBI have
influences on the GrIS’s ice mass balance (Pattyn et al., 2018). The
correlation coefficient between the GBI and Hurrell PC-based NAO
index from 2007 to 2016 is —0.87. This high anti-correlation in-
dicates that the GBI and NAO characterize the same atmospheric
circulations. Here we use only GBI to explain the transient mass
changes over Greenland.

The NAO is most pronounced in winter whereas the transient
mass change was mainly caused by summer runoff. GBI correlates
more directly with GrIS runoff changes than does the NAO index
(Hanna et al., 2013). To be consistent with the relative transient
mass changes we reported earlier in Sections 4.1 and 5.1, we re-
move the 2007-2016 mean from the GBI presented in Hanna et
al. (2016) to obtain the “GBI anomalies” (Fig. 8). The three-year-
averaged GBI anomalies for 2007-2009, 2010-2012, and 2013-2015
are 0.00, 0.34, and —0.46 (i.e,, 2010-2012 was a high-GBI period
while 2013-2015 was a low-GBI period).

Temperature anomalies under a high (low)-GBI regime are high
(low) over Greenland, partly because the GPH is thermodynami-
cally linked to temperatures (Overland and Wang, 2015; Hanna et
al., 2016). The temperature anomalies shown in Figs. 7h and 7i
support this conclusion.

Fig. 6 in Hanna et al. (2016) shows that a high-summer-GBI
regime is associated with a dipole of precipitation anomalies, less
in southeast Greenland, more in the northwest. This can be also
observed from Figs. 7e and 7f. The opposite behaviors of precipi-
tation anomalies between the east and west Greenland have also
been reported by Bjerk et al. (2018).

During 2010-2012, the high-GBI-associated high temperature
caused more ice melting and runoff over nearly the entire GrlS.
Though high GBI brought more precipitation in west Greenland,
temperature played a dominant role in affecting ice mass loss of
the entire GrIS. While in the NW region, the positive precipitation
anomaly overcompensated the high temperature induced mass loss
and thus resulted in a transient mass gain. During 2013-2015, a
low-GBI-associated low temperature caused less ice melting and
runoff over nearly the entire GrlS. In contrast, in the NW region,
low GBI induced less precipitation and thus contributed to the
transient mass loss.

In addition to GBI and NAO that characterize atmospheric,
Greenland ice mass loss/gain is also influenced by many other
drivers, including other unmodeled atmospheric circulations,
ocean-ice sheet interactions, and storms, etc. We are unable to use
the GBI or NAO to explain the 2007-2010 transient mass changes
since neither the GBI or NAO anomalies were significant during
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this period. The relationship between transient mass changes and
climatologic drivers is far more complex than one or two atmo-
spheric indices can explain. Here we only demonstrate that in the
high or low GBI periods, GBI is correlated with the transient mass
changes.

6. Conclusions

We apply M-SSA to the GRACE mascon, SMB, and ice discharge
data over Greenland and extract the transient mass changes of the
entire GrIS and the six sub-regions. The transient mass change of
the entire GrIS is characterized by a sustained relative mass gain
from late 2007 to early 2010, followed by a sustained mass loss
from early 2010 to early 2013, and a mass gain from early 2013 to
mid-2015. The CW, NE, SW, and SE regions showed a time-varying
pattern similar to the entire GrIS, but the NO and NW were dif-
ferent. Results obtained from the SMB models and the GPS vertical
displacement time series corroborate our findings.

We also find that GBI can largely explain the transient mass
changes during the 2010-2012 high GBI period and the 2013-2015
low GBI period. High (Low) -GBI-associated high temperature
caused the GrlS to lose more (less) ice. This explained the tran-
sient mass loss during 2010-2012 and the transient mass gain
during 2013-2015 of the entire GrIS. However, the precipitation
anomalies under high or low GBI were opposite in west and east
Greenland. This led to the different behaviors of ice mass change
in the NW as compared to other regions.

Overall, this study gives insight into the spatio-temporal vari-
ations of the transient mass changes over Greenland during the
past decade and proposes potential climatological mechanisms to
explain these changes. This study highlights the need to improve
our understanding of the relationship between atmospheric circu-
lations and short-term Greenland mass balance.
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