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Highlights

What are the main findings?

e A complete annual/seasonal cycle was observed, based on the correlations between
ice mass variations, three climatic indices (i.e., NAO, GBI, AMO), and meteorological
parameters (i.e., Temperature, Precipitation, Albedo).

e  Interannual oscillations are also observed with periodicities ranging from 4 to 7 years. They
could be related to mixed effects from the solid Earth’s rotation and atmospheric oscillations.
A second interannual frequency is observed at 11 years, corresponding to the solar cycle.

What is the implication of the main finding?

e  With a complex climatic system regulating ice mass variations in Greenland, a single
external forcing on one of these indices and parameters could have a cascading effect
in space and time at an annual and interannual scale.

Abstract

The ongoing global warming threatens the Greenland Ice Sheet (GIS), which has exhibited
an overall mass loss since 1990. This loss varies annually and interannually, reflecting the
intricate interactions between the ice sheet and atmospheric and oceanic circulations. We
investigate GIS mass balance variations (2002-2024) using data from the Gravity Recovery
and Climate Experiment (GRACE) and its Follow-On (GRACE-FO) missions. Monthly mass
anomalies from the International Combination Service for Time-variable Gravity Fields (COST-
G) solution are compared with cumulative climate indices (North Atlantic Oscillation—NAO,
Greenland Blocking Index—GBI, Atlantic Multidecadal Oscillation—AMO) and meteorologi-
cal parameters (temperature, precipitation, surface albedo). Empirical Orthogonal Function
analysis reveals five principal modes of variations, the first capturing annual and interannual
frequencies (4-7 and 11 years), while subsequent modes only describe interannual frequen-
cies. Wavelet analysis shows significant annual correlations between GIS mass changes and
temperature (r = —0.88), NAO (r = 0.74), and GBI (r = —0.85). An annual cycle connects GIS
mass changes, climatic indices, and meteorological parameters, while interannual variations
highlight the role of the AMO and the NAO. The presence of an 11-year periodicity with the
mass variations for NAO, GBI, and temperature strongly correlates with solar activity.
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1. Introduction

The Greenland Ice Sheet (GIS) is the largest contributor to contemporary sea level rise
after the thermal expansion of oceans [1]. Its ongoing mass loss can largely be explained
using a simple linear trend, as presented to the general public on the NASA website [2],
showing a loss rate of —269 Gt/yr between 2002 and 2023.

To quantify ice mass changes, several satellite-based techniques and methodologies have
been developed. Satellite altimetry measures variations in surface elevation, from which mass
changes are inferred by converting height variations into equivalent mass using modeled
snow and firn densities [3]. Some altimetry results estimate mass loss over Greenland to be
about —200 Gt/yr [4,5] to —251 Gt/yr [6], with ref. [6] observing two years of high mass loss:
(1) in 2012 with —453 Gt and (2) in 2019 with —498 Gt. The input-output method estimates
the mass balance as the difference between surface mass input (i.e., precipitation) and outputs
from surface processes (e.g., melting, evaporation) and ice discharge at marine termini (e.g.,
calving). Results from this method estimate Greenland’s ice loss to be between —239 Gt/yr [7]
and —272 Gt/yr [8], with a loss rate increasing over time [7] and reaching —428 Gt in 2012 [9].
Multi-method compilations combine several independent datasets, such as altimetry, input-
output, and gravimetry estimates, to reduce uncertainties and provide more robust mass
balance assessments [10,11]. Studies [10,11] of the Ice Sheet Mass Balance Inter-comparison
Exercise (IMBIE) are showing, using this method, that mass loss in Greenland has steadily
increased, from around —30 Gt/yr in 1992 to —180 Gt/yr in 2003 and to —257 Gt/yr in 2020.
Finally, thanks to the gravimetric satellites mission Gravity Recovery and Climate Experiment
(GRACE) and its Follow-On (GRACE-FO) missions, Earth’s monthly temporal variations in
gravity can be monitored over more than two decades [12,13]. The changes in gravity are
predominantly caused by water mass storage variations [14,15] as well as ice mass changes in
glaciers, ice caps, and ice sheets in polar regions [16,17]. Gravimetric estimates of ice mass
loss over the GIS tend to show values ranging from —195 Gt/yr [18,19] to around —265
Gt/yr [20-22], with the year 2012 reaching up to —437 Gt [23].

Underlying the GIS acceleration in mass loss [11], both annual and interannual vari-
ability have been observed. Annually, the GIS mass amplitude varies between 114 Gt
and 172 Gt [24], while several studies [19,23,25] have observed a period of high losses
(e.g., 2010-2013) followed by a subsequent deceleration. These fluctuations are related to
variability in processes such as ice discharge, surface melting, and precipitation [26]. These
variations reflect the complex responses of the GIS to both internal and external climato-
logical forcing [27], such as the surface temperature, the type and amount of precipitation,
and the oceanic temperature [28,29]. All these climatic changes are ultimately driven by
insolation, the fundamental energy source influencing directly or indirectly the climatic
system across multiple time scales [30-37].

Several climatic modes of variability can strongly influence the GIS. Climate indices such as
the Greenland Blocking Index (GBI), which measures the persistence and intensity of anticyclonic
events [38], the North Atlantic Oscillation (NAO) that measures the difference in atmospheric
pressure between systems of pressure above the Azores and Iceland [39], and the Atlantic
Multidecadal Oscillation (AMO), corresponding to the sea surface temperature (SST) of the
North Atlantic [40], have been shown to influence the ice sheet at different spatiotemporal scales.
For example, it is suggested that both NAO and GBI are correlated with mass loss through their
impact on the number of melt days [41]. Moreover, all three indices have been associated with
runoff and temperature, with the GBI showing the strongest correlation [42].

Specific events illustrate the sensitivity of the GIS to climatic forcing. For example,
the massive ice loss event of 2012 (~464 £ 62 Gt/yr from GRACE [23]) was attributed
to various drivers like persistent anticyclonic conditions, an extremely negative NAO
index, and surface albedo and temperatures [8,23,43]. More recently, in 2018, an event of



Remote Sens. 2025, 17, 3552

3 0f 30

H(0,®,t)

destabilization of the K.J.V. Steenstrups Nordre Bree glacier (North-East Greenland) was
shown to be caused by an increase in oceanic temperature [44].

The complexity of Greenland’s climatic system is such that, despite extensive research,
a complete review of all interacting factors across different time scales is still lacking.
As such, our objective is to help, in that regard, by proposing a better understanding of
the dynamics linking several indices (NAO, GBI, and AMO), parameters of temperature,
precipitation, and albedo, and mass variation in the GIS, at an annual and interannual time
scale, as well as confirming the presence or absence of links between them.

To do this, we focus on the period between April 2002 and the end of 2023, with mass
loss recovered from the monthly gravimetric satellite dataset of GRACE and GRACE-FO. We
implement a method where indices are cumulated over time and compared to the modes of the
Empirical Orthogonal Function (EOF) of the time series of ice loss [45]. This allows us to directly
compare the cumulative effect of each climatic event over the mass variations. After presenting
the different data, their treatment, and the EOF and cross-wavelet analysis method, we present
the principal modes of variations and observe the most significant correlations between the
mass changes, the climatic indices, and the meteorological parameters. In the discussion, we
explore in more detail the common cycles and investigate the behavior of those intertwined
elements with each other, to propose a scenario for a complete annual cycle.

2. Materials

In this section, we detail the sources of the different datasets, as well as the processing
used to obtain our dataset. The first part explains how the gravimetric data from GRACE(-
FO) are recomposed, reduced, and temporally interpolated into a complete monthly time
series of mass variations over Greenland. Then, the cumulation treatment used on both
indices and meteorological parameters is introduced. It is followed by the explanation of
what each index is, the current understanding of them, and their relevance. Finally, the
parameters of temperature, precipitation, and albedo are described.

2.1. GRACE/GRACE-FO

We chose the GRACE and GRACE-FO solutions, release one and two, respectively, from the
International Combination Service for Time-variable Gravity Fields (COST-G), which combine
those of other centers with different weights depending on the month. The data extend from
April 2002 to December 2023 and are in the form of monthly Stokes coefficients, i.e., dimensionless
spherical harmonics (SH) coefficients of the Earth’s potential with a maximum degree of 90. They
are available at the International Centre for Global Earth Models (ICGEM) [4648].

We processed those SH to obtain a 1° grid over Greenland using Equation (1), which
enables us to reconstruct mass change in terms of equivalent water height H(8, ®, t) at each
time t, colatitude 6, and longitude ®.

2I+1

00 1
PR N7 Y Punlcos8) T ((Cpy(1)~Cin)cos M-+ (S (1) = Sy )sin ) M

Pwater |’ Z g4 = 0 k;

where k; is the load Love number k for the corresponding harmonic degree I. Cy,,(f) and
S (t) are the monthly Stokes coefficients for the degree [ and order m, whereas Cj,,, and
Sy are the averaged coefficients at  and m. The normalized associated Legendre function
is noted Pj,,,. Earth’s radius a is equal to 6,378,140 m, while Earth’s average density pao.
and the water density pwater are, respectively, 5517 kg/ m? and 1000 kg/ mS.

Finally, the equivalent water height obtained is converted to gigatons of mass by
knowing the corresponding surface area of each grid point.

The Cyg coefficient (Earth’s oblateness) is replaced by Satellite Laser Ranging (SLR)
derived values, and the geocenter coefficients (Cy19, C11, and Sy;) are inserted following the
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corresponding Technical Notes [49,50]. Geocenter coefficients transcribe both north-south
and equatorial translations of Earth’s mass center compared with the geometric center.

When recomposing the SH, a Decorrelation and Denoising Kernel filter of level 5 (DDK-5)
was applied to remove the stripping effects otherwise present [51]. This filter offers a good
compromise between smoothing and denoising; its effective diameter in Greenland’s latitude
is close to the spatial resolution of GRACE/GRACE-FO, i.e., ~360 km.

We also correct the effect of the Glacial Isostatic Adjustment (GIA). We chose the most
recent model from the ICE-xG series, named ICE-7G_NA (VM?), an upgrade from the
previous ICE-6G [52,53].

We use forward modeling to reduce the methodological leakage errors resulting from
the recomposition of SH, e.g., land-ocean leakage along the coast. This method requires
estimating a global map of mass change. Then, as we want to reduce the leakage from the
land to the ocean, ocean values are set to zero, and the initial iteration map is recombined
into SH. The same filter is reapplied, and the mass variations are reconstructed. The
difference between the estimated global map and the newly constructed map is calculated
and added to the map of the current iteration. If the difference is less than 1% of mass
change over Greenland between two iterations, we stop the cycle. This method is an
effective solution to leakage over Greenland or even basin-wide areas [25,54,55].

Temporal mass variations recovered from the GRACE COST-G solutions are sampled
at a constant monthly timestep. However, there are temporal gaps in the time series; for
the small ones, up to 2 months, the gaps are simply linearly interpolated. Otherwise, for
the large gap between GRACE and GRACE-FO in 2018, we use a frequency interpolation
method commonly used for quasi-periodic signals. We fill this gap with the inverse Fast
Fourier Transform (FFT) of the FFT coefficients estimated for this period. Those coefficients
are obtained from the linear interpolation of the FFT coefficients of the preceding and
following years of GRACE and GRACE-FO, respectively. The completed Greenland mass
change profile is presented in Figure 1.

Filled COST-G solution of Greenland's ice
mass variations
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Figure 1. Gap-filled ice mass variations over Greenland, from the COST-G solutions, expressed
in Gt, from 2002 to 2023, the gray bands represent the gaps during and in between GRACE and
GRACE-FO missions.



Remote Sens. 2025, 17, 3552

5 of 30

2.2. Climate Indices

We consider using climate indices to uncover climatic and meteorological links be-
tween them and the GIS mass variations. Over Greenland, the three indices, the GBI, NAO,
and AMO, were shown to directly or indirectly cause mass variations [56-60]. That is
the reason why they were chosen over other indices. Those three climatic indices capture
large portions of all atmospheric and oceanic forcing most relevant to the GIS variability.
In fact, the NAO reflects large-scale atmospheric pressure anomalies that regulate cloud
cover, temperature, and precipitation over Greenland [56,61-63], thus strongly influencing
surface mass balance. The GBI quantifies how persistent the high-pressure blocking is
over Greenland. It is directly associated with extreme melt events [59] and surface albedo
feedbacks [64-66]. On the other hand, the AMO characterizes multidecadal variability
in the sea surface temperatures (SST), which primarily modulates Greenland’s marine-
terminating glaciers’ stability [67]. Together, these indices represent dominant modes
of climate variability that drive annual to multidecadal changes in Greenland Ice Sheet
mass balance.

The indices NAO, GBI, and AMO are treated following the method used by ref. [45] for
interannual ice mass variations in Antarctica. The method consists of a time integration of
an index. This index is normalized and then summed. We truncated the data to correspond
to the considered GRACE and GRACE-FO period, between April 2002 and December 2023.
We remove a linear trend to isolate the annual and interannual variations. This method
reveals the cumulative effect of individual events in the raw index, where each event reflects
the instantaneous rate of mass variations when interconnected [45]. Consequently, the time-
integrated indices correspond to the observed mass changes from gravimetric satellites
rather than mass flux, as with the raw indices. This relationship has been demonstrated in
prior studies linking: (a) Antarctic ice dynamics through indices, GRACE, and altimetry
data [45,68,69]; (b) NAO and SST [70]; (c) Ice shelf elevation changes with El Nifio-Southern
Oscillation [71].

2.2.1. NAO

The NAO index is a climate index that measures the difference in atmospheric pressure
between the Subtropical High, over the Azores, and the Subpolar Low, over Iceland. It is
the leading mode of atmospheric variability in the North Atlantic and strongly influences
weather and climate over Greenland. The strength of this teleconnection pattern provides
information about the atmospheric circulation influencing the climate of the Atlantic
basin [39]. A positive phase of NAO corresponds to an increase in the dipole pressure
difference, which means pressure on the Subpolar Low has decreased and/or the pressure
on the Subtropical High has increased.

The NAO is provided by the Climate Prediction Center from the National Center
for Environmental Prediction of the National Oceanic and Atmospheric Administration
(NOAA) and the National Weather Service. The dataset is the monthly mean value of NAO
from January 1950 to the present. This index is calculated from the projection of the NAO
loading pattern, which is the first mode of a rotated EOF over 0° to 90° of latitude for
the monthly mean anomaly data between 1950 and 2000, over the daily anomaly for the
500 mbar height field [72-74].

It exhibits marked annual variability [75] and several interannual periodicities, in
particular 7 and 13 years [76]. The NAO is correlated with climatic indices such as the
AMO [77], as well as ice sheet mass variations [56]. It influences Greenland’s ice loss
through its control on: (1) cloud cover and temperature [63]; (2) precipitation and runoff [56];
and (3) the albedo feedback during melt events [64].
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2.2.2. GBI

The GBI quantifies the occurrence and intensity of atmospheric blocking events, which
are stationary or slow-moving high-pressure systems. Those persistent anticyclonic systems
are, in Greenland, associated with extreme summer temperature and ice sheet melting [78].
This metric serves as an indicator of high-pressure blocking events over this area [38],
positive GBI values indicating more blocking with the presence of a persistent anticy-
clonic regime.

The GBI is available through NOAA'’s Physical Sciences Laboratory (PSL). The format
is a daily coverage from 1948 onward, derived from the NCEP/NCAR Reanalysis [79],
which we aggregated into monthly values. This GBI covers the region (20°-80°W, 60°-80°N)
and represents the mean 500 hPa geopotential height over Greenland.

The GBI exhibits seasonal variations [80], and a 7-8-year oscillation [38]. It is anti-
correlated with the NAO [80], and potentially positively to the AMO [81]. This index
increases Greenland’s ice loss [59] by: (1) reducing cloud cover, enhancing shortwave
radiation and increasing temperature [65]; and (2) reducing surface albedo [82].

2.2.3. AMO

The AMO is a climate index describing the long-term variations in the North Atlantic
sea surface temperature (SST). It reflects the multidecadal variability in ocean heat content
and circulation, which affects the climate of the Northern Hemisphere by modifying
atmospheric circulation, precipitation, and temperature [83]. In its positive phase, the SST
of the Atlantic Ocean is stronger than in a negative phase.

The AMO index is obtained from the PSL of NOAA. The dataset consists of monthly,
unsmoothed values spanning January 1856 through January 2023. It represents a weighted av-
erage estimated over the North Atlantic SST using the Kaplan SST dataset (5° x 5° resolution).
The AMO computation encompasses the zonal area between 0 and 70° N [40,84].

The AMO exhibits annual variability driven by insolation changes [85], and decadal
oscillations with a 10-30-year periodicity [86]. It is related to atmospheric processes such
as blocking events over Greenland (GBI), which is positively correlated with it [87]. This
index partially enhances Greenland’s coastal ice loss [57] by melting glaciers” front and
destabilizing them [44]. It is also correlated to temperature [56].

2.3. Meteorological Parameters

To enhance our understanding of the dynamics between the GIS and the climatic
indices, we analyze key meteorological parameters such as the NST, the volume of pre-
cipitation, and the surface albedo over the area of Greenland. Those three parameters are
from the Copernicus Arctic Regional ReAnalysis (CARRA) on the Climate Data Store of
Copernicus Climate Change Service [88].

All data from CARRA have a 2.5 km horizontal resolution. Daily data points were
extracted from 1 January 2002 to 31 December 2023. The three parameters we focus on
are the 2 m temperature, the albedo, and the total precipitation. Those datasets were
downscaled to monthly 1° grids.

Temperatures are used to assess the thermal impact on the GIS. We compute a time-
integrated temperature index (Equation (2)), which accounts for both duration and intensity
above the melting threshold. While 0 °C is classically used as the threshold, this represents
an overestimation of the temperature needed for melt initiation, as in Antarctica, where
melting can start at subzero temperatures due to surface energy balance processes [89].

TDT+OC(i) = TD+DC(i) X T+oc(i) (2)
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where the time-integrated temperature TDT, in °C, represents the available thermal energy
to influence ice melting for the month (i) and only for positive temperatures (,oc). TD
is estimated as the percentage of days per month (i) where positive temperatures (,-c)
are reached. This is multiplied by the average positive Temperatures (T,-c) during the
month (7).

The surface Albedo (Al) represents the spatially averaged fraction of incoming solar
radiation reflected by a surface. It exhibits temporal variability due to changes in snow and
ice properties, including grain size, evolution, and presence of light-absorbing impurities
like dust, black carbon, or algae, and the surface type characteristics [65,82,90,91]. In the
ablation zone, surface albedo has a critical control on the melt variability, with an albedo-
melt feedback mechanism potentially responsible for up to 50% of increased melting [64].

Finally, precipitations (P) are a critical mass balance component as they are the GIS’s
only source of ice mass gain. This parameter comprises all solid, liquid, and in-between
types of precipitation (e.g., rain, sleet, snow) [88]. Precipitation patterns are regulated
by atmospheric dynamics, including pressure systems, moisture content, and circulation
patterns, as well as by the local topography [92]. However, climate projections indicate that
increased precipitation under warmer conditions will be insufficient to offset mass losses
from enhanced meltwater runoff [93].

3. Methods

In this section, we explain the Empirical Orthogonal Function (EOF) approach used
to separate into different modes of variability the mass variations, and the cross wavelet
transform approach used to compare and find the corresponding frequencies and phase
shift common to both modes of ice mass variability and climatic indices or meteorologi-
cal parameters.

3.1. Empirical Orthogonal Function

We use the EOF method, which provides an orthogonal decomposition of a spatiotem-
poral dataset into N number of modes that maximize the explained variance [94,95]. This
is utilized to separate the distinct temporal modes of ice mass variability that could corre-
spond to the effect of different forcing on the GIS. The covariance matrix C of the initial
mass change dataset Z(x,y,t), defined in space (x,y) and time ¢, is first computed, for n
months, as follows (Equation (3)):
zZ'z
n

C = 3)

The eigenvalue problem: CS; = A Sy, in which CSy is the projection of the eigenvector
Sk, which is the spatial structure of the mode k, in the space defined by the covariance
matrix C, and A represents the associated eigenvalues, which indicate the variance fraction
explained by each mode. The corresponding time-varying amplitude of each mode is called
a principal component (PCi(t)) and is obtained with Equation (4):

PC(t) = S{Z(x,y,t) @)

The original field can thus be reconstructed with Equation (5):

N

Z(x,y,t) = kZ Sk(x,y)-PCi(t) (5)
=1

This method provides a robust framework for identifying the dominant modes of
interannual ice mass redistribution variability, effectively characterizing spatiotemporal
redistribution patterns through its orthogonal decomposition approach [45,96,97]. We
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removed a linear trend at each grid point (x,y) of the mass change obtained through SH, to
focus on interannual variability. Then, the dataset is decomposed into temporal and spatial
orthogonal oscillations, and the total variance explained by each EOF mode is estimated.
To determine the optimal number of significant modes, we employed two complementary
criteria. Firstly, we use the North's test [98] to find which mode is distinct from one another,
and secondly, we confirm that their frequency components are higher than red noise [99].

3.2. Cross Wavelet Transform

We use a time-frequency representation to analyze and cross-correlate the temporal
mass variations and the climatic/meteorological variables defined in 2.2 and 2.3. We
perform the cross wavelet transform (XWT) analysis from the “Cross Wavelet and Wavelet
Coherence toolbox” [100]. Its utility is to unveil common frequencies, the type of correlation,
and the lead-lag (phase shift) between two temporal signals. The time difference can be
estimated by multiplying the frequency (e.g., 1 year) by the angle shown by arrows divided
by 360°; for example, an arrow pointing down (90°) at the 1-year frequency (12 months)

indicates that the first signal is leading the second by 9032012 = 3 months. Statistically

significant common periodicities (p < 0.05) appear as black contours in the wavelet spectrum.
They are determined through Monte Carlo simulations against an autoregressive (AR1) red
noise background. The 20 threshold (95% confidence level) indicates there is only a 5%
probability that these coherent regions occur randomly, while all non-contoured regions
represent noise.

The Wavelet Transform (WT) employs a mother wavelet function () that undergoes
scaling to generate daughter wavelets of varying wavelengths. This operation effectively
functions as a band-pass filter bank applied to the time series. When a daughter wavelet
exhibits strong temporal correspondence with the signal, high localized spectral power
emerges at the associated frequency. To account for boundary effects, we define a cone
of influence (COI) where edge artifacts become significant, typically shaded in wavelet
power spectra.

We chose i as a Morlet wavelet (Equation (6)) for its balance between time and
frequency localization, which is suitable for studying non-stationary physical signals, such
as mass variations [100-104].

(6)

where 7 is the dimensionless time parameter defined as 7 = t/5, t being the time and s the
wavelet’s scale; B the dimensionless frequency, is set at 6 for a good balance between time
and frequency localization [105].
The XWT compares two WT of two time series (X and Y), and is defined as follows,
Equation (7):
WY (s) = Wik(s) Wi (s) (7)

where | WX Y(s)’ is the cross wavelet power at time ¢ and for a wavelet scale of s. The
complex argument W/ (s) is the local phase of the signal X and the W;*(s) is the complex
conjugate of the local phase of signal Y.

Assuming that our processed signals are cyclic over time. We can increase the precision
of the frequencies by duplicating the signals on both ends.

4. Results

Comparison of detrended GRACE mass balance data with climatic indices and meteo-
rological parameters reveals clear annual-scale linkages. Thus, decomposing the signal into
dominant modes of variability through EOF analysis is required to identify and characterize the
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interannual drivers of ice mass variations. Our results demonstrate statistically significant rela-
tionships between GRACE-derived annual and interannual mass changes, key climatic indices,
and meteorological parameters. These relationships emerge from combined EOF decomposition
and XWT analysis, which, together, reveal the temporal phasing of these interactions.

4.1. GRACE EOF Modes

Figure 2a—e show the first five dominant modes (M1, M2, M3, M4, and M5) of GRACE-
derived mass variability in Gt over Greenland. These modes correctly explain 67.5% of
the total variance, with individual contributions of 31.9% (M1), 17% (M2), 8.5% (M3), 5.7%
(M4), and 4.4% (M5). North’s test of significance [98] confirms that the first four modes
are statistically distinct from one another. Although Mode 5 (M5) lies next to the statisti-
cal significance threshold, our analysis reveals statistically significant features (p < 0.05),
suggesting M5 captures physically meaningful signals. All five modes have an explained
variance exceeding that of random noise (p < 0.05) and have spectral power significantly

above red noise background [99]. Higher-order modes (each explaining <4% variance) are
excluded from further analysis (Figure 2f).
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Figure 2. Principal components of the EOF analysis of Greenland ice mass changes, derived from
GRACE(-FO), between 2002 and 2024. (a—e) are the first five modes, in order of explained variance,
and peaks named ‘A’ and ‘B’ are noted next to their corresponding peak in M5 in (e), and (f) the bar

representation of the explained variance of the first twenty modes.
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The M1 mode, Figure 2a, is characterized by annual oscillations, superimposed on
a longer period variation. The annual oscillation has an amplitude of ~20 Gt, while the
interannual variability reaches amplitudes of up to ~50 Gt. The separation of the yearly
component may not be perfect, and could also be found in the other modes. However,
higher frequencies dominate in these cases, and there is no clear annual signal.

The pattern of M2 exhibits a distinct long-period variation up to ~30 Gt, which
contrasts with M1, suggesting a potential forcing by different climate modes. Modes 3 and
4 (M3-M4) display primarily high-frequency seasonal signals with no discernible lower-
frequency components. The last mode, M5, differs fundamentally from the other modes,
resembling residual noise except for two prominent anomalies: Peak A (November 2016,
+50 Gt), and Peak B (November 2017, +20 Gt) (Figure 2e). These anomalies substantially
exceed the background variability (~10 Gt of amplitude) and will be examined separately
in the Discussion. Subsequent analysis focuses on M1-M4.

4.2. Correlations Between Ice Mass Changes and Climate Indices

We conducted a comprehensive comparison between each climate index and all
possible combinations of the first five EOF modes (M1-M5) using cross-wavelet transform
(XWT) analysis. This approach identifies the statistically significant common periodicities
(95% confidence level; 20 threshold) and their phase relationships. For each significant
shared frequency, we computed the maximum correlation coefficient while accounting for
optimal time lags.

Figure 3 presents the strongest overall correlation between the decomposed GRACE-
derived timeseries of mass variations and one of the indices: M1 compared to the NAO
(Figure 3a), the combined signal of M1 and M2 compared to the GBI (Figure 3b), and to
the AMO (Figure 3c). Alongside those compared signals, the corresponding XWT analysis
allows the identification of the common frequencies. It shows the procedure used to derive
the values reported in Table 1, which summarizes all significant correlation coefficients in
accordance with the shared frequency.

The comparison between M1 and NAO, in Figure 3a, reveals two significant common
frequencies. The first is an annual correlation (r = 0.74, p = 10~7%, Table 1), while the
second is a decadal-scale variability (~11 years), with a 1-year lead from the NAO when
considering M1 alone. Both correlations have a positive phase alignment, indicating that
positive NAO phases coincide with increases in ice mass.

The GBI demonstrates two significant anti-correlated relationships with the combined
modes M1 and M2. The first is a negative correlation at an annual scale, with the GBI
leading the ice mass signal by one to two months. On longer timescales (>15 years), the
combined modes M1+M2 display a strong anti-correlation (r = —0.91, p = 10~%"4, Table 1).
This suggests that atmospheric blocking tends to precede and intensify mass losses on
Greenland. Also, although the long-term trend appears within the cone of influence (COI)
due to the limited observation span, its coherence across the entire 22-year period indicates
a persistent large-scale relationship between the two signals, as we can see in Figure 3b.

The AMO is associated with three significant correlation bands, one at the annual
frequency, another at ~7 years, and the last one beyond 15 years. The first two shared
frequencies are showing negative correlation (arrows at 180° Figure 3c; negative values
Table 1), implying that a rise in surface oceanic temperature, reflected by the AMO, would
coincide with ice mass loss across Greenland over different timescales. When comparing
only the sum of M1 and M2 to the AMO, the interannual frequency found around 7 years
stops after 2014. The last shared frequency is a multi-decadal variability with positive
correlation (r = 0.73, p = 107, Table 1) and a notable 3.5-year lag of the AMO relative to ice
mass. This long-period coherence suggests a potential delayed response from the Atlantic
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SST to the GIS mass variations, although longer records are required for full confirmation,
as it lies within the COI; see Figure 3c.
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Figure 3. Comparison of the cumulated indices (in red) with the modes or summation of modes of
ice mass changes in Gt (in blue) between 2002 and 2024, and, at the right, the corresponding XWT
analysis. In (a), the NAO is compared with the M1, (b) is the GBI with M1 + M2, and (c) is the
AMO with the sum of M1 and M2 as well. On the XWT, the color scale represents the amplitude
in units of normalized variance, the arrows are the phase shift (positive correlation pointing right
0°), ant}-correlation pointing left (180°), and the progressive time shift in between is estimated as
arrow angle

360 x period), the bold line delimits the zones with a significance level of 5%, and the shaded
area is the cone of influence where edge effect is important.

Beyond the illustrative cases shown in Figure 3, all significant coefficients across EOF
modes of mass variation, climatic indices, and meteorological parameters are summarized
in Table 1.
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Table 1. Coefficients of correlated common frequencies (more than 20 of confidence) between the
GIS modes or sum of modes (M1, M2, M3, M4, and M5) and the climatic indices (North Atlantic
Oscillation (NAO), Greenland Blocking Index (GBI), and Atlantic Multidecadal Oscillation (AMO)) or
the meteorological parameters (Temperature (TDT), Precipitation (P), and Albedo (Al)). “to” means
the sum of the encom assed modes. The highly positively correlated coefficient, superior to 0.7, and
the highly negatively correlated ones, inferior to —0.7, are in bold. Values between —0.5 and 0.5, or
with p > 0.05, are not represented.

Common Frequencies NAO GBI AMO TDT P Al
Lor 0.74 —0.85 —0.61 —0.88 0.54 0.90
y M1 M1 M1 M1 M1 M1
o B B —0.77 B B 0.80
y M1 to M4 M1 to M3
1 0.77 B B —0.71 0.75 ]
yr M1 to M4 MI+M3+M4  MItoM5
15 v —0.91 0.73 B B B
y M1 + M2 M1 + M2

This table shows that the annual frequency observed on all indices and parameters
is better represented by the first mode (M1) of the decomposed GIS mass variations, with
absolute values ranging from 0.54 (P) to 0.90 (Al). The interannual common frequencies
are grouped into three timescales: (1) a medium interannual periodicity with low time
localization, oscillating between 4 and 7 years, with an absolute correlation coefficient ~0.80
(AMO, Al only), (2) a decadal periodicity of ~11 years, with an absolute coefficient ~0.75
(NAO, TDT, P), and (3) a long-term coherence between the signals across the entire 22 years
of data, with absolute correlation coefficient values ranging from 0.73 (AMO) to 0.91 (GBI).
Those frequencies are best represented by the combination of multiple modes, going all
the way from M1 + M2 (GBI, AMO) up to the sum of M1 to M5 (P). In Table 1, it is shown
that Temperature (TDT) is the only variable that does not require the second mode (M2) to
observe a common interannual frequency with mass, whereas the AMO stands out as the
sole index exhibiting two distinct interannual correlations.

For the climatic index, in terms of correlation sign, the NAO is the only one being
positively correlated, indicating that its phases correspond with the mass variations. In
contrast, the GBI and AMO are predominantly anti-correlated at the annual and interannual
timescale, reflecting their role in amplifying Greenland mass loss. The only exception is
the multi-decadal coherence of AMO, where the relationship shifts to a delayed positive
correlation, suggesting a long-term influence of ice mass variations on the oceanic surface.

It is important to note a few points regarding the phase relationships and temporal
persistence of the correlation bands for the different common frequencies. For the ~11-year
periodicity, the NAO observes a perfect phase alignment when considering the combined
modes M1 to M4, whereas it was not the case with M1 alone (1-year lead), see Figure 3a.
The GBI annual correlation with M1 demonstrates a consistent anti-phase relationship, with
the index leading by one or two months the mass variations. In the case of the AMO, the
annual band with M1 shows no delay, while the interannual band (~7 years) has a complete
coherence band across the entire record when comparing it to the combined mode M1 up
to M4, contrary to the band shown in Figure 3¢, which stopped in 2014.

4.3. Links Between Ice Mass Changes and Meteorological Parameters

Figure 4 illustrates representative examples of the strongest overall correlation between
the decomposed GRACE-derived mass variations and the meteorological parameters: TDT
(temperatures), precipitation, and surface albedo. In the same way as for Figure 3, each
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panel combines time series comparisons with the corresponding XWT analysis, providing
both temporal and spectral perspectives of the relationships.
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Figure 4. Comparison of each cumulated meteorological parameter (in red) with the summation
of modes of ice mass changes in Gt (in blue) between 2002 and 2024, and the corresponding XWT
analysis. In (a), the TDT (temperature index) is compared with M1 + M3 and M4 modes, (b) is the
Precipitation (P) with M1 to M5, and in (c), the Albedo (Al) is compared with the sum of M1 to M3.
On the XWT, the color scale represents the amplitude in units of normalized variance, the arrows
represent the phase shift (positive correlation pointing right (0°), anti-correlated pointing left (180°),
and the progressive time shift in between is estimated as %gngle x period), the bold line delimits
the zones with a significance level of 5%, and the shaded area is the cone of influence where edge

effect is important.

The optimal correlation is found with the combined M1 + M3 + M4 for the temperature
(TDT) (Figure 4a); it is best represented by the full mode combination (M1 to M5) for



Remote Sens. 2025, 17, 3552

14 of 30

precipitation (P) (Figure 4b); and Albedo (Al) is dominantly explained by M1 to M3
(Figure 4c).

The TDT signal exhibits a pronounced annual and decadal-scale anti-correlation with
ice mass variability. On Figure 4a, a significant oscillation at ~11-years emerges between
this parameter and the combined M1 + M3 + M4 modes (r = —0.71, p = 107%%). However,
the annual anti-correlation is more strongly coupled with the use of only M1; see Table 1.
This annual periodicity has the particularity to show that temperature anomalies lead the
ice mass changes by up to two months. These negative coefficients reflect the dynamic
of increasing ice mass loss, in case of an augmentation in the thermal energy available,
observed through the TDT parameter.

When considering all five leading modes (M1 to M5), Figure 4b, precipitation only
displays a strong positive correlation with mass variability at the ~11-year periodicity
(r =0.75, p = 10~7%). This narrow coherence band is extremely localized in the frequency
domain. A weaker, but consistent, annual positive correlation exists when considering
only M1 (r = 0.54, p = 1072, Table 1), with precipitation leading the ice mass signal by
~3 months.

For the albedo (Al), the comparison with the combined signal from M1 to M3 shows
two significant positive correlation bands: a dominant annual cycle, and an interannual
(~7-year) coherence persisting between 2004 and 2018 (r = 0.80, p = 10~'92). The annual
shared frequency is more strongly displayed when comparing only M1 to the albedo,
whereas the interannual periodicity appears more dominant with the combined M1 to
M3 modes. These strong correlations highlight albedo’s role in Greenland’s surface mass
balance, operating through both seasonal and interannual feedback mechanisms (Figure 4c).

The correlation analysis demonstrates that Greenland ice mass variability is contem-
poraneous with atmospheric, oceanic, and local meteorological drivers across multiple
time scales. These results provide a framework to identify the dominant climatic processes
influencing the ice sheet. In the following sections, we use this framework to interpret the
origins of the observed annual, interannual, and multi-decadal mass variability.

5. Discussion and Interpretation

This section first assesses the validity of the GRACE(-FO)-derived mass variations
against alternative datasets. We then explore the dynamics between the climatic indices and
meteorological parameters through their correlations. The different common periodicities
are subsequently interpreted, beginning with the dominant seasonal /annual signal. Based
on the cross-wavelet transform (XWT) results, we synthesize a complete annual cycle
observed through two sets of correlations: (1) in Table 1 between the GIS and indices and
parameters, and (2) among the indices themselves relative to temperature, precipitation,
and albedo. We then link the decadal oscillation (~11 years) to the solar cycle, before
exploring the other interannual periodicities ranging from 4 to 7 years. Finally, we examine
a potential long-term pattern in the AMO index and the non-periodic peak identified in the
fifth mode of the decomposed mass variations.

5.1. Mass Changes Validation

GRACE-derived mass changes, presented in Figure 1, are compared to (1) the 2023
compilation results from the Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE)
team utilizing multiple datasets derived from altimetry, the input-output method, and
gravimetry, which includes nine different GRACE(-FO) datasets [11], (2) a recent altimetry
dataset using multiple sources [106] (Figure 5).
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Figure 5. The complete mass variation signals from our study, that of the IMBIE team [11], and the
one from ref. [106], are shown in (A), and in (B) are the linearly detrended signal of our study against
that of the altimetry one from ref. [106].

GRACE-derived mass variations are well encompassed in the IMBIE variation extent,
which is not the case for the end of the altimetry dataset. Our result follows the altimetry
curve for the first half, before showing more mass loss, ~700 Gt at the end (Figure 5A).
However, after removing a linear trend from both gravimetric and altimetry data, both
signals vary in the same way, annually and interannually (Figure 5B).

The discrepancy between the gravimetric results of this study and contemporary
altimetry-based estimates [106] shows a statistically significant shift in dynamics around
2011. From 2003 to 2011, the mass difference decreased at an average rate of —10 Gt/yr (95%
Confidence Interval (Clyse,): —18 to —1 Gt/yr), indicating a gradual convergence between
the two datasets. After 2011, this trend reversed sharply, with the difference increasing at
+42 Gt/yr (Close,: +38 to +46 Gt/yr), marking a period of sustained divergence.

A Chow test for a structural break confirmed that this regime shift, around 2011, was
highly statistically significant (F = 65, p < 0.001). To further quantify the discrepancy, we
performed a non-parametric bootstrap test (10,000 resamples) on the mean difference for
each period. During the convergent period (2003-2011), the mean difference was 44 Gt
(Clos9,: 24 to 63 Gt), indicating a small but statistically significant systematic offset. For
the divergent period (2011-2023), the mean difference increased to 352 Gt (Clgse,: 324 to
381 Gt). The fact that neither confidence interval includes zero confirms that the discrepancy
between the two observational techniques is significant in both periods, evolving from a
minor offset to a major divergence.

Thus, the two signals only observe a small mean offset (~44 Gt) that tends toward
convergence during the first period (2003—2011). From 2011 onward, a clear break occurs,
the mean difference reaches ~352 Gt, and a considerable increase in the gap is observed
(+42 Gt/yr).

The apparent convergence between the gravimetric and altimetric estimates from
2003 to 2011 (—10 Gt/yr on average) could largely be attributed to differences in the
applied GIA corrections. In our study, the ICE-7G GIA model introduces a mass gain of
~6 Gt/yr over Greenland, whereas the altimetric study of [106], which applies the GNET-
GIA empirical model, adds mass loss of around —3 Gt/yr. This results in a net difference
of roughly ~9 Gt/yr attributed to the GIA correction, which is consistent with the observed
convergence rate (10 Gt/yr) during this period. However, this offset alone cannot account
for the divergence observed after 2011. As this large divergence coincides with the start of
CryoSat-2 data acquisition, we hypothesize that the use of this dataset could be the origin
of the divergent trend. This difference could be caused by factors such as (1) the incomplete
spatial sampling of the altimetry database and the interpolation method, (2) the firn model
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and the radar signal penetration, or (3) the signal from peripheral glaciers not taken into
account by the altimetry data [107,108].

5.2. Correlation Between Indices and Parameters

Our results show correlations between ice mass variations and changes in climate
indices or meteorological parameters. The potential causes of these correlations are more
or less evident depending on the frequency of the phenomenon and the multiple indices
and parameters correlated.

Among the three indices, the GBI shows the strongest correlation (r = —0.85 and
r = —0.91, Table 1) with mass variations. This is an expected result given that this index
is specifically designed for Greenland. This contrasts with the NAO, which focuses on
atmospheric pressures like the GBI, but is calculated for the entire dipole covering the North
Atlantic rather than just Greenland. Similarly, the AMO only accounts for waters south of
70°N, and stops in the Labrador Sea, not taking into account Greenland’s western coast
with its particularly active glaciers like the Jakobshavn Isbrae, or the north and northeastern
region, with, e.g., the Zachariee Isstrom. This result follows what was already observed in
different studies [42,109]. Both the NAO and AMO encompass a mix of climatic systems;
their signal is not only representative of Greenland’s climatic system. In fact, for the NAQO,
it is known that the Azores High does not correlate with precipitation, contrary to the
Icelandic Low [109].

To understand the complex mechanisms that affect the GIS, we start by examining
which meteorological parameters are correlated with the NAO, GBI, and AMO indices
using XWT.

Table 2 summarizes the statistically significant (p < 0.05) correlation coefficients and
their corresponding common frequencies between the climate indices and the meteoro-
logical parameters. Three frequency bands emerge from this comparison: (1) an annual
cycle, (2) a 4 to 7-year periodicity, and (3) a decadal-scale oscillation (~11 years). These
frequencies are consistent with those identified earlier between these variables and the EOF
modes of the GIS mass variations.

Table 2. Coefficients of correlated common frequencies (more than two sigma of confidence) between
the climatic indices (North Atlantic Oscillation (NAO), Greenland Blocking Index (GBI), and Atlantic
Multidecadal Oscillation (AMO)) and the meteorological parameters (Temperature (TDT), Precipita-
tion (P), and Albedo (Al)). The highly positively correlated coefficient, superior to 0.7, and the highly
negatively correlated ones, inferior to —0.7, are in bold. Values between —0.5 and 0.5, or with p > 0.05,
are not represented.

Common Frequencies Between NAO GBI AMO
TDT
1yr —0.54 0.89 0.66
11 yr —0.58 — 0.79
P
lyr — —0.63 0.58

0.59 (2002-2012);

47 yr — — 0.76 (2012-2023)
11yr 0.76 — 0.83

Al

lyr — —0.95 —

Overall, temperatures and precipitation are correlated with all three indices, while
albedo shows strong coherence only with the GBI. The strongest correlations occur between
the GBI and both temperature (r = 0.89, p = 10~217 Table 2) and albedo (r=—0.95,p = 107523,
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Table 2), at the annual frequency. The other indices display their strongest connections with
precipitation, particularly the AMO, which presents significant coherence bands across
multiple frequencies.

In terms of phase relationships, the comparison with TDT (temperature) indicates that
both NAO and GBI variations are synchronized with it at the annual periodicity, whereas
the AMO is delayed by one to two months. At the decadal scale, the NAO is lagging by
two years, while the AMO seems to be delayed by four to five years.

For precipitation (P), the GBI lags the annual oscillation by two months, while the
AMO leads by three months this parameter. At the interannual (4-7-year) frequency,
the AMO shows a variable phase relationship: between 2002 and 2012, it lagged behind
precipitation by three months to one year, whereas since 2012, this relation has inverted,
with the AMO now leading. For the decadal frequency, the AMO lags by about two years.

The blocking index leads the albedo by one or two months in the annual frequency.
The anti-correlation between the two is indirectly related to the atmospheric pressure
above Greenland, reflected by the GBI. It was shown that atmospheric pressure controls
the amount of precipitation and temperature [64,109-111], which, in turn, influences the
reflective quality of the GIS surface (more precipitation increases the albedo when the at-
mospheric blocking decreases), and causes the surface to darken in summer by maximizing
the albedo feedback [64-66].

While the NAO shows a positive correlation interannually, we could have expected
to find a correlation for the annual frequency, which is a known correlation over Green-
land [62]. However, this frequency did not appear; we hypothesize that it was caused by
the dampening of the coefficient by the opposed west-east correlation dipole it exhibits
with the precipitation [56,61]. On the GBI side, the negative coefficient is consistent with
what was expected, the conditions favorable to precipitation being when the GBI decreases
and vice versa [64,109]. The relationship between AMO and precipitation is more complex.
The positive coefficient indicates that both sea surface temperature, presented through the
AMO, and the amount of precipitation over Greenland, co-vary with a lead-lag relationship
fluctuating between frequencies.

The stronger coefficient found between GBI and temperature, compared to the NAO
and AMO, had already been observed [42]. This index implies that more frequent and ele-
vated high-pressure events over Greenland would cause anticyclonic conditions, resulting
in clear skies, which increases the insolation and, thus, the temperature [112]. The NAO,
with a negative correlation, implies the same phenomenon. Its low anti-correlation values
could be caused by the difference in behavior between the northeastern and southern
Greenland, the first being correlated to global temperature rise, compared to the other cor-
related to the NAO index [113]. On the other hand, the positive coefficient found between
the AMO and TDT was expected due to a heat transfer from one to the other [42,56].

To better interpret these correlations, the discussion will now focus on the dominant
shared frequencies between ice mass, climate indices, and meteorological parameters. We
will start by discussing in more detail the two periodicities for which there are strong
correlations: the 1-year period and the decadal one (~11 years). Then, we will discuss the
other frequency detected in the signals, and we will finish by analyzing the source of the
punctual events detected in the high-order mode (M5) of the EOF decomposition.

5.3. Annual Cycle

The annual variability is found between almost all of these factors. It is possible to link
the different parameters to propose a synthetic scenario, grouping them all, which shows
their respective participation. By exploring in more detail all the interactions that emerge
from our study, we managed to represent a complete cycle over one year. This annual cycle
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shows when each of the climatic or meteorological factors intervenes in the variations in
ice mass over a year. It is represented in Figure 6.

Figure 6. Clockwise summary of the interactions between the GIS, the indices, and the meteorological
parameters. This is the annual cycle implied by their respective relationship to each other. The arrows
are not direct causal links; they imply that specific events show a positive or negative correlation to
one another. A time lag of 1, 2, or 3 months is added to some arrows. This annual cycle is depicted
with the summer part of the year on the left and the winter one on the right. The letters A to F help to
follow the description in the text.

To describe how this cycle functions, we start at the top (A), at the transition between
Summer and Winter. During this period, the atmospheric pressure difference, observed
through NAO, increases while the blocking over Greenland decreases. The reason behind
this variation is thought to be caused by the SST, which, while still warm at the mid-latitude,
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becomes colder in the high-latitude, and induces changes in atmospheric pressure thanks
to the energy transfer between the ocean and the atmosphere [56,114]. The strengthened
pressure gradient has been previously associated with increases in advection from south to
north, allowing humid air from the still-warm surface of the North Atlantic Ocean to move
northward [115-117]. Those conditions lead to a high amount of precipitation.

After one to two months (B), the NAO attains its maximum, which is corroborated by
the low levels of blocking over Greenland reached at the same time. The available energy
for melting (TDT) is also at its minimum, and the mean temperature is at its lowest. The
observed correlation between NST and atmospheric conditions (NAO, GBI) is related to
the positive feedback between them, which was uncovered by ref. [31].

Between 1 and 2 months later (C), the albedo reaches its maximum. This is caused by
the freshly deposited snow cover induced by the last cyclones of the cyclonic season or by
the polar low depression season [118]. In parallel to the albedo, and for the same reasons,
the peak of mass is reached for the GIS. At this point in time, the SST, as depicted by the
AMO, is also at its lowest. This is driven by less insolation, as well as thermal exchange
with the coupled atmospheric system [85,119].

Then, the cycle reverses itself, blocking systems over Greenland are on the rise, and
the NAO weakens. This known behavior [80] is encouraged by the low temperature of the
ocean, which limits evaporation and makes the air less buoyant [81,115].

Three months after the negative AMO’s peak (D), precipitation over Greenland reaches
its minimum. This drought condition results from a strengthened atmospheric blocking
system, which dries the air mass over the ice sheet [92]. The subsequent intensification of
this blocking is clearly observed 1-2 months later (E), as the Greenland Blocking Index (GBI)
reaches its annual maximum and the North Atlantic Oscillation (NAO) dipole weakens.
Concurrently, the TDT index peaks, indicating a large influx of energy available to drive
melt. These elevated temperatures are primarily a direct result of increased solar radiation
under the clear skies due to the persistent anticyclonic blocking [42,59].

Thus, the albedo and GIS mass decrease, reaching a minimum approximately
1-2 months before the AMO temperature peaks (F). This albedo reduction is driven by an
anticyclonic system over Greenland, which induces high thermal availability and initiates
a positive ice-albedo feedback loop [64,66].

With fewer storms, the snow cover is not renewed, and the grain sizes of the aging
snow cover increase [82], which causes ice darkening, and lowers the percentage of ra-
diation reflected, increasing the absorption of shortwaves [120]. This induces a rise in
temperature and more melting, uncovering more surface of lesser albedo than that of
snow [65]. With those conditions, the GIS mass also attains its lowest value of the year.
The mass loss processes are varied; they encompass melting, evaporation, sublimation,
runoff, and calving [62]. The 1- to 2-month difference between the mass variations and the
temperature peak could be due to the time required for meltwater to flow and drain from
the ice sheet to the ocean [121]. As the AMO index reaches its maximum, the warm Atlantic
waters also exacerbate the calving by reaching glaciers’ outlet, melting their bottoms, and
destabilizing their grounding line [44,56,57,67].

The observed 1- or 2-month lag between the AMO and the temperature can be ex-
plained by two phenomena. The heating imbalance from solar radiation is caused by the
difference in latitude and the thermal inertia of the ocean [85,119,122], as well as the heat
transfer between the atmosphere and the ocean, which requires 15 days for a water column
of 10 meters of depth [123].

The annual cycle is governed by a series of coupled processes:

e  Sea surface temperature, as shown with the AMO, drives pressure variations over the
North Atlantic and modulates precipitation over Greenland.
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e The NAO or GBI, and near-surface temperatures are intrinsically linked and mutu-
ally reinforcing.

e  Precipitation and temperature influence albedo and ice mass, while albedo amplifies
the effect of solar radiation on mass variations.

o  Heat exchange between the land (NST) and the ocean (AMO) occurs with a one- to
two-month lag due to oceanic thermal inertia.

e  Finally, the AMO directly forces glacier retreat by promoting ice discharge at marine-
terminating glaciers through enhanced calving and frontal melting, driven by oceanic
thermal forcing.

5.4. Decadal Oscillation

The periodicities of 8 and 12 years appear regularly between the GIS, the indices, and
the parameters. We investigate a possible link with the well-known solar cycle. Even though
the average period of solar activity is 11.2 years, it varies between 8 and 15 years [124]. As
such, there could be a relation between increases and decreases in solar emissions and the
ice mass variations in the ice sheet. We recovered the radio emission from the Sun at a
wavelength of 10.7 cm on the Space Weather website of the Government of Canada [125].
This dataset is available daily from 2004 to the present.

As shown in Figure 7, with the example of NAO, a common cycle between 8 and
12 years is visible in the XWT.
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Figure 7. Comparison of the NAO (in red) and the Solar cycle F10.7cm radio flux (sfu, in blue)
between 2002 and 2024. On the XWT, the color scale represents the amplitude in units of normalized
variance, the arrows represent the phase shift (positive correlation pointing right, anti-correlated
pointing left, and the progressive time shift in between), the bold line delimits the zones with a
significance level of 5%, and the shaded area is the cone of influence where edge effect is important.

Such oscillations around 11 years are visible for almost all parameters and indices we
looked for. The sun can be the driving force of this cycle since it affects almost all climate
actors [35-37,126]. An explanation of the principles behind the dynamical response of the
atmosphere with variations in solar irradiance was given by Lean in 2017. It was shown
that an addition of 0.1% of irradiance increases Earth’s surface temperature by 0.10 °C. This
global effect is less than the warming of the atmosphere at 20 km (0.30 °C). The added
energy alters the equator-to-pole relationship and induces warmer or cooler areas at mid
to high latitudes. The climatic systems are also impacted by the modified vertical thermal
gradient [127].

From the different correlations observed at this period, it appears that a high positive
NAOQO, with an exacerbated atmospheric pressure dipole, is correlated to more precipitation
in Greenland, and the same happens with the AMO. An increase in precipitation also
means more mass gain on the GIS. The NAO is anti-correlated (r = —0.58, Table 2) to the
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TDT parameter, whereas the AMO is correlated but with a delay of 4 to 5 years (r = 0.79,
Table 2). This delay is similar to what was previously found with the solar/geomagnetic
activity influencing the AMO with a 4-year lead [37].

Nonetheless, as this period is half of our observation window;, it will be interesting to
confirm this result when a longer series becomes available.

5.5. Periodicities at 4 and 7 Years

Interannual cycles, varying from 4 to 7 years, are discernible in the relations between GIS,
precipitation, AMO, and albedo. Such periodicities can also be found in the Antarctic [45].

There is ice loss when the GIS has a low albedo or when the AMO index is high.
In the first case, the surface is darkening and it absorbs more radiation, so the ice melts
and evaporates, or melts and flows away [64,66]. In parallel, the high AMO sea surface
temperature directly melts ice at glaciers’ outlets and increases the calving [44,57,67].

There is also a complex link between precipitation and the AMO index at those
frequencies. Like in the case of the yearly cycle and from what is already known, we expect
the AMO index to be one of the causes of Greenland’s precipitation [92,115-117,128]. This
is the case since 2012, when the AMO has had a head start of 3 months to a year over the
precipitation (r = 0.76, p = 10~7?, Table 2). However, the relation between them is inverted
during the preceding period, 2002-2012, with the AMO lagging behind precipitation
(r=0.59, p = 10732, Table 2).

We hypothesize this difference could come from the effect of fresh water from pre-
cipitation on the ocean dynamics and the mixing of the surface layer. The freshwater
induced by meltwater discharge and meteoric water input is predominant in regions such
as the Baffin Bay [129]. This fresh water influences the vertical mixing and stratification
of the ocean. Other factors also influence the stratification; wind and lateral processes can
increase or decrease the layering. In fact, between 2006 and 2012, it was reported that in
the Canadian basin, a strong stratification occurred [130]. When less vertical mixing and
a strong stratification of the ocean are present, like in the case of the China Sea in 2016, it
has for effect to enhance the surface warming by trapping the thermal energy from the
atmosphere and solar radiation in the surface layer [131,132].

The cause of these cycles could be related to atmospheric oscillations already observed
for those frequencies [133]. Some part may come from a deeper origin. It has been shown
that a relation between the angular momentum of the atmosphere with the solid Earth’s
rotation over a 6-year period exists. It implies the possible link between the dynamical
processes of the core, the solid Earth, and the different superficial fluid envelopes [134].
Further research on those periodicities must be performed to understand their origin
and impact.

5.6. AMOQ'’s Overall Correlation

While a potential long-term pattern is observed within the 22 years of GRACE and
GRACE-FO measurement windows, there is insufficient data to establish any kind of cyclic
behavior between the AMO, the GBI, and the GIS. However, the AMO relationship with
the Greenland mass changes during those 22 years shows a potential positive correlation
(r = 0.73) with a striking lag of 3.5 years across the entire time series. This would mean
that an ice mass loss over Greenland will influence the AMO signal 3.5 years later. This lag
could be related to the time needed to displace the oceanic water from Greenland coasts or
from the Arctic Ocean to the North Atlantic area where the AMO index is calculated. In
fact, it was determined that in the event of an increased blocking activity over Greenland,
the sea ice and fresh water would accumulate in the Arctic Ocean, until it flushes out
several years after ref. [87]. Such a blocking event leading to the accumulation of sea ice
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was observed in 1964 and affected the Atlantic Ocean 4 years after ref. [135]. In the same
way, for Greenland’s western coast, it was shown that drifters anchored at a depth of
15 meters take ~6 months to cross the Labrador Sea, going from the Davis Strait to the
Flemish Pass [136]. A similar lag between NAO and the sea surface temperature, on the
Northeast Continental Shelf, induced by the displacement of water from the Labrador Sea
to the rest of the North Atlantic Ocean, has already been described [137]. Nonetheless, we
need more time, or the use of other methods or more complete SST data, to verify if the
AMO delayed link to the GIS mass changes is a lasting behavior.

5.7. Non-Periodic Events

Our EOF analysis, Figure 2e, identified two apparent mass gain events in the M5 mode.
The first one corresponds to the peak A in November 2016 (valid observation), and the
second one to peak B in November 2017 (GRACE/GRACE-FO missions gap period).

The November 2017 event (peak B) coincides with the 11-month gap between the
two GRACE(-FO) missions (July 2017 to May 2018). Therefore, it is likely an interpolation
artifact rather than a real signal. This conclusion is confirmed by performing the inter-
polation method using the FFT coefficients of adjacent years. In the study, we use the
2016-2017 year, which is marked by the presence of a mass gain feature in November 2016.
However, the November 2017 anomaly disappears when we use an alternative year instead,
e.g., 2015-2016. In contrast, peak A (November 2016) represents a valid observation. We
investigated its potential connection to extreme precipitation events through XWT analysis
of M5 and the non-cumulated P in Figure 8.

Period (year)

1?002 2006 2010 2014 2018 2022
Year
Figure 8. XWT analysis of the fifth mode and the non-cumulated precipitation signal over Greenland
between 2002 and 2024. The color scale represents the amplitude in units of normalized variance, the
arrows represent the phase shift (positive correlation pointing right, anti-correlation pointing left,
and the progressive time shift in between), the bold line delimits the zones with a significance level
of 5%, and the shaded area is the cone of influence where the edge effect is important.

Figure 8 reveals a statistically significant positive correlation (p < 0.05) between precip-
itation anomalies and the GIS mass variations from early 2016 to mid-2017. This correlation
strongly suggests that peak A (November 2016) in M5 reflects the impact of an extreme
precipitation event. This anomalous mass gain coincides with exceptional winter accumu-
lation (2016-2017), particularly associated with (1) a record precipitation in October 2016,
and (2) the remnants of Hurricane Nicole, which reached southeastern Greenland in late
October 2016 [62,138].

The interpolation method used to bridge the data gap effectively reconstructs the
dominant periodic signal, such as the annual oscillation. However, this approach is sus-
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ceptible to high-frequency artifacts. These artifacts arise when non-periodic, transient
events—masked within the underlying oscillation used for the interpolation—are inadver-
tently incorporated into the gap-filled record.

Alternative approaches, such as incorporating data from Greenland’s Global Navi-
gation Satellite System (GNSS) network (GNET), show significant promise for improving
gap reconstruction in mass balance records. For instance, ref. [139] established GNET’s
capability to model Greenland mass changes directly. Critically, GNSS-derived loading
measurements are particularly adept at capturing high-frequency signals, which could
substantially reduce interpolation artifacts during unsampled periods.

6. Conclusions

Our study investigates the mass balance of the Greenland Ice Sheet (GIS) from April
2002 to December 2023, revealing complex annual-to-interannual variability driven by
coupled atmospheric, oceanic, and cryosphere dynamics. Through Empirical Orthogonal
Function (EOF) analysis, we decomposed the mass signal into five significant modes
(M1-M5), which together explain 67.5% of the total variance. Wavelet Cross-Correlation
analysis further revealed the teleconnections between GIS mass balance and time series
corresponding to key climate indices (NAO, GBI, AMO) and meteorological parameters
(temperature, precipitation, albedo).

These results identify three dominant periodicities in GIS mass variability: 1 year,
4-7 years, and 11 years. The strongest is the annual cycle, which reveals a coherent
loop of interactions between all the selected key climate indices (NAO, GBI, AMO) and
meteorological parameters (temperature, precipitation, albedo) within the Greenland region.
We propose a conceptual cyclic model in which the Atlantic Multidecadal Oscillation (AMO)
exerts the primary forcing, leading to variations in the North Atlantic Oscillation (NAO)
and Greenland Blocking Index (GBI). These atmospheric patterns, in turn, regulate regional
temperature and precipitation. Subsequently, temperature and precipitation anomalies
drive changes in surface albedo and ice mass, with albedo feedbacks amplifying the impact
of solar radiation on melt. The ocean’s thermal inertia, reflected in the AMO, introduces
a 1-2-month lag in sea surface temperature responses. Additionally, the AMO directly
influences ice discharge at marine-terminating glaciers through oceanic thermal forcing,
calving, and frontal melting.

Beyond the annual cycle, we identify significant interannual signals. The 11-year
periodicity is consistent with the solar cycle, while the origin of the 4-7-year signal remains
uncertain, potentially involving interactions between Earth’s rotation and atmospheric
oscillations. A persistent multi-year correlation exists between the AMO and GIS mass,
with the AMO lagging by approximately 3.5 years, suggesting a longer-term oceanic control
that requires further investigation with extended data records. The AMO and GBI also
exhibit a possible correlation over the full 22-year period. Confirming this signal as a
persistent oscillation and elucidating its underlying mechanism will require analysis of a
more extended GRACE-FO record.

Finally, our study also examined non-periodic signals, such as the prominent peak in
the M5 EOF mode, which highlights the system’s sensitivity to transient forcing events,
including extreme weather events. This underscores the GIS’s vulnerability to episodic,
high-magnitude perturbations.

In this highly coupled system, external forcing on any single component can cascade
across multiple spatiotemporal scales. While this study confirmed the influence of regional
climate modes, future work should assess remote drivers such as the Pacific Decadal
Oscillation or the Southern Oscillation Index. Furthermore, moving beyond temporal cor-
relations to investigate the spatial heterogeneity of the GIS response is critical. Identifying
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regions of heightened vulnerability, zones of resilient accumulation, and local-scale ice-
dynamical mechanisms will be essential for refining projections of Greenland’s contribution
to sea-level rise.
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Al Albedo

AMO Atlantic Multidecadal Oscillation

AMOC Atlantic Meridional Overturning Circulation
CARRA Copernicus Arctic Regional ReAnalysis

COo1 Cone of Influence

Closo, 95% confidence interval

EOF Empirical Orthogonal Function

FFT Fast Fourier Transform

GBI Greenland Blocking Index

GIS Greenland Ice Sheet

GNET Greenland’s GNSS network
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GNSS Global Navigation Satellite System

GRACE Gravity Recovery and Climate Experiment
GRACE-FO  Gravity Recovery and Climate Experiment Follow-On
ICGEM International Centre for Global Earth Models
IMBIE Ice Sheet Mass Balance Inter-comparison Exercise
NAO North Atlantic Oscillation

NOAA National Oceanic and Atmospheric Administration
NST Near-Surface Temperature

P Precipitation

PSL Physical Sciences Laboratory

SH Spherical Harmonics

SLR Satellite Laser Ranging

SST Sea Surface Temperature

WT Wavelet Transform

XWT Cross Wavelet Transform
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