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Abstract The abrupt deceleration of accelerated Greenland Ice Sheet (GrIS) melting since 2013, after a
period of acceleration previously noted, is studied here. It is shown that the deceleration of GrIS melting
since 2013 is due to the reduction in short‐wave solar radiation in the presence of increasing total cloud
cover, which is driven by a more persistent positive summer North Atlantic Oscillation on the decadal time
scale. By presenting the coherence with the temperature variability at the weather stations in Greenland,
which have century‐long records, we deduce that the acceleration of GrIS melting during the early 2000s and
the subsequent deceleration since 2013 will reoccur frequently on decadal time scales, with the amplitude
nearly half of the multidecadal warming trend of the GrIS melt. It can reduce the mass loss from the GrIS on
short to medium time scales but is unlikely to halt mass loss related to climate change in the future. This
finding highlights the importance of internal climate variability on themass budget of the GrIS and therefore
on predictions of future global sea level change and may help to assist planning for associated social and
economic consequences.

Plain Language Summary The Greenland Ice Sheet (GrIS) mass change and its contribution to
the global sea level variability is a topic that naturally piques our curiosity. Since the satellite first captured
the Greenland‐wide ice sheet mass variability in 2002, the GrIS experienced accelerated melting, leading to
global sea level acceleration. The long‐term GrIS melting depends on climate change such as greenhouse
warming. However, recently, this acceleration is slowed down due to the summer North Atlantic Oscillation
phase changing to positive. We use century‐long surface temperature records as index to estimate the
contribution of this slowdown phenomenon and find that the amplitude of this internal variability is nearly
half of the multidecadal warming trend of the GrIS; therefore, this cycle can slow down but cannot stop the
loss of the Greenland Ice Sheet mass at present and in the near future. This finding highlights the role of the
internal variability of the GrIS on predictions of future global sea level change and the associated social and
economic consequences.

1. Introduction

The Greenland Ice Sheet (GrIS) acts as a cog in the global climate machine. Meltwater from the ice sheet will
not only raise the global sea level but also contribute to freshening in the subpolar North Atlantic Ocean,
potentially weakening deep convection and reducing the Atlantic Meridional Overturning circulation.
This may lead to further feedback effects on the global thermohaline circulation and hence the global heat
distributions (Chen & Tung, 2018; Hu et al., 2011).

The GrIS mass balance in a warming climate is between increased precipitation in the form of snow on
Greenland caused by increased ocean evaporation and enhanced melting of the ice sheet surface combined
with increased coastal glacier discharge (Velicogna & Wahr, 2006). Model predictions agree with observa-
tions that SMB (surface mass balance) rather than ice discharge (D) will dominate the GrIS contribution
to sea level rise in the 21st century (Enderlin et al., 2014). Nevertheless, surface melting interrelates with
D, and the ice flow increases when melting enhances in summer (Zwally et al., 2002). However, the relative
contribution of SMB and D to GrIS mass balance is not constant. The accelerated outflow of glaciers is the
result of the interaction of atmosphere and ocean (Straneo et al., 2010).
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Hanna et al. (2010) attributed the thinning GrIS, increasing runoff, and significant rising summer tempera-
ture since the 1990s to global warming. The surface melting process in Greenland accounts for about half of
the total mass loss of GrIS (van den Broeke et al., 2009). And this proportion is even greater in the case of
long‐term increase of surface temperature (Smith et al., 2014). Surface energy balance (SEB) plays an impor-
tant role in GrISmass balance, which includes radiation and turbulence heat flux, and regulates surfacemelt
by controlling surface temperature (Miller et al., 2017). Clouds (especially low‐level liquid clouds) have an
important effect on the net surface radiation flux (Walsh & Chapman, 1998), thereby affecting the SEB.
Studies have also shown that GrIS is vulnerable to climate warming caused by human behavior (Gregory
et al., 2004; Velicogna &Wahr, 2006). However, due to the short data span of the overall GrIS mass observa-
tion, there is no persuasive argument about long‐term variation of GrIS.

2. Data and Methods
2.1. Variation Characteristics of GrIS Mass

Observations of the mass of the GrIS from the Gravity Recovery and Climate Experiment (GRACE) satellite
(Chen, 2006) are used to study the mass balance of GrIS. The GRACE satellite mission, which was in opera-
tion from March 2002 to June 2017, consists of two identical spacecrafts flying in the same orbit, about 220
km apart at a height of approximately 500 km, orbitting the Earth in about 95 min. The GRACE data we use
are the GFZ RL05 level‐3 data with a horizontal resolution of 1 degree.

The time series of the data with 13 missing months is from January 2003 to December 2016. The missing
month is filled by linear interpolation. The original GRACE data are liquid water equivalent thickness with
the unit of centimeter. In order to get the mass changing of GrIS, we convert it into gigatons by multiplying
grid area and density of the ice.

The cumulative melt area of the GrIS is based on the daily area experiencing melt for the annual melt season
(April through October) in millions of square kilometers over 39 years (1979 to 2017) from the National
Snow and Ice Data Center. Daily surface melt data are provided by Thomas Mote at University of Georgia
since 1979.

The annual total mass of the GrIS is determined by the net annual increase and decrease of the mass. The net
annual increase is computed as the maximum mass in March‐April (the period when the net heat flux is
negative) in the next year minus the minimum mass in September‐October (the period when the net heat
flux is positive) in this year. The net annual decrease is computed as the minimum mass in September‐
October minus the maximum mass in March‐April in the same year.

To investigate GrIS mass balance, we use European Centre for Medium‐Range Weather Forecasts Re‐
Analysis (ERA)‐Interim monthly means of daily forecast accumulations surface total precipitation and
snowfall data since 1979 (Dee et al., 2011).

2.2. Comparing the Mass Budget With SEB

We compute the equivalent mass change due to positive (negative) net heat flux which is dominated by the
net shortwave (longwave) radiation by integrating it during the period when the net heat flux is positive
(negative). The surface heat flux data are obtained from the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis 1 data (Kalnay et al.,
1996), which are provided by the National Oceanic and Atmospheric Administration/Oceanic and
Atmospheric Research/Earth System Research Laboratory's Physical Sciences Division, Boulder,
Colorado, USA. The net heat flux is given by the sum of net shortwave radiation (SWnet), net longwave
radiation (LWnet), sensible heat flux (SHF), latent heat flux (LHF), and the ground flux (negligible). All
of the surface heat fluxes are defined as positive when they add heat to the surface. The SWnet is given by
SWnet = SWD * (1− α), where SWD is downward shortwave radiation and α albedo over Greenland surface.
The LWnet is calculated as the difference between downward longwave radiation (LWD) and upward long-
wave radiation (LWU). The daily SWnet, LWnet, SHF, and LHF obtained from NCEP are used to compute
the net heat flux.

Net heat flux is controlled by the total cloud cover. We compute the linear trend of the total cloud cover at
each grid box of Greenland. Figures 3c and 3d are based on CERES satellite data (Allan, 2011), while
Figures 4b, 4c, 4e, and 4f are based on NCEP/NCAR Reanalysis 1 data.
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The sea surface temperature (SST) data used in this paper are the daily optimum interpolation High
Resolution Blended Analysis SST (Banzon et al., 2016) during 1982–2016 supported by National Oceanic
and Atmospheric Administration/OAR/Earth System Research Laboratory PSD, Boulder, Colorado, USA.

2.3. Ensemble Empirical Mode Decomposition Method

The method used to decompose the GrIS and the Greenland temperature (GrT) time series is the Ensemble
Empirical Mode Decomposition (EEMD; Wu & Huang, 2009), which was developed on the basis of the
empirical mode decomposition (EMD) method (Huang et al., 1998). The EMD and EEMD methods have
been widely applied to oceanic and climatic time series analysis. Here we briefly introduce the general
decomposition procedure and mainly introduce how to combine the adjacent intrinsic mode functions
(IMFs) to get physical modes.
2.3.1. Decomposition
In EMD, a time series x(t) is decomposed into a set of amplitude‐frequency modulated oscillatory functions

(so‐called IMFs) Cj(t), j= 1, 2,.. n and a residual R(t), which has at most one extremum: x tð Þ ¼ ∑n
j¼1Cj tð Þ þ R

tð Þ through a sifting process, the following is undertaken: (1) locate all maxima and minima and connect all
maxima (minima) with a cubic spline as an upper (lower) envelope of the time series; (2) compute the dif-
ference between the time series and the mean of the upper and lower envelopes to yield a new time series
h(t); (3) for the time series h(t), repeat steps 1 and 2 until upper and lower envelopes are symmetric with
respect to zero mean under the stopping criteria, then an IMF, Cj(t), is derived as the time series h(t); and

Figure 1. Greenland Ice Sheet (GrIS) mass change. (a) The mass of GrIS from GRACE satellite since 2003. Gray dots
denote the missing month which is filled by linear interpolation. The inset shows the cumulative melt area since 1979
from the National Snow and Ice Data Center daily surface melt data. The light gray lines are for 1979–2010. The black line
shows the average area during 1995–2010. The color lines are those from 2012 to 2017. (b) Net annual increase (solid blue
lines) and (c) decrease (solid red lines) of GrIS mass derived from GRACE satellite observations. The dashed line in blue/
red is the integral net heat flux calculated with National Centers for Environmental Prediction/National Center for
Atmospheric Research Reanalysis 1 data during the freeze/melt time. The net heat flux components (magenta line =
shortwave; gray line = the summation of longwave, sensible, and latent) variation during melt season. GrIS = Greenland
Ice Sheet.
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(4) subtract Cj(t) from original time series to yield a residual R(t) and treat
R(t) as the original time series and repeat steps 1–3 until the residual R(t)
becomes a monotonic function or a function with only one extremum;
then, the whole sifting process is completed and all IMFs and the residual
function, namely, the intrinsic trend of x(t), are obtained.

The EEMD approach is based on EMD. In EEMD, multiple noise realiza-
tions are added to the time series x(t), from which an ensemble average of
the corresponding IMFs are extracted to yield scale‐consistent signals. The
main steps in the EEMD are as follows: (1) add a white noise series to the
targeted data; (2) decompose the data with the added white noise into
IMFs; (3) repeat steps 1 and 2 again and again, but with different white
noise series each time; and (4) obtain (ensemble) means of the respective
IMFs of the decompositions as the final result. The advantage of the
EEMD is that by using an ensemble mean, nonphysical oscillations due
to random data errors are reduced and thus low‐frequency modes are
more accurate.

It is proved that the added white noise with the variance σ will have at

most σ=
ffiffiffiffi

N
p

impact on the resulted IMFs, where N is the number of
ensemble members. When N increases, this impact is negligibly small.
In this paper, we always use the white noise with variance relative to
the variance of the original time series, and N = 1000 ensemble members.
2.3.2. Combination
IMFs derived by EMD or EEMDmethods are almost orthogonal with each
other in the context of Reynold's mean. This means that the overall mean
of one IMF is nearly zero on the longer time scales represented by the
other IMFs, and any two IMFs with different time scales can be linearly
combined in the time domain to yield another time series, which is still
orthogonal with other IMFs. This important feature is helpful for identify-
ing common variability between the two time series with different length.

In this paper, the follow procedure is applied:

First, we decompose the GrIS summer melt into its IMFs and remove the IMF with the highest interann-
ual variability, which did not exhibit increasing trend during 2003–2012 and the decreasing trend since
2013. Then, we keep the remaining lower frequency components as the GrIS summer melt
during 2003–2016.

Second, we decompose the summer GrT into its IMFs and compute the mean period of each IMF. The first
IMF of the summer GrT is of interannual variability, which did not exhibit increasing trend during
2003–2012 and the decreasing trend since 2013, either.

Third, we combine IMFs 2, 3, 4, and 5 of the summer GrT, choose the subsection of the resulting time
series in the period of 2003–2016, and compute the correlation coefficient with the GrIS summer melt.
When we get the maximum correlation coefficient, we obtain the combination of the corresponding
IMFs of the summer GrT as the same variability of the GrIS summer melt; the other IMFs remain
unchanged (Figure 9).

Following the procedures above, we can identify that the accelerated melt during 2003–2012 and the decel-
erated melt during 2013–2016 of the GrIS share similar variability with the summer GrT on the decadal and
interdecadal time scales.

The data sets that we used to calculate GrT from Danish Meteorological Institute (DMI) are introduced in
DMI Report No. 18‐08 (John Cappelen; Weather observations from Greenland 1958–2017) and DMI
Report No. 18‐04 (John Cappelen (ed.); Greenland‐DMI Historical Climate Data Collection 1784–2017).
The weather stations in Greenland provide continuous temperature observations. We use 72 weather sta-
tions in Greenland, of which 68 started their temperature observations from 1958 and four have century‐
long continuous records. The positions of the stations are shown in Figure 7.

Figure 2. Seasonal variation of surface net heat flux and the GrIS mass. (a)
Monthly surface net heat flux over Greenland during 2003–2016 (thin solid
lines) and their monthly mean (thick line). (b) Same as (a) but for the
monthly GrIS mass. GrIS = Greenland Ice Sheet.
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2.4. The Dynamics of Total Cloud Cover Change Over Greenland in a North Atlantic Perspective

We use monthly mean of sea level pressure (SLP) and geopotential height of the 500 hPa pressure level from
the European Centre for Medium‐Range Weather Forecasts ERA‐20C reanalysis (Belleflamme et al., 2015)
to calculate their regression patterns upon the net annual GrIS melt during 2003–2016 and the combined
IMFs 2–4 of the Greenland temperature during 1910–2010.

Monthly mean SLP data from ERA‐Interim and ERA‐20C reanalysis data sets is used to calculate the sum-
mer North Atlantic Oscillation (sNAO) index, which is defined as the first eigenvector of pressure at mean
sea level anomalies over the extratropical European‐North Atlantic sector (25–70°N, 70°W to 50°E) in sum-
mer (June‐July‐August) during 2003–2016 and 1910–2010, respectively. According to EEMD method, the
combined IMFs 3–6 of sNAO index has the maximum correlation with the combined IMFs 2–4 of the
Greenland summer temperature. We also present the spatial patterns by projecting the mean summer SLP
and Z500 during 2003–2016 and 1910–2010 onto the combined IMFs 3–6 of SNAO time series, respectively.

3. Results
3.1. Slowing Down of GrIS Melt Rates

Satellite observations from altimetry and GRACE show the accelerated GrIS melting since 1990s led to an
accelerated rise in global mean sea level (GMSL) from 2.4 ± 0.2 mm/year in 1993 to 2.9 ± 0.3 mm/year in
2014 (Chen et al., 2017), and the contribution from Greenland is 0.76 ± 0.1 mm/year for the period 2005
to present (Cazenave, 2018).

Figure 3. Greenland Ice Sheet mass budget and surface energy balance. The precipitation (solid line) and snowfall
(dashed line) annual time series (a) in summer and (b) in winter. The linear trend of the total cloud cover during
(c) 2003–2012 and (d) 2013–2016.
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However, recent GRACE and GPS observations showed the abrupt deceleration of the GrIS melt since 2013
(Figure 1a). The GrIS lost mass at a rate of about 102 Gt/year in early 2003, increased to 393 Gt/year during
2012–2013, but suddenly reduced to no more than 75 Gt/year during 2013–2014 (Bevis et al., 2019). It is sug-
gested that this deceleration is due to the increased snowfall accumulation driven by the positive phase of
sNAO (Chen et al., 2015; Folland et al., 2009).

The time scale of this deceleration is of importance on reducing the uncertainty of future projection of the
GrIS variability and global sea level change. It is suggested that the deceleration during 2013–2014 has ended
because the sNAO turned to negative in 2015 again (Bevis et al., 2019). However, Figure 1a shows that,
except for the unusual summer melting in 2012 (Hanna et al., 2008), the total melt area calculated with daily
surface melt data in Greenland from National Snow and Ice Data Center in the other years in the 2010s are
all less than those exhibited during the melt seasons of the previous decade. Among these, the lowest is 2017.
In order to understand the impacts and the time scales of this deceleration, we here further investigate the
GrIS variability during the GRACE era, by comparing the temperature records in Greenland with century‐
long records.

3.2. Mechanisms Governing the GrIS Mass Balance

To appreciate the time scale of this deceleration since 2013, we first investigate themechanism governing the
loss and recover of the GrIS mass during the GRACE era in a North Atlantic perspective.

The GrIS mass variability is controlled by the balance between accumulation (including snowfall, precipita-
tion, and basal freezing) and losses (including evaporation, surface melt and run off, and ice discharge) over
the whole island. Figures 1b and 1c compare the net annual increase and decrease of the GrIS mass during
the GRACE era. During the freezing season (the period with negative net heat flux over Greenland, Figure 2
), the net annual increase of the GrIS mass, computed as the maximum mass in the following March‐April
minus theminimummass in September‐October, slightly decreased from about 120 Gt in 2003–2004 to 60 Gt
in 2015. During the melting season (the period with positive net heat flux over Greenland, Figure 2), the net

Figure 4. Spatial patterns of GrIS mass change and total cloud cover. The spatial pattern of (a) the net increase and (d) the
net loss of the GrIS mass during 2003–2016. The linear trend of total cloud cover over Greenland in the winter of (b) 2003–
2012, and (c) 2013–2017, based on National Centers for Environmental Prediction/National Center for Atmospheric
Research Reanalysis 1 data set. (e, f) Same as (b) and (c), respectively, but for the summer. (g, h). Same as (e) and (f),
respectively, but based on the satellite CERES data set. GrIS = Greenland Ice Sheet
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annual decrease of the GrIS mass, computed as the minimum mass in September‐October minus the
maximum mass in March‐April of same the year, accelerated from about 350 Gt in 2003 to more than 600
Gt in 2012. After an extreme year of the GrIS mass loss in 2012 (Nghiem et al., 2012; Tedesco et al., 2013)
the rate of mass loss dramatically decreased since 2013 and has returned to about the same level (or even
less) as was observed during 2004–2005. This indicates that the deceleration in GrIS mass loss since 2013
is mostly attributable to a reduction in the total mass loss during the summer season.

It is suggested that the abrupt deceleration during 2013–2014 is due to the increasing accumulated snowfall
as an impact of increased synoptic cyclonic activities during positive sNAO (Bevis et al., 2019; Chen et al.,
2015). But the atmospheric reanalysis data set ERA‐Interim shows that the overall precipitation, evapora-
tion, and the snowfall in summer season over Greenland exhibited neither increasing nor decreasing trends
during the last decade (Figure 3a), and in winter season, there is slightly decreasing trend, which is opposite
to the increase of the GrIS mass since 2013. Therefore, the deceleration in GrIS mass loss is very likely domi-
nated by reductions in surface melting and ice discharge, which is also correlated with the surface melting
(Enderlin et al., 2014).

Based on the budget of the SMB, we compare the equivalent ice loss due to the surface heat fluxes, including
shortwave radiation, longwave radiation, SHF, and LHF. As shown in Figure 1b, the GrIS mass change is
highly correlated with the integrated positive net heat flux variability (r = 0.68), and the deceleration in

Figure 5. Atmospheric configurations over Greenland. (a, b) Spatial patterns by projecting the sea level pressure (color
shading) and Z500 (contour line) upon (a) the Greenland Ice Sheet and (b) the IMFs 3–6 of the sNAO index during
2003–2016, respectively. (c, d) Same as (a) but for (c) the IMFs 2–4 of the GrT and (d) the IMFs 3–6 of the sNAO index
during 1920–2010. The positive (negative) value is in solid (dashed) line. The contour interval is 50 m. IMFs = intrinsic
mode functions; sNAO = summer North Atlantic Oscillation; GrT = Greenland temperature.
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GrIS melt is dominated by the reduction in incoming shortwave radiation (dashed line in Figure 1b),
computed as the integrated incoming shortwave radiation at the period with positive net heat flux during
the summer season. The incoming shortwave radiation is determined by changes of the total cloud cover
and the surface albedo. Figure 3c shows that the total cloud cover decreased with a rate of around 0.5%
per year before 2013 in most of Greenland except the northeast area. As a result, the melt‐albedo feedback
is enhanced (Hofer et al., 2017) and the increased shortwave radiation over the low albedo ablation zone
leads to accelerated melt of the GrIS (Box et al., 2012; Franco et al., 2013; van Angelen et al., 2012). Since
2013, the total cloud cover over most of southeast Greenland increased at a rate of more than 0.1% per
year (Figure 3d). Although over northwest Greenland, the total cloud cover continued to decrease at an
even higher rate than the previous decade, the overall pattern is that it increased over the entire island
and its spatial structure also tended to correlate very well with the pattern of the GrIS melt in subsequent
years. With these results, we emphasize the role of the increased total cloud cover during the summer
season on the change in the volume of the GrIS. It is also consistent with the finding that the increased
cloud in the winter can prevent the loss of outgoing longwave radiation and thereby reduces the
refreezing of meltwater, enhancing the meltwater runoff and the GrIS mass loss (van Tricht et al., 2016).
This impact is exhibited in the slightly decreased trend of freezing and integral net heat flux during
winter seasons (Figures 3a and 4), though it is about 2 times smaller than the melting of the GrIS during
summer seasons, that is, the impacts of the SWnet.

Figure 5a presents the spatial patterns by projecting the mean summer SLP and geopotential height of
the 500‐hPa pressure level (Z500) during 2003–2016 onto the summer GrIS melting time series. The
negative correlation (high SLP corresponding to less GrIS mass or more melt) over Greenland and
extending to most of the Arctic resembles the spatial pattern of the positive phase of sNAO (Folland
et al., 2009).

During the sNAO− over the period 2003–2012, the weakening of the high SLP over northwest Europe and
the Icelandic Low (positive SLP anomaly over Greenland) suggest reduction in cyclone activity and the

Figure 6. Mean SST and VMT of North Atlantic. The summer (June‐July‐August) mean SST in the North Atlantic subpo-
lar gyre during (a) 2003–2012 and (b) 2013–2016. (c, d). Same as (a) and (b) but for the VMT. SST = sea surface tem-
perature; VMT = volume mean temperature.
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total cloud cover over the subpolar North Atlantic region (Figure 3c), thereby accelerating surface melting,
as found in previous studies (Fettweis et al., 2011; Fettweis et al., 2013).

During sNAO+, a strengthened Icelandic Low and an intensified Azores high extends to northwest Europe
(Figures 5a and 5b). This feature corresponds to a poleward shift of storm tracks over the North Atlantic due
to intensified westerlies, resulting from deepening of the northern American trough (contours in Figure 5a).
This kind of atmospheric configuration provides a rising condition for the air mass, both resulting in
increased cloud cover and decreased incoming shortwave radiation.

The lower SLP over Greenland is also consistent with the dramatic cooling of the northern North Atlantic
Ocean during the same period. On the surface, the mean summer SST in the North Atlantic subpolar gyre
is more than 2 °C colder than the SST during 2003–2013; in the upper 300 m, the volume mean ocean

Figure 7. Weather Stations in Greenland. Sixty‐eight weather stations with temperature observations since 1958 (red tri-
angle) and four stations with century‐long continuous records (blue triangles). Terrain's height is shown in shading color.
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temperature is nearly 1.6 °C less (Figure 6). The cooling of the ocean is not only helpful for the atmospheric
configuration over Greenland but also favorable for the reduction of mass loss due to warmer water
intrusion into the marine‐terminated glaciers, though the latter process explains only around 30–50 Gt of
the total mass budget of the GrIS (Box et al., 2009; Tedstone et al., 2013; Zwally et al., 2002).

From these large‐scale spatial patterns in the SLP, Z500, and in the northern North Atlantic Ocean asso-
ciated with the GrIS mass change, we could deduce that the deceleration of GrIS melt since 2013 may not
quickly stop and reverse to previous accelerated state.

3.3. Time Scale of the Deceleration of GrIS Mass Loss

It is difficult to deterministically identify whether the deceleration in GrIS melt during 2013–2016 is part of a
long‐term trend or part of natural variability on short to medium time scales, owing to the absence of a long‐
term GRACE satellite record. The projection of possible future trends of the GrIS mass based on such short
time series record should also proceed very cautiously (Howat & Eddy, 2011). However, the Greenland sur-
face melting suggested by the GRACE satellite record is consistent with the observed surface air temperature
variability (Tedesco et al., 2011). There are 72 weather stations in Greenland (Figure 7), of which 68 stations
have maintained temperature observations since 1958 and four have century‐long continuous records.
Although most of these stations are located around the coast, the temperature at these stations varies coher-
ently on decadal and multidecadal time scales (Figure 8a). Using these, we can investigate the time scales of
the acceleration in GrIS melt during 2003–2012 and the deceleration since 2013, using the mean summer
temperatures of these four stations which have century‐long records. This mean temperature is denoted
as the observed Greenland mean summer surface temperature, referred to as GrT.

Figure 8. Time scales of GrIS mass and GrT. (a) The summer GrT from four stations in Greenland operated by the Danish
Meteorological Institute. The black line denotes the mean of four stations with century‐long record (color lines). The gray
lines show the observations since 1958. The red line is the multidecadal trend derived by EEMD decomposition of the
summer GrT (black line). (b) The decadal variability of the summer GrT (black line) and the GrIS (green line) derived by
EEMD. (c) The interannual variability of the summer GrT (black line) and the GrIS (green line). GrIS = Greenland Ice
Sheet; GrT = Greenland temperature; EEMD = Ensemble Empirical Mode Decomposition.

10.1029/2019JD030689Journal of Geophysical Research: Atmospheres

RUAN ET AL. 7642



We perform EEMD on the GrIS melt and on the summer GrT time series. The GrIS melt time series is
decomposed into two nearly orthogonal IMFs. Thus, IMF1, whose mean time scale is around 2.5 years, exhi-
bits neither increasing nor decreasing trends, while IMF2 captures most of the variability of the GrIS melt
(Figure 8b). The summer GrT time series can be decomposed into six nearly orthogonal IMFs, whose sum
is identical to the summer GrT itself. By means of this construction, the individual IMFs, shown in
Figure 9, were found to exhibit preferred mean time scales of 2.7, 8.4, 18.5, 39.8, and 98.2 years, and the last
IMF is the long‐term warming trend. By computing the correlation coefficients between the IMF2 of the
GrIS melt time series and the combinations of the different IMFs of the summer GrT in the period
2003–2016, we found that the highest correlation (r = −0.71, p < 0.001) is obtained only when IMFs 2, 3,
4 of the summer GrT, which are on decadal and interdecadal time scales, are combined (see section 2.3).
The projections of the SLP and Z500 during 1910–2010 upon the combined IMFs 2–4 (Figure 5c) also present
a fundamental agreement in structure with Figure 5a, which shows the strong west‐east (Greenland‐north-
west Europe) SLP gradient and the positive correlation between SLP and summer GrIS mass over Greenland
and the adjacent North Atlantic subpolar gyre, though rapid Arctic change exerts a different character over
the Arctic since the 1980s. This shows that the recent deceleration of the GrIS melt is the result of a combi-
nation of the physical decadal and interdecadal variability.

On this decadal time scale, the amplitude of the internal variability of the GrIS melt is around 127.9 Gt. It is
nearly half of the general warming trend of the GrIS melting during the GRACE era, around 240.9 Gt, esti-
mated as the difference between the net annual increase and the decrease in the volume of the GrIS
(Figures 1b and 1c). This shows that the internal variability of the GrIS mass change driven by the increased
total cloud cover during positive sNAO can slow down but cannot stop the trend of the GrISmass loss under a
warming climate. Therefore, we could project that when the sNAO becomes persistently negative, the inter-
nal variability of North Atlantic air‐sea‐ice interactions will inevitably enhance the loss in the volume of the
GrIS. Greenland may well therefore experience even faster rates of ice sheet melting than has been observed
over the previous two decades, if the secular trend in increasing greenhouse gas emissions continue.

4. Discussion

Our finding highlights the importance of internal variability of the GrIS in response to the North Atlantic
air‐sea interactions, on decadal time scale. The internal variability seems weak when compared to the

Figure 9. Individual IMFs and combined IMFs of GrT. (a) Summer GrT time series and its IMFs (from top to bottom). (b)
Combined IMFs2–4 and IMFs5–6, respectively. Vertical solid line in (b) denotes 2003, the starting year of GRACE
observations. IMFs = intrinsic mode functions; GrT = Greenland temperature sNAO = summer North Atlantic
Oscillation; GrT = Greenland temperature.
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trend for long‐term loss of the GrIS under the unrelenting anthropogenic warming, but it can mask or
enhance the human‐induced changes for decades and introduces uncertainties to the estimated projections
of the rate of future GrIS melting and global sea level rise.

As shown in Figure 9, the last two IMFs of the summer GrT, representing the multidecadal variability and
the secular warming trend of Greenland temperature, respectively, both exhibit monotonic warming trends
during the GRACE satellite era. This indicates that GrIS melt during the last two decades is attributable to a
combination of both the secular trend of global warming during last century and themultidecadal variability
of Atlantic Ocean. During the last century, if the relationship between the summer GrT and the melt of the
GrIS has remained unchanged, the multidecadal variability of the summer GrT (Figure 9) implies that the
melting of GrIS mass, and hence the GrIS, may have experienced serious retreat (GSML rise) during the
1920–1940s, gradual recovery (GMSL fall) during the 1950–1970s, and dramatic decreasing trends since then
(accelerated GMSL rise). Although whole ice sheet mass observations covering Greenland are not available
before the GRACE era, snapshots of the terminal locations of many individual land and marine glaciers
around Greenland do present observations of the quasiperiodic recessions and advances in the GrIS on
the multidecadal time scale (Weidick, 1995), especially the accelerated retreat in response to early twentieth
century warming (1920–1950; Weidick, 1968; Box & Herrington, 2007; Williams et al., 2012). The multide-
cadal oscillation of the GrIS is also indirectly confirmed by the temperature proxy measurements derived
from ice cores obtained during Greenland Ice Sheet Project Two (Chylek et al., 2012; Zhou et al., 2016).
All of these evidences, especially the records of the recent slowdown in melt, suggest that careful estimation
of the internal natural variability of the GrIS is essential for improving our projections of the future ice sheet
mass balance and the global sea level change.
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