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redistributions using principal component analysis. The dominant mode, which
appears both in gravity and positioning, results from the North Atlantic Os-
cillation (NAO). This analysis allows us to isolate and characterize the NAO
impact on the mass distribution, which appears centered over the Black Sea and
its two main catchment basins, the Danube and Dnieper.

KEYWORDS: Europe; Water masses; Global positioning systems (GPS);
Interannual variability; North Atlantic Oscillation

Monitoring and modeling Earth’s water cycle is a key scientific issue. On land,
knowing how water resources evolve and how they respond and interact with the
climate variations has a strong societal impact in the context of global change. In
particular, the knowledge of the interannual dynamics of water mass redistributions
at the regional scale is mandatory to estimate the effects of the global change on the
water cycle. At this time scale, in Europe, the zonal atmospheric circulation over
the northern Atlantic Ocean dominates the interannual climate variability. The state
of this circulation is classically monitored using the North Atlantic Oscillation
(NAO) index (Barnston and Livezey 1987). This index is defined as the normalized
difference of atmospheric pressure between Iceland and the Azores or Portugal
(Barnston and Livezey 1987). The effect of the NAO is mostly sensible during the
winter (Greatbatch 2000) but also affects the summer European climate (Folland
et al. 2009; Bladé et al. 2011). It strongly impacts the rain and temperature regimes,
with a globally warmer and wetter northwestern Europe and a dryer southern
Europe during the positive phase and conversely (Hurrell 1995; Greatbatch 2000;
Wanner et al. 2001). In particular, central European droughts have also been linked
with strong positive NAO phases (Lopez-Moreno and Vicente Serrano 2008).

Unlike its impact on the precipitation, the signature of NAO in water mass
distribution is not fully known because of the complex transfer function between
precipitation, temperature, and total water mass. The NAO impact on hydrological
or oceanic parameters other than the total water mass has been investigated at local
or regional scales. For example, Tsimplis et al. (2013), Stanev and Peneva (2001),
and Oguz et al. (2006) evidenced significant correlations between the NAO index
and the sea level of the Black Sea, whereas others (Tsimplis et al. 2004; Woolf and
Tsimplis 2002) conclude the opposite for the same region. In southeastern Europe
(Figure 1), the impact of the NAO on hydrological data such as river flows has also
been shown, in particular for the Danube—for example, Rimbu et al. (2002) and
I. Mares et al. (2006, meeting presentation)—where this impact has been linked
with interannual precipitation over this basin (Mares et al. 2012). Concerning water
mass, recent studies have shown a significant NAO impact on the Mediterranean
Sea oceanic mass at interannual time scale (Tsimplis et al. 2013; Fenoglio-Marc
et al. 2013). However, up to now, such investigations need to be further extended in
order to consider the dynamics of the total oceanic and hydrological system over
wider areas. For this, the changes in the total water mass, including the atmo-
spheric, hydrological, and oceanic contributions, need to be considered.

Independent information on the water mass displacement can be obtained from
geodetic measurements. Geodesy is the part of Earth’s sciences involving the
measure of Earth’s shape, its orientation, and its gravity potential. The water mass
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Figure 1. The main river catchment basins in Europe for the Mediterranean Sea
(orange), the Atlantic (dark green), the North Sea (light green), and the
Black Sea (blue).

load at Earth’s surface changes both the gravity and Earth’s shape, as the ground
bends under the load. At annual (Tregoning et al. 2009; Tesmer et al. 2011) and
also interannual time scales (Valty et al. 2013), the water mass distribution is the
major source of time variation of Earth’s gravity as seen by satellites and of Earth’s
shape. This makes geodetic data a great tool for understanding the global- and
regional-scale water mass redistributions. Moreover, with respect to the classical
hydrology dataset, the use of geodesy improves the space distribution of the data.
Last, the redundancy obtained when using both GPS and space gravity data allows
a more robust identification of the observed phenomena.

Since its launch in 2002, the Gravity Recovery and Climate Experiment
(GRACE) space gravimetry mission has been providing unprecedented high-
quality global data about the time-variable water mass distribution (Tapley et al.
2004; Wahr et al. 2004; Ramillien et al. 2008). Most of those studies focus either on
episodic events (Chen et al. 2009, 2010; Swenson and Wahr 2009) or on the
seasonal cycle (Giintner 2008). The long-term trend in the mass distribution has
also been the topic of studies focusing on the global change effect on water load or
on the glacial isostatic adjustment (van den Broeke et al. 2009; Velicogna 2009;
Velicogna and Wahr 2013). The interannual dynamics of the water load has also
been investigated using GRACE gravity data (Andersen and Hinderer 2005; de
Viron et al. 2006; Ramillien et al. 2006; Vey et al. 2012), though to a much lesser
extent.

The aim of this paper is to investigate the signature of Northern Atlantic Oscil-
lation on mass redistributions over southern Europe using GRACE and GPS data.
This study is organized as follows: in the first section, we describe the geodetic data
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and the models used and their preprocessing. In section 2, we present the principal
component (PC) analysis (PCA) method used in this study. In the third section, we
investigate the main interannual PCA mode in the geodetic data. Then, in section 4,
we compare the interannual water mass variations deduced from geodetic mea-
surements and those deduced from general circulation models (GCMs) and data
assimilation products, here both called by the generic term ‘““models.” In the last
section, we analyze the impact of NAO on southern European interannual water
mass changes monitored by geodesy.

We use over the 2002—10 period the release 2 (RL02) GRACE geoid models
from the Groupe de Recherche en Géodésie Spatiale (GRGS), GPS vertical de-
formation from a reprocessing of the EUREF Permanent Network (EPN), satellite
altimetry multimission data from AVISO, water mass variations from the sum of
three models (one atmospheric, one oceanic, and one land hydrology model), and
Moderate Resolution Imaging Spectroradiometer (MODIS)-derived sea surface
temperature (SST). The preprocessing information directly relevant to our study is
described below; the reader is referred to Valty et al. (2013) for more information.

The total GRACE-derived loads and their associated vertical displacements
have been reconstructed using Love’s theory (Farrell 1972) from the GRGS RLO02
models (Bruinsma et al. 2010), assuming in particular that the loads are concen-
trated at Earth’s surface and that Earth’s response to loading is elastic. Dealiasing
atmospheric and oceanic products are added back in order to recover the total load
for the entire water column, including the oceanic and atmospheric contributions.
GRACE loads are referred to Earth’s center of mass. To compare their associated
vertical displacements with the GPS ones, which are referred in Earth’s center of
figure (CF) as in Tregoning et al. (2009), we introduced a geocenter model that
allows the expression of GRACE-associated displacements into the CF. For this,
we used geocenter motions from Cheng et al. (2010), first converted into loading
spherical harmonics using Equations (4) and (5) of Swenson et al. (2008).

The GPS solution consists of a reprocessing of the EPN data (Bruyninx 2004),
performed at the Royal Observatory of Belgium, that we combined with weekly
International GNSS Service (IGS) reprocessed solutions (Rebischung et al. 2012) in
order to avoid aliasing due to the regional distribution of the EPN stations (Legrand
et al. 2012). The six weekly transformation parameters (scale factor is not estimated)
between, on the one hand, the IGS and the combined frames and, on the other hand,
the EPN and the combined frames were computed under a 0.5-mm constraint be-
tween the IGS and the combined geocentric coordinates. The resulting combined
frame is thus very close to the IGS frame. The transformation is then applied to all
EPN weekly coordinates. The two-step combination strategy used is detailed in
Collilieux et al. (2012). The GPS stations with more than 75% weekly data available
during the 2002-10 period have been kept for a total of 110 stations over southern
Europe. The possible discontinuities related to earthquakes or equipment changes
have been removed. As the signature of the surface load is cleaner in the vertical
component of the station displacements (Tregoning et al. 2009; Valty et al. 2013), our
study is limited to that component. The origin of the frame in which these vertical
displacements are expressed is Earth’s center of figure (Collilieux et al. 2012).
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For comparison, we also use outputs from models; the water load is estimated as
the sum of the water load computed from the terrestrial water storage provided by
the Global Land Data Assimilation System (GLDAS) applied to the Noah model
(Rodell et al. 2004) and the water gap hydrology model (D&l et al. 2003) for
hydrology, the sum of the load deduced from the ocean bottom pressure (OBP)
variations of Mercator model (Ferry et al. 2012) for the ocean (Mediterranean Sea
included), and that deduced from the vertical displacements computed by Petrov
and Boy (2004) from the National Centers for Environmental Prediction (NCEP)
reanalysis (Lee et al. 2002) for the atmosphere. We apply a 500-km-radius
Gaussian spatial filtering to these models outputs in order to have a consistent
spatial resolution with the load computed from GRACE solutions. The total mass
of the models is not constant, as none of the models impose a real mass conser-
vation constraint. This problem is often overcome by adding a constant layer to the
models’ load in order to keep the total mass constant. Nevertheless, we estimated
the maximal value of such a correction to 0.6cm of equivalent water height
(EWH), which is small with respect to the phenomena investigated here but has to
be considered as a possible source of error of the models.

The Black Sea is usually not well modeled or not modeled at all in the ocean
models: for example, the ocean bottom pressure variations in this region are not
considered in the ECCO model (Fukumori 2002) and, in Mercator, their quality is
not assessed because of the peculiar dynamics of this almost closed basin
(Y. Drillet 2011, personal communication). Consequently, we estimate the water load
over the Black Sea from sea level variations corrected for the thermal expansion
contribution and substitute the associated mass load to that from Mercator in the
Black Sea. The sea level anomaly (SLA) grids are provided by AVISO through
their website (www.aviso.altimetry.fr/fr/donnees/produits). The steric correction is
computed using SST. The SST data are derived from Aqua/MODIS infrared
measured radiations (Esaias et al. 1998). This estimate of the steric contribution is
based on the work from Swenson and Wahr (2007); it assumes that the density
changes are related to temperature variations (Chambers et al. 1997; Jayne et al.
2003), that the thermal expansion coefficient is constant and equal to 3 X 104K !
(Swenson and Wahr 2007), and that all temperature changes occur in the upper
layer of the Black Sea, as confirmed by an analysis of sea temperature profiles from
the World Ocean Database 2005 (Locarnini et al. 2006) and by several other studies
(Kucuksezgin and Pazi 2003; Kara et al. 2008). From these profiles, we estimated
the mean depth of the upper Black Sea layer to 30 m. As the temperature decreases
fairly linearly from the SST to the bottom layer constant temperature (around 8°C
in all seasons), we approximated the temperature in that layer to be the mean value
between the MODIS-derived SST and the bottom layer temperature.

Hereafter, the surface mass distribution obtained from the GRACE geoids will be
referred to as “GRACE mass distribution,” the mass distribution deduced from the
sum of the global models is referred to as “models outputs,” and the GPS station
vertical displacements time series are referred to as ‘“‘deformation data™ below.

The NAO index used is the PC-based North Atlantic Oscillation index, as
computed by Hurrell et al. (2003) from the National Center for Atmospheric Re-
search (NCAR) sea level pressure.

Trends are filtered out from all the datasets, as they are mainly related in the
deformation data to processes not linked to water mass redistributions. We then
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Figure 2. (top) RMS of the (left) interannual vertical GPS displacements and (right)
GRACE-derived displacements. (bottom) Correlation between the GPS-
and GRACE-derived interannual vertical displacements.

compute the interannual time series from the mass, models outputs, and defor-
mations by removing a seasonal composite signal (Hartmann and Michelsen 1989)
and then run a 6-month averaging window on the residual time series. We also
apply the same 6-month averaging window to the NAO index.

Both GPS- and GRACE-derived interannual vertical displacements show a
dispersion between 0.5 and 3 mm over Europe, with higher values (2.5-3 mm) over
central and eastern Europe. The consistency between GRACE and GPS is quite
good, even if GPS stations showing the strongest interannual variability are located
in central Europe and not, as for GRACE, around the Black Sea (Figure 2). The
interannual correlations between GRACE and GPS vertical displacements are
higher than 0.5 for 80% of the stations. In central and eastern Europe, where the
strongest interannual variabilities are noticed both for GRACE and GPS, almost all
stations have correlations larger than 0.5.

3. The principal component analysis

PCA (Preisendorfer 1988) is a data mining technique that decomposes a set of
time series X;(A, ¢) constituting the matrix X using the eigenvectors (PCs) of their
covariance matrix, so that
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Figure 3. (left) First PC mode time series of interannual GPS vertical displacement
(blue). (right) For each station, the amplitude of the first PC mode spatial
pattern associated with the GPS interannual displacement.

N
Xi()\a ¢a tj) = Z Yk(tj)Ak,i(/\’ ¢), (1)
k=1

where A and ¢ are the longitude and latitude, respectively; Ay ;(A, ¢) is the ith
component of the kth eigenvector; and Yy(t;) is the value at time ¢; of the time series
associated with the kth eigenvector. When applied to spatially distributed time
series, a PC can be interpreted as a spatial pattern and is associated with a time
series that represents the projection of the datasets on this PC. A PC mode is thus
the combination of a time series and a map, with the eigenvalue of the PC asso-
ciated with a percentage of variance explained.

This method has been intensively used in climate studies (e.g., von Storch and
Zwiers 1999) and, more recently, in geodesy and gravimetry studies for its ability
to retrieve a common signal in a set of noisy time series (Chambers 2006; de Viron
et al. 2006; Schrama et al. 2007; de Viron et al. 2008; Rangelova and Sideris 2008;
Zerbini et al. 2008; Rieser et al. 2010; Mandea et al. 2012).

4. Interannual water mass variations common to mass and
deformation

Applying the PCA independently on GPS deformation data and GRACE mass,
we obtain two modes for which both the time series and the space patterns are
similar for the two datasets. Only the first mode is discussed here.

This first mode captures 41% of the variance of the GPS deformation and 56% of
the variance of the GRACE-derived mass. The geographical patterns associated
with this first mode are shown in the right-side panels of Figure 3 for the GPS
deformation data and Figure 4 for the GRACE-derived mass, where it can be seen
as quite consistent between GRACE and GPS, even if a few GPS stations are not
impacted. It is mostly active in central and eastern Europe, especially around the
Black Sea and over the Danube and Dnieper basins (Figure 1), which are dis-
charging into this sea. The time series associated with this first mode from
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Figure 4. (left) First PC mode time series of inferannual GPS vertical displacement,
scaled by a negative factor (blue), mode-1 time series of interannual
GRACE water load (red), and 6-month filtered NAO, with a 3-month time
lag and scaled by a negative factor (green). The negative factors (—100
for the NAO and —18 for the GPS PC mode) have been chosen in order to
make easier the comparison between the time series. (right) Amplitude of
the first PC mode spatial pattern associated with the GRACE interannual
water load.

GRACE-derived mass and GPS deformation (Figure 4, left panel) are significantly
anticorrelated at the 95% level. The peak-to-peak amplitude associated with the
mode can reach 9 mm for vertical displacement and 16-cm EWH for mass. Note
that when applying the PCA to GRACE-derived mass at the GPS station locations
only, the spatial pattern of the first PC mode (not shown here) is very consistent
with that estimated from the GPS displacements (Figure 3, right panel).

The time series associated with this mode for deformation are dominated by the
signature of three noticeable climate events: the summer 2003 heatwave (associ-
ated with a drought and a negative vertical displacement), the spring 2005 flooding
in southeastern Europe, and the winter 2006/07 drought. Only the first two events
are also present in the time series for this mode on mass (Figure 4). Indeed, during
the winter 2006/07 event, the regional-scale uplift of the GPS stations is consistent
with a severe drought in the area, which is confirmed by the Palmer drought
severity index (Dai 2011) and by the models outputs (Figure 4), whereas GRACE-
derived mass shows only a slight minimum.

5. Comparison between geodesy and model-derived
water mass estimates

The first PC mode computed from the models outputs explains 38% of the
variance. Its associated time series agrees with that of the first PC mode from mass
and displacements (Figure 5, left panel). As found by Fenoglio-Marc et al. (2012),
both interannual mass changes inferred from GRACE and derived from the models
are much stronger in the Black Sea than in the Mediterranean. We compared our
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Figure 5. (left) Time series of the first PC of the interannual models’ water load
(black), time series of the first PC of the interannual GRACE water load
(red, the same as in Figure 1), and 6-month filtered NAO, with a 3-month
time lag and scaled by a negative factor (green). The negative factor
(—120) has been used in order to make easier the comparison between
the time series. (right) Mode-1 spatial pattern associated with the models’
interannual water load.

results to those of Fenoglio-Marc et al. (2012) and of Aus der Beek et al. (2012),
who in particular compared several hydrology models for leakage correction of
GRACE-derived mass changes in the Black Sea and in the Mediterranean Sea. We
find here a mean correlation above the Black Sea between, from one part, inter-
annual mass changes inferred from GRACE and corrected from land hydrology
using GLDAS and, from the other part, interannual mass changes deduced from
satellite altimetry and corrected from steric contribution using MODIS-derived
SST (Figure 6) is at the same level [0.74 in this study, compared to 0.68 by
Fenoglio-Marc et al. (2012) and 0.71 to 0.74, depending on the hydrology models,
for Aus der Beek et al. (2012)]. Both of these studies use a regional modeling based
on the Nucleus for European Modelling of the Ocean (NEMO) (Grayek et al. 2010)
to correct altimetry from the steric contribution.

However, despite their good general agreement, geodesy and models’ outputs
slightly disagree on the associated spatial pattern. Indeed, even if the Danube basin
and the Black Sea itself participate with the mode for the models’ outputs (Figure
5, right panel), the areas located at the north of the Black Sea, in particular the north
of the Dnieper basin, are partly excluded from this first mode, as seen in the models
outputs. On the other hand, in the geodetic time series and especially for GRACE-
derived mass, this basin is fully part of the first mode, slightly shifted toward the
north compared to the models.

The slight disagreement between GRACE-derived mass and models’ outputs
cannot be settled using displacement, as the number of GPS stations in this region
is too small. Note that GLDAS theoretically only considers the subsurface water,
and the most important differences are mostly localized in the central Dnieper
basin, a region with large lakes and very porous soils, likely to host groundwater
resources (Gilbrich 2000; Zekster and Everett 2004). Nevertheless, the explanation
of this slight shift is not straightforward. The differences between GRACE and
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models in the Dnieper basin (between 2- and 6-cm EWH) are too large to be
explained by the correction of the nonconservation of the total Earth’s mass of the
models using a constant mass layer (0.6-cm EWH). These discrepancies are not
smaller when using the WaterGAP Global Hydrology Model (WGHM), which
models both surface water and groundwater resources (D61l and Fiedler 2008; Jin
and Feng 2013). This would either rule out the hypothesis of contribution from
groundwater or surface water or indicate error in modeling those quantities in those
regions. Moreover, in Europe, authors such as Springer et al. (2014) have shown
that differences in terrestrial water storage between a set of models and GRACE
should often come from bias in the precipitation minus evaporation estimate of the
models—a bias that can be modeled.

The first mode of the PCA is thus consistent both temporally and geographically
between the three estimates used in our study (GRACE, GPS, and models), except
for some areas mostly included in the Dnieper basin.
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The time series associated with the first PC mode described in section 3, either in
mass or deformation, are significantly (at the 95% level) correlated with the NAO
index. The correlation is larger for a temporal lag of 3 months (Figure 5), which is
consistent with the fact that the NAO effects on water load can be delayed by a few
months with respect to its precipitation impact, based on the dynamics of the
concerned hydrological basins. This correlation coefficient is 0.56 for GPS de-
formation and —0.51 for GRACE-derived mass. The NAO index and the mode
time series nevertheless show episodic disagreements, for example, at the begin-
ning of 2004 or the end of 2008, indicating that mode 1 is the superimposition of
NAO and of other secondary effects. To separate the atmospheric effect from the
hydrological one, we also made the same analysis after the removal of the atmo-
spheric contribution. Interannual atmospheric loads from the NCEP-NCAR re-
analysis, computed with respect to Earth’s center of mass, were removed from
GRACE total loads (including AOD1B products). In the same way, displacements
from the NCEP atmospheric model, computed with respect to Earth’s center of
figure, were removed from the GPS vertical displacements before computing the
interannual signals. Similar results are obtained when removing this atmospheric
contribution, and the correlation with NAO is even slightly improved. This is
consistent with the atmosphere playing a minor role in that process. Considering
that not correcting for the atmospheric effect allows our results to stay as close as
possible to the geodetic observation, we decided to only consider and show the
results without the atmospheric correction.

Our PCA study shows that the correlations found by Rimbu et al. (2002) between
the NAO and Danube runoff into the Black Sea are part of a larger-scale NAO-
related behavior centered on the Black Sea and its main hydrological basins. The
strong link between the NAO and the dynamics of water load fluctuations over the
Danube and Dnieper basins during the last decade, as deduced from geodetic
measurements, is also confirmed for precipitation (Figure 5). Note that the cor-
relations between NAO and precipitation over these regions have been stronger
during the 2002-10 period than during the 1979-2001 period (Figure 7).

NAO appears to have driven the most important water mass changes in southern
Europe during the last decade, and its effect on the water load first impacted areas
that may seem far away from Atlantic influences. This result can be partly
explained by the combination of strongly NAO-related precipitation on the Danube
and Dnieper basins, especially during the last decade, and of the large amplitude of
the interannual water storage changes in these basins. This amplitude can also be
linked with the size of these two hydrological basins that are the two largest in
Europe in terms of surface area.

We have investigated the interannual fluctuations of the water mass in southern
Europe by analyzing GRACE data and GPS vertical displacements and comparing
them to the load deduced from the sum of models. We show that nearly 50% of the
interannual mass distribution changes are associated, during the 2002—-10 period,
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Figure 7. Correlations between the NAO and the interannual precipitation from the
GLDAS-Noah model (left) between 1979 and 2001 and (right) between
2002 and 2010.

with a regional-scale mode over the Black Sea and its two major basins, the
Danube and the Dnieper, closely related to the North Atlantic Oscillation. This
mode is common to GPS vertical displacements and GRACE-derived water load
and is the signature of a strong NAO-associated water load variation in some of the
southern European basins. This result extends, for example, those variations from
Fenoglio-Marc et al. (2012), who also found strong interannual mass changes in the
Black Sea, associated with a mass excedent in 2005 and 2006 and a negative mass
anomaly in 2003 and 2008.

The models’ outputs and geodesy data slightly disagree about the localization of
this mode over the Dnieper basin. The explanation of this excess of water asso-
ciated with the NAO in the Dnieper basin is not identified yet. This study shows the
ability of geodetic measurements to be used for climatic studies, especially at
interannual time scales, as an independent source of information in complement to
the usual climatic datasets.

We provide an independent, geodetic-only assessment of the NAO effect on
water mass redistributions over Europe. Our results extend those of Fenoglio-Marc
et al. (2013) and Tsimplis et al. (2013), which focused on the Mediterranean Sea,
and those of Stanev and Peneva (2001) on the Black Sea. We indeed show that the
NAO-related mass changes are not only restricted to the ocean mass but are as-
sociated with a regional-consistent behavior in which the precipitation and the size
of the hydrological basins could explain a part of the NAO-related mass changes
over both the Mediterranean and the Black Seas.

The larger area of our study allows showing that the NAO impact center of water
mass changes was shifted to the east compared to its classical impact area on
precipitation or temperatures. In addition, as it relies on independent data, it is free
from climate-based assumptions. This shows the interest of satellite geodesy for
climate studies especially and the interannual time scale.
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