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Abstract: Although a significant effort has been dedicated to studying changes in the mass budget of
the Greenland Ice Sheet (GrlS), mechanisms behind these changes are not yet fully understood. In this
study, we address this issue by investigating the link between climate controls and mass changes of
the GrIS between August 2002 and June 2017. We estimate the GrIS mass changes based on averaging
the Gravity Recovery and Climate Experiment (GRACE) monthly gravity field solutions from four
processing data centers. We then investigate the possible impact of different climate variables on the
GrIS mass changes using the North Atlantic Oscillation (NAO), temperature, precipitation, and the
700 hPa wind retrieved from the ERA-5 reanalysis. Results indicate a decrease of —267.77 + 32.67 Gt/yr
in the total mass of the GrIS over the 16-year period. By quantifying the relationship between climate
controls and mass changes, we observe that mass changes in different parts of Greenland have varying
sensitivity to climate controls. The NAO mainly controls mass changes in west Greenland, where the
summertime NAO modulations have a greater impact on the summer mass loss than the wintertime
NAO modulations have on the winter mass gain. The GrIS mass changes are correlated spatially
with summer temperature, especially in southwest Greenland. Mass balance changes in northwest
Greenland are mostly affected by wind anomalies. These new findings based on wind anomalies
indicate that the summer atmospheric circulation anomalies control surface temperature and snow
precipitation and consequently affect mass changes in different parts of Greenland.

Keywords: GRACE; Greenland; mass balance; climate change; atmospheric circulation

1. Introduction

The Greenland Ice Sheet (GrIS) (Figure 1) has been losing mass at a rate that is a major contribution
to global sea-level rise in recent decades [1-6]. Mechanisms behind the mass changes of the Gr1IS are
not yet fully understood, particularly the impact of climate change on different areas of Greenland.
Monitoring the GrIS mass balance is essential for understanding global sea level change, the global
water cycle, and other issues associated with climate change [7,8]. Satellite remote-sensing techniques
have primarily been used to detect changes in the GrIS, such as the Global Navigation Satellite Systems
technique [1,9,10], satellite altimetry [11-15], and satellite gravity [16-19]. The Gravity Recovery
and Climate Experiment (GRACE) space mission in the terrestrial gravity field from space has been
successfully used to monitor the mass changes in Greenland from temporal variations in space [20-23].
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Figure 1. (a). The topography of Greenland. The black lines delineate the boundaries of each discharge
basin discussed in the text. (b). The drainage basins and definitions of the Greenland Ice Sheet (GrIS)
for Gravity Recovery and Climate Experiment (GRACE).

The mass changes of the GrIS detected by GRACE are the sum of mass variations in the
glacial dynamic mass balance (ice discharge) and the surface mass balance (SMB) [8,24-27],
but GRACE observations cannot directly separate these physical causes. Previous studies used
the SMB and ice discharge data for a detailed analysis and validation of GRACE results [12,23].
Mouginot et al. (2019) [28] provided a detailed and comprehensive review of spatial and temporal
mass changes of Greenland’s glaciers using regional atmospheric climate model and glacier ice
discharge data from velocity-scaled reference fluxes between 1972 and 2018. Zou et al. (2020) [29]
analyzed the temporal and spatial distribution of mass changes in Greenland over the past 15 years
by using GRACE, SMB, and ice discharge data. The main purpose of this study is to investigate
mechanisms behind mass changes when we used the GRACE mass change results in our analysis
without separating the individual signals.

The GrIS mass changes are affected by climate variability, especially related to the near-surface
air temperature [25,30,31], precipitation [32,33], and atmospheric circulation [34,35]. In this study,
we attempt to better understand possible mechanisms that control inconsistent mass changes throughout
Greenland. Fettweis et al. (2013) [36] found that negative phases of the North Atlantic Oscillation
(NAO) index occurred more frequently in the summer, leading to an increased northward transport
of warm air to Greenland. Bevis et al. (2019) [1] reported on the relationship of mass changes of the
GrlS with NAO and atmospheric forcing, like air temperature and solar radiation. They found that the
sustained acceleration and the abrupt deceleration of mass loss were mostly driven by changes in air
temperature and solar radiation. Hanna et al. (2014) [37] analyzed the summer 500 hPa geopotential
height field in the northern hemisphere. They pointed out that the blocking of high pressure over
Greenland has a high correlation coefficient with surface melting. Tedesco et al. (2008) [32] pointed out
that the warming and persistent surface temperature anomalies of the GrIS are directly related to a
surface ice melting in Greenland. Seo et al. (2015) [32] reported that decreased precipitation significantly
contributed to the ice mass loss acceleration before 2010. Bezeau et al. (2015) [35] demonstrated that a
statistically significant increase in the frequency of anticyclonic circulations over Greenland resulted in
more negative glacier mass balance between 2007 and 2012.

Although the connection between the GrIS mass changes and climate controls has generally
been recognized, detailed studies of their impact for specific parts of Greenland have not yet been
done. Moreover, these studies involved only temperature and precipitation, while a possible impact
of wind anomalies on the GrIS mass changes as well as a possible interconnection between these
climate controls are not yet fully understood. In this study, we quantified typical and abnormal
impacts of large-scale atmospheric circulation (e.g., NAO) and regional climate controls (temperature,
precipitation, and wind anomalies) on mass changes for different parts of Greenland. By quantifying
the relationships between these investigated phenomena, we were able to understand better the impact
mechanisms and magnitude of each climate factor with respect to the GrIS mass changes.
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Our study is organized as follows. First, we investigated and compared estimates of the GrIS mass
balance changes obtained from the GRACE time-varying gravity field between 2002 and 2017. We then
provided a detailed analysis of interannual changes and long-term trends, followed by examining
possible explanations of these mass changes, using NAO indices, precipitation, surface temperature,
and wind profile in Greenland and its adjacent seas, which was provided by the European Centre
for Medium Term Weather Forecasting (ECMWEF). Finally, we investigated the characteristics of each
climate factor that influences the GrIS mass changes and the associated mechanisms behind their
influence on the summer mass changes for selected years. The article is organized into four sections,
with data acquisition in Section 2 and methods described in Section 3. The results are presented and
analyzed in Section 4, with the major findings summarized in Section 5.

2. Data

Input data and models used for estimating the mass balance changes of the GrIS and their further
classification in terms of various climate variables are briefly described in this section.

2.1. GRACE Data

GRACE was launched on March 2002 and provided monthly solutions from April 2002 until June
2017. Many parameter choices and solution strategies have been implemented to derive the relative
ranging observations between the two GRACE spacecrafts in order to estimate the month-to-month
gravity field variations leading to each center developing different approaches and models used by
each center yielding differences in the Level-2 products. A recent study indicated that a simple average
of GRACE solutions from different centers was the most effective method to reduce the noise in the
gravity field solutions within the available scatter of the solutions [38]. In this study, we adopted this
procedure and employed the Level 2 monthly spherical harmonic coefficients from four data center’s
solutions, the Geoforschungs Zentrum Potsdam (GFZ), the Center for Space Research (CSR) at the
University of Texas in Austin, the Jet Propulsion Laboratory (JPL), and the Institute of Geodesy in Graz
(ITSG) with the spherical harmonic degree of 60 from April 2002 to June 2017. To reduce the noise in
the gravity field solutions, we adopted mean estimates of the GrIS mass changes based on averaging
values from the CSR-RL06, GFZ-RL06, JPL-RL06, and ITSG-2018 models.

The terrestrial water storage anomalies can be computed from these coefficients for a particular
time period f according to the following expression in terms of an equivalent water thickness [39]:

Rp n n ~ 2n + .

where Ao (0,A) is the mass change at a point (6,A), 6 and A are the colatitude and longitude, p is
the Earth’s mean density, py is the freshwater density, R is the Earth’s equatorial radius, ﬁnm are the
(fully-normalized) Legendre associated functions of degree n and order m, k;, are the degree-dependent
Love numbers, and W, denote the degree-dependent kernel functions of the Gaussian filter.

The missing monthly data are supplemented by interpolating over this period from the two
adjacent months. The first-degree spherical harmonic coefficients that cannot directly be detected
by GRACE were determined by combining the GRACE data with numerical ocean models [40].
The spherical harmonics of the degree 2 terms were replaced based on the analysis of the Satellite
Laser Ranging measurements [41]. After removing the mean gravity field based on the period from
January 2003 to December 2016, the residual spherical harmonic coefficients were obtained to estimate
the terrestrial water storage changes (TWS). We applied a 500 km Gaussian filter and the P4M6
destriping filter to reduce systematic and correlated errors [42]. To reduce the ocean-land leakage effect,
we applied a forward modeling technique of the GRACE monthly water storages changes results [17].
This procedure comprises the following steps: (1) we converted the GRACE spherical harmonics to the
gridded mass anomalies (i.e., the GRACE-derived global mass changes) using spatial filters including
the PAM6 and 500 km Gaussian filters as mentioned above. (2) Then, we assigned ocean areas with a



Remote Sens. 2020, 12, 3250 4 of 24

uniform layer of water, negatively equaling to the total mass rate over land to make the total ocean
mass changes equal to that on land. This procedure yields a new simulated global gridded mass
change solution. (3) We converted the simulated gridded mass changes to the normalized spherical
harmonic coefficients and truncated them at the degree and order of 60. We applied spatial filters
(P4M6 and 500 km Gaussian filters) to these spherical harmonic coefficients in the same way as used
in the processing of the GRACE spherical harmonic coefficients in order to obtain the new modeled
gridded mass anomalies. (4) Subsequently, we compared the new modeled gridded mass change
solution with the GRACE-derived gridded mass change solution. Our goal was to minimize differences
between these two solutions by applying iterative approach. For this purpose, we added differences
between the GRACE-derived mass anomalies and the modeled mass changes to the modeled mass
variations as the reconstructed ‘true’ mass variations at each grid point with a number of iterations.
(5) The new reconstructed ‘true’ mass variations were regarded as the updated input values in the
step 2. The iteration process (in steps 2 to 5) was terminated after the differences between these two
solutions were below a defined threshold. The reconstructed ‘true” global mass variations solution,
which after going through similar spatial filtering and truncation as used in GRACE data processing,
provide the modeled global mass variations solution that closely resembles the GRACE-derived global
mass changes solution.

By taking into account the annual and semiannual signals, we used an ordinary least-squares fit
at each grid point of the reconstructed ‘true’ mass variations in order to estimate the long-term change
rate and seasonal changes. Uncertainties in GRACE results are due to errors in the processing of the
GRACE data, including spatial filters, Glacial Isostatic Adjustment (GIA) models, handling leakage
effects, and how to compute regional mass trends and time-series and estimate uncertainties. The 20%
GIA correction was chosen as the uncertainty of the GIA model. This choice is based on the analysis
of Paulson et al. (2007). They presumed a rather heuristic £20% uncertainty in GIA models [43,44].
Moreover, 8% of the estimated mass change was chosen as the uncertainty of the forward modeling
technique to reduce the leakage effect according to results of a simulation analysis by Jin et al. (2015) [17].
We selected the uncertainty of the uncorrected GRACE trend to be the 2-sigma value obtained from the
regression analysis of the trend estimate (at a 95% confidence interval). Therefore, we regarded the
total uncertainties of the GRACE mass changes as the sum of uncertainties in GIA models (20% of GIA
correction), the forward modeling technique (8% of the estimated mass changes), and the former error
estimates derived from the least-squares fit. All error values in this study follow this description.

2.2. GIA Model

Large GIA uplift rates of 12 mm/yr have been identified by the Global Positioning System network
in Greenland [45]. The mass changes associated with the glacial isostatic adjustment have to be
taken into consideration in order to estimate mass balance trends from GRACE [46,47]. The two
main constituents in any GIA model are the ice (deglaciation) history and the viscosity profile in the
mantle. In this study, we used the GIA model (shown in Figure 2 in terms of an equivalent water
thickness) prepared by Geruo et al. (2013) to correct the GRACE estimates. This model was compiled
based on the ICE-5G deglaciation history, the VM2 viscosity profile, and the PREM-based elastic
structure [48]. It assumes a compressible Earth and includes polar wander feedback, degree-one terms,
and a self-consistent ocean. The GIA corrections add some uncertainty for mass trends over the GRACE
period; a canonical uncertainty range of 20% is often assumed for GIA models [43]. This value is a rule
of thumb and comes from looking at results for various viscosity values and alternative deglaciation
models for Antarctica and Greenland [43]. This value was adopted when applying uncertainties to the
GIA correction for GRACE measurements [44,49,50].
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Figure 2. The Glacial Isostatic Adjustment rates in the GrIS according to the GIA model prepared by
Geruo et al. (2013) (in terms of the equivalent water thickness, cm/yr).

2.3. Climate Data

In this study, we used the monthly tabulated NAO index from NOAA standardized to the period
1981-2010 to investigate the relationship between atmospheric circulation and mass changes [51].
The ERAS is the fifth generation of the ECMWEF reanalysis for global climate and weather [52].
The ERA5 provides hourly estimates of a large number of atmospheric, land, and oceanic climate
variables. Currently, these datasets are available from 1979. The monthly mean data variables analyzed
in this study include the 700 hPa wind field (U700, V700), the near-surface temperature, and the total
precipitation provided with a 0.25° x 0.25° spatial resolution.

3. Methodology

3.1. Time Series Analysis of Mass Changes from GRACE

The long-term trend, the annual and semi-annual components, and the 161-day cyclical fluctuations
due to the S, tide of mass changes from GRACE were estimated using a polynomial regression analysis
as follows:

21
y(t) —.s+v><t+ZA sm(T (t—to)—i-(Pz),T =1yr, 05yr1md3652yr )

where y denotes the mass change from GRACE estimates, f is time, f is an initial epoch (in this study
January 2002), v is the long-term rate of mass changes, T; represent periods of the cycles considered,
A; is the amplitude of periodic changes, which include the annual and semiannual components as
well as 161-day cyclical fluctuations; and ¢ is the random error. When considering the acceleration of
changes of the GrIS, the acceleration term a x t> must be added back in Equation (2). Hence

3
y(t):s+vxt+ZAisin(zl(t—to)+(pi)-|-a><t2 .

T; = 1 yr,0.5yr and3l6%12 yr

where a is the acceleration rate of mass change.
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3.2. Spearman Rank Correlation Coefficient

To determine the relationship between mass changes and climate controls, we applied the
Kolmogorov-Smirnov’s method [53] to determine the type of data distribution. We found that
these climate control data do not have a normal distribution. We therefore used the Spearman’s rho
method [54] to find the correlation between variables.

The Spearman’s correlation coefficient is defined as the Pearson’s correlation coefficient between
the rank variables. It reads

6Y.d?

le—m (4)

where p is the Spearman’s rank correlation, # is the number of observations, and d; is the difference
between ranks of the corresponding variables. The correlations in this paper were computed at the
95% confidence level (i.e., p < 0.05).

3.3. Cross-Correlation and Time Lag

We analyzed the cross-correlation between interannual mass changes and climate controls.
To verify the correlation results, we also calculated the coherence spectrum. This provides a
frequency-dependent measure of correlation magnitude and possibly additional information in
the form of phase versus frequency relations.

The cross-correlation p(7) measures the similarity between two-time series, x1 (t) and a shifted
(lagged) x(t) as a function of the lag 7 [55], i.e.,

012(7)
1) =222 5
plr) = ®)
where 012(7) is the cross-covariance function of lag © with x,(t) leading x1(t) and 017 and are the
auto-variances of x1(t) and x,(t), respectively. The value of p(7) lies between +1.

3.4. Ridge Regression

The presence of serious multicollinearity often affects the usefulness of a fitted model for making
predictions [56]. The ridge regression is one effective method that has been proposed to remedy the
multicollinearity problem by modifying the method of least squares to allow biased estimators of the
regression coefficient [57].

The normal linear regression model reads

Y]» :50+ﬁ1X1j—i—ﬁzﬁle]‘-i-"'-Fﬁme]‘-i-Sj 6)
where
1 X1 Xy o Xm
1 X1 Xp 0 Xp
X P
1 Xln X2n et an x(m+1)
Bo |
1
B=| . )
B | (m+1)x1
Y ]
Y>
Y= .
Yn

J(n+1)x1
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For the ordinary least-squares analysis, the system of normal equations is given by
(X'X)B = XY ®)
where the least-squares estimate of the regression coefficient (3 in this model reads
B=(XX)'XY 9)

The ridge regression analysis usually needs to first centralize and quantize the X variable, so
that different independent variables are of the same order of magnitude for a simple comparison.
The ridge regression addresses the problem by estimating regression coefficients according to the
following expression

B=(X'X+KkI)XY (10)

where k is the ridge parameter, and I is the identity matrix. Small positive values of k improve the
conditioning of the problem and reduce the variance in the estimates. While biased, the reduced
variance of the ridge estimates often results in a smaller mean square error when compared to
least-squares estimates.

The ridge regression equation can then be directly expressed as

Yj = Bo+ B1 Xy + B2Xoj + - + B Xinj + € (11)

where X;n]- and Yj are standardized X and Y.

In this study, the mass changes of the GrIS are related to climate variables (temperature (T),
precipitation (P), wind (W), and NAO, so the mass change of the GrIS are dependent variables Y that
change with the climate variables, which are regarded as independent variables X = [T P W NAO].
In this way, we used multiple regression models to analyze the relationship between them.

4. Results and Analysis

4.1. Mass Change from GRACE

Asmentioned above, after replacing the low-degree terms and applying spatial filters, leakage effect
corrections, and GIA corrections to the GRACE monthly solutions, we obtained the time series of mass
changes of the GrIS (sum of mass changes in each grid point in the GrIS). To get a long-term trend, we
first deducted the annual and semiannual terms and 161-day cyclical fluctuations in time series by
using Equation (2). Then, we used the R Package (segmented) software to estimate regression models
with unknown break points of the time series of mass change [58]. The R package (segmented) software
supports an automatic detection and estimation of segmented regression models. It determines
breakpoints by an iterative process. The least-squares method is applied separately to each segment,
by which the several regression lines are made to fit the data as closely as possible while minimizing
the sum of squares of the differences between observed data and calculated values of the dependent
variable. Statistical tests are performed to ensure that this trend is reliable (significant). This allowed
us to estimate linear and generalized linear models having one or more segmented relationships in a
linear predictor [59].

Figure 3 shows the time series of the GrIS mass changes divided into the three segments.
The rate of mass changes during the period of rapid mass loss from April 2002 to December 2012 was
—207.4 + 22.54 Gt/yr. The ice sheet lost mass even faster at a rate of —359.15 Gt/yr during January 2009
and December 2012. From January 2013 to June 2017, the mass lost had slowed down to a rate of
—148.75Gt/yr due to a shift in the NAO (as explained in Section 4.2). This finding is supported by
published results. They indicate that melting of some glaciers in Greenland had slowed down in recent
years. Some glaciers have even experienced short term gains due to short-term cooling events [60,61].
The Jakobshavn glacier, for instance, has been Greenland’s fastest-flowing and fastest-thinning glacier
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for the last 20 years. However, it was flowing more slowly, even thickening since 2016 due to a shift in
the NAO that resulted in the arrival of cold water in Disko Bay, which was traced to a short-term cooling
along Greenland’s southwest coast [61]. The mass loss rate of the GrlS is —267.7 + 32.67 Gt/yr over the
whole study period from April 2002 to June 2017. This amount corresponds to a global sea level rise at
a rate of 0.74 mm/yr. When taking the acceleration into account as Equation (3), an acceleration rate of
—12.1 + 3.57 Gt/yr? is observed for 16 years when the mass loss rate is —266.8 + 32.68 Gt/yr.

2000 T T
—— Mass changes of the GrIS
1500 - —— trend 0f 2002.04-2008.12 | |
—trend 0f 2009.01-2012.12
1000 —trend 0f 2013.01-2017.06
9 500
[
g
s o Rate=-207.43+22.54 Gt/yr ,
=
O
1]
@ -500 - b
= Rate=-359.15+40.09 Gt/yr
-1000
-1500 - h
Rate=-148.75+18.43Gt/yr
-2000 ! ! !
2002 2004 2006 2008 2010 2012 2014 2016 2018

Time (year)

Figure 3. GrIS mass changes from GRACE between April 2002 and June 2017 after applying the forward
modeling technique to suppress the ocean-land leakage effect.

We divided the GrIS into six drainage basins based on their ice dynamics [28,62] (see Figure 1):
(1) the NO basin has low accumulation and holds large, slow-moving glaciers; (2) the NE basin
has fast moving glaciers, like Nioghalfjerfjorden, Zachariae Isstrem, and Storstremmen, and low
accumulation; (3) the CE basin has large accumulation and also holds large moving fast glaciers, such as
Kangerlussuqua and Duagaard-Jensen. (4) The most accumulation occurs in the SE basin, and it also
holds many fast outlet glaciers; (5) the SW basin, where most glaciers are land terminating and the
ablation area is the largest in size, have some of the largest outlet glaciers, especially, Jakobhavn Isbree,
and Qajuutap Sermia. (6) The NW basin holds many tidewater glaciers and low accumulation and
fast-moving glaciers, like Kjer and Alison.

The mass changes exhibit significant spatial heterogeneities that reflect the topography and climatic
conditions of each drainage basin. To illustrate this, we plotted the mass variations individually
for each basin (Figure 4). In addition, we used a piece-wise linear regression with the R package
(segmented) software to analyze the time series of mass changes in each basin over the investigated
period. We found that all six basins experienced large mass losses but to different extents (Figure 4).
Mass changes in the CE, SW, and SE basins display similar temporal fluctuations to those for the
whole of Greenland. These three basins during the investigated period underwent a rapid decline,
followed by the period of fastest mass loss, before the period of relatively slow mass loss. The biggest
mass loss rate, up to —106.8 Gt/yr, was detected in the SW basin during 2009-2012, accounting for
one-third of the mass loss rate of the entire GrIS. Comparing the mass change trends among these
three basins, the mass loss in the CE basin was relatively low.
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Figure 4. Mass changes in the drainage basins (see Figure 1) (a) NO, (b) NE, (c) CE, (d) SE, (e) SW,
and (f) NW estimated based on averaging the GRACE monthly solutions from four processing
centers between April 2002 and June 2017 with a forward modeling technique applied to suppress the
ocean-land leakage effect.

Different parts of Greenland experienced different level of fluctuations during the investigated
period. The trends in the NO and NE basins are highly variable. Despite the tendency of these
two basins to show similar fluctuations over the investigated period, their temporal pattern differed
somewhat from the time series of the GrIS mass change. A general trend of mass changes appears
to be decreasing, but with periods of a transient increase of mass budget. Between January 2006
and December 2007, the mass in the NO basin increased at a rate of 7.5 Gt/yr. A similar situation
occurred in the NE basin, with the mass increase at a rate of 2.4 Gt/yr during the same period. A major
difference in the trends of mass changes between these two basins is that the NE basin experienced
a mass accumulation phenomenon during 2013-2015, while the mass budget in the NW basin was
negative, with a rate of —44.4 Gt/yr, including an additional acceleration trend of —2.4 Gt/yr? during
the first eleven years of the investigated period, and ended with a relatively slow mass loss at a rate of
—14.7 Gt/yr between August 2015 and June 2017.
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Throughout the investigated period, the smallest inferred mass loss (—55.05 Gt) occurred in 2013,
while the largest (—496.31 Gt) was in 2012, with the second largest mass loss (—428 Gt) occurring in 2010.
To better understand the reasons behind the large mass changes in these three years, we investigated
these changes for selected years, i.e., 2009 vs 2010 and 2012 vs 2013, selected as typical years.

4.2. Relationship Between Mass Changes and Climate Controls

As the Kolmogorov-Smirnov test indicated, the precipitation, temperature, and wind speed did
not completely conform to a normal distribution. We therefore applied the Spearman’s rank correlation
method to calculate the direct correlation coefficients of these variables and prepared scatterplots
(Figure 5). We could determine the strength of the correlation according to the distribution and density
of data points on the scatterplots. These showed that the mass balance has a strong correlation with
some of the climate factors, e.g., NAO and temperature, while the correlation between various climate
factors is relatively weak, e.g., temperature and wind, NAO and precipitation.
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Figure 5. Scatterplots between mass changes (MB) and the investigated climate factors; North Atlantic
Oscillation (NAO), T (temperature), P (precipitation), and W (wind).

The correlation between the summer mass loss and mass balance (Table 1) is up to 0.88 (p < 0.01).
This indicates that a mass loss in Greenland is mainly attributed to summer melting of the ice sheet.
Therefore, we focused our analysis on the summer mass loss caused by climate changes, NAO,
temperature, precipitation, and the wind field. We first investigated the connection between the
large-scale atmospheric circulation (NAO) and mass changes and then quantified the correlation
between them to determine the magnitude of the NAO’s impact on the GrIS mass change, concentrating
on those areas most affected by the NAO. Finally, we analyzed the relationship between regional
summer climate controls and the GrIS mass changes and the associated mechanism between them.
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Table 1. Mass changes from the GRACE during 2002 to 2016.
Year Summer Loss Winter Gain MB(Gt)
2002 —389.56 + 28.61 273.88 + 24.46 -115.68 + 6.70
2003 —363.35 + 26.52 84.45+9.31 —278.90 £ 19.76
2004 —-305.52 + 21.89 158.89 + 15.26 —146.63 +9.18
2005 —455.77 + 33.91 232.82 +21.18 —222.96 +15.29
2006 —291.76 + 20.79 139.89 + 13.74 —151.86 + 9.60
2007 —447.61 + 33.26 191.89 + 17.90 —255.72 £ 17.91
2008 —489.77 + 36.63 305.34 + 26.98 —-184.43 +£12.20
2009 —461.52 + 34.37 172.91 + 16.38 -288.61 + 20.54
2010 —559.92 + 42.24 131.10 £ 13.04 —428.81 + 31.76
2011 —466.10 + 34.74 155.12 + 14.96 -310.99 + 22.33
2012 —635.08 + 48.26 138.77 + 13.65 —496.31 + 37.15
2013 —198.45 + 13.33 143.40 + 14.02 —55.05 £ 1.85
2014 —327.88 + 23.68 167.88 + 15.98 -160.00 + 10.25
2015 —296.35 + 21.16 126.21 + 12.65 -170.14 + 11.06
2016 —271.22 +19.15 137.77 + 13.57 —-133.45 + 8.13

4.2.1. Connections between NAO and Mass Changes

The NAO index is an important atmospheric indicator reflecting the state of the general atmospheric
circulation over Greenland. It is defined as the difference in atmospheric pressure at sea level between
the Icelandic Low and the Azores High. It has been shown to be connected to extreme melting events in
Greenland [63-65]. The positive phase of the NAO increases the accumulation at the eastern margins,
which in turn, promotes the growth of glaciers, while the opposite effect occurs at the western edge.
During the positive phase of the NAO, the atmospheric flow is more pronounced, and brings more
moist air into Greenland’s interior. After being blocked by high-altitude glaciers, a lot of atmospheric
moisture falls in the form of snow at low altitudes. Negative NAO values are associated with higher
pressure and temperature over Greenland and surface melt extent and melt/runoff. The persistent
anomalous ridging over Greenland is associated with persistent and anomalously negative NAO index
values [66].

The correlation between the summer NAO (sNAO) index and surface temperature changes is up
to —0.68 in the NO basin. The correlation between the sSNAO index and the summertime precipitation is
up to 0.75 in the SE basin. The correlations between the SNAO index and the summertime precipitation
and 700 hPa wind profile are 0.54 and 0.55, respectively. These findings indicate that the sNAO indexes
are correlated with temperature and snowfall. The NAO is most pronounced in winter, thus affecting
the amount of snow accumulation in the winter [67]. For this reason, we speculate not only on the
relationship between the summertime NAO index (June-July-August) and the summer mass loss in
Greenland, but also between the wintertime NAO index (December-January-February) and winter
snow accumulation in Greenland. As seen in Figure 6, the negative (or positive) phase of the NAO in
summertime enhances (or decreases) melting over much of the Greenland, particularly in its western
part (Figure 7). The summertime NAO index has a greater impact on the summer mass loss than the
wintertime NAO index (WNAO) on the winter mass gain (cf. Figures 6 and 7).
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Figure 6. Interannual mass changes from GRACE compared with the (a) summertime (June-July-August)
NAO index (sNAO) and (b) wintertime (December-January-February) NAO index (WNAO).
(c) The correlation of the NAO index and mass changes inferred from GRACE. The M_loss is
the summertime mass loss from GRACE, and the M_gain is the wintertime mass gain from GRACE
(the correlations r+ are computed at the 95% confidence levels, p < 0.05).
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Figure 7. Correlations between the NAO index and mass changes for the six drainage basins in
Greenland. Red values represent the correlation between the summertime NAO (sNAO) index and
the summertime mass changes in each basin, and blue values represent the correlation between the
wintertime NAO (WNAO) index and the wintertime mass changes from GRACE. The correlation values
with # represent the significant value p > 0.05.

The larger negative phase of the sSNAO index increased the prevalence of high pressure,
which decreased precipitation and enhanced solar radiation, such in 2010 and 2012. The warm
air migrated from the southern latitudes to west Greenland. These changes promoted higher surface
temperatures and enhanced ice/snow melting. When the SsNAO is positive, such as in 2013, temperatures
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decreased while precipitation increased, and it caused a shorter ablation season and smaller mass loss.
There is a strong relation between increased mass loss and increased occurrences of the negative sNAO.

4.2.2. Relationship Between Regional Climate Controls and Mass Changes

Strong correlations between NAO and climate controls indicate that the NAO indexes are correlated
with temperature, snowfall, and wind profile. NAO is a large-scale climate driver and it influences mass
changes in Greenland by controlling regional temperature, precipitation, and atmospheric circulation.
Although it has been reported that the GrIS mass change is correlated with the NAO, temperatures,
and precipitation, the specific correlation between these climate variables and mass changes has not
yet been examined. Therefore, we investigated their possible impact on the GrIS mass changes.

To quantify the relationship between climatic controls (or factors) and mass changes in the ice
sheet, we correlated the time series of climate variables and mass changes (Figure 8). The surface
temperature and mass changes are negatively correlated, with a moderate correlation ranging from
—0.58 to —0.64. The cumulative precipitation in summer is positively correlated with mass changes
(i.e., 0.33~0.35). It is important to note that the relationship between the summertime 700 hp wind
speed and the summer mass change is insignificant, even failing the 90% confidence test. As wind
induces precipitation, there is a positive correlation of 0.6 between the summer wind and the summer
precipitation. However, it should be noted that the wind field exerts indirect control on the mass
change by affecting precipitation and surface temperature.
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Figure 8. Correlation of the summer NAO index and the summertime mass losses from the GRACE
products. The correlation r* represents the p-value < 0.05, and the correlation r indicates the
p-value >0.05.

We used the ridge regression model to estimate the summer mass loss from 2002 to 2016,
while taking into consideration the summertime temperature, precipitation, wind, and NAO. We then
determined the k value from the ridge trace figures and obtained the regression model (for k = 0.2 in
the following form:

y = —229.7137 — 38.212+T + 3.3903+P — 69.507+W + 64.1034*NAO (12)

where y denotes the summer mass change (Gt), T is the summer surface area-averaged temperature (°C),
P is the summer area-averaged precipitation (mm), W is the summer mean wind speed (m/s), and NAO
is the NAO index.

The p value of the t-test of this regression model is <0.01 and R? is 0.62. This indicates that 62% of
the summer mass loss can be explained by climate factors. The regression also reveals that temperature
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and wind speed are negatively related to the summer mass changes, while precipitation and NAO are
positively related. Of these, the t-test shows that the most influential variables are temperature and
the NAO.

To determine a time lag between climate controls and mass changes, we analyzed the
cross-correlation (in the time domain). The correlation coefficient between the surface temperature
and precipitation (Figure 9) reached a maximum of 0.48 with the two-month time lag, indicating that
surface temperature reached an extrema two months before the extreme precipitation. There is also a
three-month time lag between precipitation and mass changes in Greenland. The correlation between
the time series of mass changes from the GRACE-inferred mass loss and that of precipitation is as high
as 0.68.

— | time ldg 2

1s=0.48
I | I p<001

time 1ag (month)

cross correlation

Figure 9. Correlations between the temperature and precipitation time series changes with changing
time lag. The correlations are computed at the 99% confidence levels.

Figure 10 displays the correlation coefficients between climate variables and mass changes for
the six drainage basins in Greenland. The surface temperature and mass changes are negatively
correlated, with the largest response to temperature detected in the SW basin. The correlation between
the cumulative precipitation and mass changes in the SW and SE basins is weak. A possible reason is
that, in summer, these two basins have been losing their mass due to melting of surface snow and
ice discharge to the extent that could not be rebalanced by precipitation. In summary, wind does not
directly affect mass changes. The highest correlation (0.55) between wind speed and mass changes was
found in the NW basin.

Wind speed ‘é«

=

¥

600\71”7“ [ = AO\N

Figure 10. Correlation coefficients of climate variables and mass changes for the six basins of Greenland.
Red values represent the correlation between the surface temperature and mass changes, green values
represent the correlation between the cumulative precipitation and mass changes, and orange values
represent the correlation between the 700 hPa wind speed and mass changes. All correlations with
# represent p value > 0.05.
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4.2.3. Associated Mechanisms

A number of authors have pointed out that the warming and persistent anomalies in the surface
temperature of the GrIS are directly related to the GrIS melting [31]. We found that temperatures
exceed the melting point (>0 °C) in southeast and southwest coastal regions of Greenland in the
summer, particularly in July, leading to ice snow melting and glacier retreat.

Figure 11 shows the mean surface temperature and the area-averaged precipitation during
the period 2002-2016. We see the highest summer temperature in 2012. Moreover, the amount of
precipitation in 2013 was higher than in previous years. This explains, to a large extent, why 2013
saw a slowdown in the GrIS mass loss, with the GRACE results showing that the largest mass loss in
Greenland occurred in 2012, followed by the smallest loss in 2013, while the mass loss in 2009 and 2010
was also considerable. Therefore, we selected these four years to analyze the main causes of the GrIS
mass changes.

—— Temperature [ Precipitattion

(

Area-averaging Temperaturef

2004 2006 2008 2010

Year

2012 2014 2016

Figure 11. Time series of the mean surface temperature and the area-averaged precipitation during
2002-2016 (temperature unit: °C, precipitation unit: mm).

Figures 12-14 illustrate the summer near-surface temperature anomalies, precipitation anomalies,
and wind field anomalies, respectively, during these four years. As seen in Figure 12, the summer
near-surface temperatures in 2010 and 2012 were much higher than the mean temperature over the
period 2000-2016. Positive temperatures in 2010 occurred in central and south Greenland, and the
maximum temperature anomalies were higher than the mean temperature in previous years by about
2 °C. In the summer of 2012, the surface temperature of the entire GrIS was significantly higher than the
mean temperature over 2000-2016. The largest anomaly occurred in central Greenland (characterized
by the highest elevation of the ice sheet), which was about 3 °C above the mean temperature for the
study period. This temperature anomaly resulted in snow melting at the highest elevations where
previously detected temperature anomalies did not reach the melting point. This caused melting in
regions where mass remained stable in previous years. The area-averaged surface temperature in the
SW basin even reached 1.63 °C in 2012. The average temperatures in other basins in 2012 were also the
highest over the investigated period. Summer surface temperatures in 2009 and 2013 were lower than
the mean summer temperature during 2000-2016, causing comparatively less summer melting in these
two years (cf. Table 1). We also see that the area-averaged summer surface temperature in the NE
basin reached a minimum of —3.45 °C in 2013.
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Figure 12. Summer near-surface temperature anomalies (relative to the average over 2000-2016) in:
(a) 2009, (b) 2010, (c) 2012, and (d) 2013.
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Figure 13. Summer precipitation anomalies (relative to the average over the period 2000-2016) in:
(a) 2009, (b) 2010, (c) 2012, and (d) 2013.
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Figure 14. Summer wind anomalies in: (a) 2009, (b) 2010, (c) 2012, and (d) 2013.

As seen in Figure 13, the distribution of the summer precipitation anomalies during these four
selected years is spatially more anisotropic. In general, higher precipitation occurred in the summer
of 2013, and the lowest in 2009. Note that the high precipitation in the summer of 2012 exceeded
expectations, being higher than the average summer precipitation over the investigated period.
This also indicates that the amount of precipitation does not completely change the mass balance.

We further analyzed the effect of total precipitation on the GrIS mass changes (Figure 11). Most of
the precipitation in Greenland falls as snow (~94%) and only 6% as rain [8]. Most precipitation,
therefore, normally occurs from autumn to spring. Reflecting this, existing research studies have
generally focused on how snow accumulation in the winter is related to precipitation (as snowfall).
Our analysis, however, indicates that the amount of precipitation in the summer also affects to some
extent the summer GrIS mass loss. We see, for example, that the precipitation within the SE basin
exceeds all other five basins. This is due to prevailing easterly winds, frequent cyclogenesis in the
region between Greenland and Iceland, and a relatively high availability of moisture from source air
originating over a warmer oceans [66].

Large accumulative precipitation occurred in 2006 and 2013 in the NO basin (47.08 Gt in 2006
vs 45.28Gt in 2013) and in the NE basin (37.72 Gt in 2006 vs 36.26 Gt in 2013). This is why the speed
of mass loss in these two basins slowed down sharply during 2006-2007 and 2013-2015 (Figure 4).
The mass change rates even became positive, indicating an increased mass accumulation during these
two periods. Periods with a lower precipitation are consistent with periods characterized by a larger
mass loss. Taking the NO basin as an example, the accumulated precipitation in 2003 (28.26 Gt) and
2009 (31.66 Gt) was far lower than in other years, resulting in an obvious mass loss during these two
years. A highly variable annual precipitation can partly explain fluctuations in mass changes within
the NO and NE basins (Figure 4). As seen in Figure 13, the lowest amount of precipitation in the CE
and SE basins occurred in 2012. After 2013, the amount of precipitation increased but remained stable.
The mass loss in these two basins slowed down after 2013. The precipitation in the NW basin over the

entire investigated period did not change considerably, except for the maximum precipitation that
occurred in 2010.
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To study the impact of atmospheric circulation on the GrIS mass changes, we analyzed the 700 hPa
wind field anomalies for the four selected years. As seen in Figure 14, there was an anomalous
southeast wind in south Greenland in 2009, while there was an abnormal northeast wind in north
Greenland. An anomalous southerly wind in south Greenland occurred in 2010, which brought
enhanced warm flow from the Atlantic Ocean, and resulted in an increased surface temperature of the
ice sheet. Moreover, there was a consistent northward anomalous wind in north Greenland, bringing
a considerable amount of cold air from the Arctic Ocean. This is also the reason why the surface
temperature in south Greenland in 2010 was higher than during other years. Meanwhile, temperature
in the south was abnormally higher than in the north.

During the summer of 2012, Greenland’s weather was significantly controlled by an anomalous
anticyclone, which was not manifested over other Arctic regions, indicating a local pattern associated
with the NAO. Its center was located along the southwest coast of Greenland. This period was
characterized by southerly and southwesterly winds in southwest Greenland and northerly winds in
its north and east parts, with the wind anomalies exceeding 4 m/s. This anticyclone anomaly facilitated
the transport of heat from the northwest Atlantic Ocean through the Davis Strait to southwest of GrIS,
causing a continuous melting of the ice sheet in the southwest. Melting in 2012 was also considerably
higher along the west coast of Greenland as a result of the enhanced warm southerly air advection
associated with an abnormal persistence of anticyclonic circulation centered in south Greenland.
These findings are similar to those presented by Tedesco et al. (2013) [65].

The 700 hPa wind field anomaly exhibited an anomalous cyclone center in south and north
Greenland in the summer of 2013. This anomalous cyclone can be described by the northwest wind
anomaly from the Arctic in north Greenland and the northerly wind anomaly in the southwest. The cold
air from the Arctic reduced the surface temperature of the GrlIS, resulting in lower temperatures in
northwest Greenland as well as in some parts of the southwest. There was a southerly wind anomaly
along the east coast of Greenland, and a warmer airflow from the Greenland Sea increased the surface
temperature of the ice sheet. The anticyclonic circulation in 2012 resulted in lower precipitation
in southeast Greenland. Consequently, mass changes during autumn of 2012 were only —8.49 Gt.
The anomalous cyclone in 2013 caused a larger mass loss in the autumn in southeast Greenland, up to
—64.85 Gt, representing the largest mass change over the investigated period. These findings confirmed
the existence of a three-month time lag between precipitation and mass changes in southeast Greenland.

5. Discussion

Our result shows that the GrlIS total mass during the whole investigated period went through a
rapid mass losing (2002-2008), followed by an accelerated mass loss (2009-2012), before a period of
relatively slow mass loss (2013-2017). Bevis et al. (2019) observed a slow melting trend from April
2013 to 2015 after an accelerated mass loss rate —27.7 + 4.4 Gt/yr2 during 2003-2013 [1], which match
well with our results. The mass changes in different drainage basins have a different change rate
and fluctuation pattern due to the different regional climate pattern, especially temperature changes.
The mass loss in Greenland arose due to the combination of sustained global warming and positive
fluctuations in insolation, temperature, and precipitation driven by the NAO.

By analyzing the cross-correlation (in the time domain) between climate controls and mass changes,
we found a three-month time lag between precipitation and mass change of the GrIS with a maximum
correlation coefficient between them of up to 0.68. Taking the years 2009 vs 2010 and 2012 vs 2013
as an example, precipitation in the summer of 2012 was very rare in southeast Greenland and mass
changes in the autumn of that year were very low. Higher precipitation in the summer of 2013 was
accompanied by larger mass losses in the autumn in southeast Greenland. These findings indicate
that larger (or lower) precipitation in the summer results in larger (or lower) mass changes in the
autumn, with an apparent three-month lag. The highest precipitation occurred in September 2013
and the cumulated annual amount of precipitation after 2013 was higher than during previous years.
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A massive snowfall offset the GrIS mass loss, which was accompanied by a decrease in the average
annual temperature, leading lead to a slower rate of mass loss after 2013.

At the regional scale, the mass changes of different basins’ behavior are likely the result of
differences in ocean and atmospheric forcing. As seen in Figure 10, the surface temperature and
precipitation are the most relevant climate variables to mass changes. The correlation between mass
changes and climate variables in different basins are different from each other. This indicates relative
uniformity in the response to changes of climate. In order to study the relationship between the surface
temperature and mass changes for each basin, we plotted the summer surface temperature variations
in Figure 15. Except for the CE basin, the highest summer temperatures in all basins occurred in 2012.
This finding is consistent with the largest summer mass loss in 2012 as mentioned above. As seen in
Figures 4 and 15, the rising surface temperature during 2009-2012 in the SE and SW basins resulted in
an accelerated mass loss during this period. We also see that fluctuations in mass changes (in Figure 4)
and summer temperature (in Figure 15) in the SE and SW basins are highly consistent. The mass loss
in the SE basin is primarily due to the increased surface melting due to short term response to climate
changes [68], while the other basins were attributed to glacier dynamic and ice discharge. The ice
discharge of Jakobshaven Isbra, one of largest contributors at glacier scale to sea level rise, located at
the SW basin, has slowed down from ~50 Gt/yr in 2012 to ~37 Gt/yr in 2016 due to ocean cooling [61,69],
and that can be seen in Figure 15, where the temperature of the SW basin since 2013 was also lower
than the previous several years.
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Figure 15. Time series of the summer near-surface temperatures for the six basins in Greenland.

The surface temperature in the NE and NO basins had a constantly low temperature in 2006-2007,
while the summer temperature in other basins was still rising at the same time. This pattern explains
why the mass in the NE and NO basins showed an increasing trend at this period (Figure 4). Moreover,
fluctuations in surface temperature variations in the NO and NE basins differ from those detected
for the other four basins. This explains why mass change fluctuations in these two basins are
different. This finding indicates that mass changes are highly related with the summer temperature.
Mouginot et al. (2019) used the surface mass balance and ice discharge data and expected these two
basins (NO and NE) to become of greatest importance to sea level rise due to the larger reserve of ice
above sea level and the potential of the increasing in ice discharge [28].

The migration of mass including surface mass change and ice dynamic over these large scales can
be detected by GRACE, and GRACE could not separate the mass changes due to these two different
processes. Due to the space resolution of GRACE (330 km) and the limitation of satellite gravimetry
techniques itself, the smaller scale glacier or ice dynamics cannot be easily conducted by GRACE.
The surface mass balance and other ice dynamic process can be investigated by other remote sensing
technique (like satellite radar ,GNSS, satellite altimetry) and in-situ observations, which could make
up the shortcoming of GRACE at a small scale, such as regional and basin scale, even at glacier/ice-cap
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scale. In this paper, we focus on the possible impact and mechanism of climate change on the GrIS
mass change over a large scale. Through studying possible impact and mechanism of climate change
on mass change, we could conclude that the changes of the GrlS in the coming decades is therefore of
greatest relevance to future sea level change and global water cycling as the glaciers are weakened by
global and regional climate change.

6. Summary

We have estimated the GrIS mass changes based on combining the GRACE monthly solutions
(over the whole period between April 2002 and June 2017) released by four different agencies in order
to reduce model errors. Our result based on the GRACE time series revealed that the GrIS total mass
during the study period decreased at an annual rate of —266.8 + 32.68 Gt, with an acceleration of
—12.12 + 3.57 Gt/yr?.

We applied the R package (segmented) software to analyze more realistically fluctuations and
trends of mass changes of different basins in Greenland than by using only simple linear and quadratic
trend estimates [1,23,70]. Our result shows that the GrIS total mass during the whole investigated
period went through a rapid mass losing (2002-2008), followed by an accelerated mass loss (2009-2012),
before a period of relatively slow mass loss (2013-2017).

We found that the GrIS mass changes are mostly attributed to mass loss during the summer. We
demonstrated that the sensitivities of mass changes to different climate controls vary quite considerably
across Greenland. The summertime NAO index is correlated with temperature, snowfall, and wind
anomalies. The summertime NAO index has a greater impact on the summer mass loss than the
wintertime NAO index on a winter mass gain. The negative (or positive) phase of the NAO in summer
enhanced (or decreased) melting over much of Greenland, particularly in its western part. The most
pronounced mass balance variations due to temperature changes are detected in the SW basin. The SE
basin is characterized by the highest precipitation, while the mass balance changes in the NW basin are
mostly affected by wind speed. Temperature and precipitation directly affected the GrIS mass balance,
while the atmospheric circulation (wind) affects mass changes indirectly by controlling temperature
and snow precipitation.
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