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Abstract The Gravity Recovery and Climate Experiment (GRACE) satellites have observed coherent and
nearly uniform nonseasonal fluctuations of bottom pressure throughout the Arctic Ocean and the Nordic
Seas. Strong correlation between the nonseasonal GRACE and satellite altimetry data is found in the Nordic
and Barents Seas, which suggests a possibility of using the longer altimetry records in these areas as a proxy
for the nonseasonal sea level variability over the entire Arctic. This study identifies the dominant pattern of
the nonseasonal atmospheric pressure variability that drives strong zonal wind anomalies over the
northeastern North Atlantic associated with the nonseasonal sea level anomalies in the Nordic Seas. Our
results show that wind-driven northward Ekman transport anomalies in the northeastern North Atlantic may
induce coherent changes of sea level across the entire Arctic Ocean.

1. Introduction

Since the advent of satellite altimetry, the monitoring of sea level has become nearly global. However, the
presence of sea ice severely limits the observational capabilities of space-borne altimeters in polar regions.
Despite some progress in recovering sea surface height (SSH) measurements over open leads in ice-covered
Arctic regions [Peacock and Laxon, 2004; Kwok and Morison, 2011], continuous, basin-wide monitoring of the
Arctic Ocean SSH is still problematic. Only the monthly ocean mass (OcM) variations have been continuously
observed over the entire Arctic since the launch of the Gravity Recovery and Climate Experiment (GRACE)
satellite mission in March 2002 [Tapley et al., 2004]. Numerical models suggest that the variability of the Arctic
Ocean SSH is largely mass related, especially over the continental shelf [e.g., Vinogradova et al., 2007; Volkov
and Landerer, 2013].

Previous studies have demonstrated the reliability of GRACE observations of the Arctic OcM changes [e.g.,
Morison et al., 2007; Peralta-Ferriz and Morison, 2010; Volkov et al., 2013]. Ponte et al. [2007] and later Peralta-Ferriz
and Morison [2010] studied the annual cycle of the Arctic OcM and explained it by freshwater fluxes. Using
bottom pressure measurements at the North Pole and in the Beaufort Sea, Peralta-Ferriz et al. [2011] analyzed
fast submonthly oscillations of the Arctic OcM and linked them to the meridional winds over the Nordic Seas
that modulate wind-driven slope currents. Disregarding the OcM variability in the Nordic Seas, Peralta-Ferriz
et al. [2014] concluded that the basin-coherent Arctic OcM responds to inflow mainly through the Fram Strait
via a northward Ekman slope current. However, Volkov and Landerer [2013] demonstrated that the area of the
basin-coherent OcM variability includes the Nordic Seas. They showed that the nonseasonal Arctic OcM
variability is mostly driven by the net flow across the boundary between the Nordic Seas and northeast Atlantic
at about 65°N. This means that the existing explanation of the Arctic OcM variability by winds affecting currents
only in the Nordic Seas is not complete and that external forcing, south of 65°N in the Atlantic, should

be relevant.

The main objective of this study is to understand whether wind forcing over the northeastern North Atlantic
can drive the variability of SSH and OcM in the Nordic Seas and to discuss possible mechanisms. The study
will demonstrate that the large-scale nonseasonal SSH variability in the Nordic Seas is mostly mass related. It
will also address the question of whether the large-scale nonseasonal SSH variability in the Nordic Seas can
be used as a proxy for the large-scale nonseasonal OcM variability over the entire Arctic Ocean. The latter is
important, because continuous satellite altimetry records are limited to ice free areas of the Nordic and
Barents Seas, but they are 2 times longer compared to GRACE observations. Therefore, altimetry
measurements, when coupled to atmospheric forcing, can provide statistically more robust results.
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2. Data and Methods

This study uses the monthly averaged data and focuses on the nonseasonal time scales, i.e., synoptic
fluctuations with periods from 2 to 6 months and interannual changes.

2.1. Ocean Mass From GRACE

This study uses the most recent GRACE Release-05 monthly OcM anomalies from January 2003 to December
2012 based on spherical harmonics from the University of Texas Center for Space Research (CSR RL5.0).
Details on data processing can be found in Chambers and Bonin [2012]. The OcM data are smoothed with a
Gaussian filter with 500 km half width. The global mean OcM was subtracted from each time step in order to
remove the global atmospheric pressure effect and any net OcM change due to the net global freshwater
fluxes. Furthermore, an OcM monthly mean climatology and a linear trend, calculated over the 2003-2012
time interval, were subtracted to focus on the nonseasonal time scales.

2.2, Sea Surface Height From Altimetry

The SSH maps from January 1993 to December 2012 are generated by merging multisatellite altimetry data
(Topex/Poseidon, ERS-1/2, Jason-1/2, and Envisat) [Le Traon et al., 1998]. Although the SSH data above 66°N
are based on either ERS-1/2 (operational in 1991-2003) or Envisat (operational in 2002-2012), the
convergence of ground tracks at high latitudes provides sufficient spatial and temporal coverage to
adequately resolve the synoptic-scale variability in the Nordic and Barents Seas [Volkov and Pujol, 2012]. The
SSH data were used over the 40°N-80°N and 50°W-50°E domain, where sea ice is present only near
Greenland and in the Barents Sea. For consistency with GRACE data, the SSH data were monthly averaged
and smoothed with a Gaussian filter with 500 km half width. A global average SSH and a monthly mean
climatology over the 2003-2012 time interval were subtracted from each time step to remove the effect of
global warming and the (predominantly steric in nature) seasonal cycle of SSH.

2.3. Atmospheric Reanalysis Data

Satellite altimetry and GRACE observations were coupled to monthly mean sea level pressure (SLP) and 10 m
wind speed data, obtained from the ERA-Interim reanalysis (www.ecmwf.int) [Dee et al., 2011]. A global mean
SLP was subtracted from each SLP field and a monthly mean climatology over the 2003-2012 time interval
was removed from both the SLP and the wind speed data.

2.4. Methods

An empirical orthogonal functions (EOF) analysis [von Storch and Zwiers, 1999] was used to identify the
leading mode of the OcM variability over the polar domain north of 60°N, including the Nordic Seas. This
mode is characterized by a spatial pattern (Figure 1a) and its temporal evolution, illustrated by the principal
component (PC-1) time series (Figure 1b, gray curve). The spatial pattern is represented as a regression map
obtained by projecting the OcM data onto the standardized (divided by standard deviation) PC-1 time series.
Thus, the regression coefficients are in centimeters (local change in OcM) per standard deviation change in
PC-1 of OcM.

A coupled EOF (cEOF) analysis was applied over the 50°W-50°E and 40°N-80°N domain to identify the
temporally covarying spatial patterns of SSH (Figure 2a) and SLP (Figure 2b) that explain most of the
covariance between the two fields [Bretherton et al., 1992]. The temporal evolution of these patterns is
demonstrated by two coupled PC (cPC) time series for SSH and SLP (Figure 3). The cEOF analysis was
conducted for both the nonseasonal and low-pass filtered (with a yearly running mean) fields. Only the first
cEOF modes (cEOF-1) are considered in this study. The spatial patterns of cEOF-1 are presented in the form of
homogeneous correlation maps, i.e., correlation between the cPC-1 time series of SSH/SLP and the SSH/SLP
fields (Figures 2a and 2b). The squared correlation coefficients show the portion of the local variance
explained by each mode. The monthly nonseasonal SSH and SLP time series from January 1993 to December
2012 have 240 records. Accounting for the autocorrelation of the time series (especially SSH), the number of
effective degrees of freedom is about 20. This means that correlation coefficients above 0.4 are significant at
the 95% confidence level.

Regression analysis is then used to examine the structure of wind anomalies associated with the cEOF-1
mode of the SLP variability: the zonal and meridional ERA-Interim 10 m wind speed data are projected onto
the standardized cPC-1 time series of SLP to obtain regression maps of wind vectors (Figure 2c). The
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Figure 1. (a) The EOF-1 of the nonseasonal OcM shown as a regression map (cm/standard deviation) obtained by projecting the OcM data onto the standardized
(divided by standard deviation) PC-1 time series. (b) The PC-1 of the nonseasonal OcM (gray curve) and the detrended nonseasonal OcM averaged over the entire
Arctic domain (north of 65°N, blue curve) and over the Nordic and Barents Seas (red curve). (c) The nonseasonal SSH (black curve) and OcM (red curve) averaged over
the Nordic and Barents Seas. The interannual changes are shown by yearly running means.

corresponding regression coefficients are in m s~ (local change in wind speed) per standard deviation
change in cPC-1 of SLP.

3. Results

3.1. Basin-Coherent Changes of Sea Level

The EOF-1 mode of the GRACE OcM explains 68.2% of the OcM variance and exhibits an almost uniform
spatial pattern that extends over the deep parts of the Arctic Ocean and over the Nordic Seas south to about
60°-65°N (Figure 1a). The maximum magnitude of coherent OcM changes is about 2 cm/standard deviation,
with the magnitude near the North Pole being slightly larger than in the Nordic Seas. The temporal evolution
of EOF-1 and the time series of OcM, averaged over the entire Arctic domain (north of 65°N) and over the
Nordic and Barents Seas (40°E-50°W and 65°N-80°N) are strongly correlated with each other (Figure 1b). The
zero-lag correlation coefficients are 0.91 between PC-1 and the Arctic OcM, 0.89 between PC-1 and the Nordic
and Barents OcM, and 0.92 between the Arctic OcM and the Nordic and Barents OcM. The time series
demonstrate that the OcM variability in the Arctic Ocean and in the Nordic and Barents Seas is characterized
by coherent nonseasonal signals, including interannual. GRACE observed two full cycles with a period of
about 4 years over the 2003-2012 time interval. Due to the observed coherency in the basin-wide
nonseasonal OcM fluctuations, it is reasonable to assume that at the time scales considered the OcM
variability in the Nordic and Barents Seas is representative of the OcM variability over most of the

Arctic Ocean.

The Nordic and Barents Seas have been well monitored by altimetry satellites for over two decades
[Volkov and Pujol, 2012]. Displayed in Figure 1c are the time series of the nonseasonal SSH anomalies from
1993 to 2012 (black curves) and OcM anomalies from 2003 to 2012 (red curves), averaged over 40°E-50°W
and 65°N-80°N. An important prerequisite for this study is a strong correlation between the concurrent
monthly altimetry and the GRACE data after the removal of the monthly mean climatology (no linear trend
removed). The zero-lag correlation coefficients are 0.80 between the nonseasonal time series and 0.88
between their yearly running means. The record maximum SSH occurred in winter 2002/2003. The
variability of SSH was stronger prior to 2003 with a standard deviation of 2.6 cm, while the standard
deviation of SSH after 2003 was 2.1 cm. The interannual variability of SSH manifests periodicities of about
5years in 1995-2005 and about 4 years in 2005-2012.
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Figure 2. The cEOF-1 spatial patterns shown as homogeneous correlation maps: (a) correlation between the cPC-1 of SSH (black curves in Figure 3) and the SSH data and
(b) correlation between the cPC-1 of SLP (red curves in Figure 3) and the SLP data; (c) the regression maps of the ERA-Interim winds projected on cPC-1 of SLP fields. Units
in Figure 2c are in m s per standard deviation. Figures 2a-2c show the results obtained for the nonseasonal/interannual SSH, SLP, and wind velocity fields.

These observations indicate that the large-scale nonseasonal SSH variability over the Nordic and Barents Seas
in 2003-2012 was mostly mass related. It is reasonable to extrapolate this relationship to the entire Arctic
Ocean domain and to the entire observational period from 1993 to 2012. It appears that the local steric
variability is effectively removed by subtracting the monthly mean climatology. Because the global mean SSH
was subtracted from each time step, it means that the nonseasonal steric variability due to local warming is
practically inseparable from the global warming effect.
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Figure 3. The cPC-1 of the (a) nonseasonal and (b) interannual SSH (black) and SLP (red). Blue curves show the nonseasonal
and interannual time series of the net meridional Ekman transport at 60°N and between 40°W and 5°E.

3.2. Sea Level and Atmospheric Forcing

Coherent basin-wide changes of the nonseasonal OcM over the Arctic Ocean and the Nordic Seas and close
agreement between the nonseasonal OcM and SSH in the Nordic and Barents Seas is a prerequisite for
coupling satellite altimetry SSH to atmospheric forcing. Compared to the GRACE data, satellite altimetry
provides a longer observational record and therefore gives more confidence in the statistical results.

The cEOF-1 mode exhibits covarying dipole oscillation patterns in both the SSH (Figure 2a) and SLP

(Figure 2b) fields, with one center located in the Nordic Seas and the other over the midlatitude eastern North
Atlantic. The cEOF-1 patterns for the nonseasonal and interannual fields are similar, and they explain 73% and
86% of the squared covariance, respectively. The values in homogeneous correlation maps over the Nordic
Seas exceed 0.75 (Figure 2a and 2b) meaning that the cEOF-1 mode explains over 50% of the local SSH/SLP
variance. The cPC-1 time series (Figure 3) demonstrate that both the short-period synoptic oscillations and
the interannual changes of SSH and SLP are coherent. The maximum cross-correlation between the cPC-1
time series is 0.62 at zero lag for the nonseasonal fields (Figure 3a) and 0.72 with the cPC-1 of SSH lagging
3 months behind the cPC-1 of SLP for the interannual fields (Figure 3b). The cPC-1 time series of the
interannual SSH and SLP show local maxima in 1996-1997, 2002-2003, 2006-2007, and 2010-2011, similar
to Figure 1c.

These statistical results indicate that positive/negative SLP anomalies extending over a large area from
Greenland to northern Europe are associated with positive/negative SSH anomalies over the Nordic Seas. This
is expected, because the former drive anticyclonic/cyclonic wind anomalies that lead the Ekman
convergence/divergence. The structure of wind anomaly vectors, associated with both the nonseasonal and
interannual cPC-1 of SLP (Figure 2c), means that one standard deviation increase in cPC-1 of SLP over the
Nordic Seas is associated with a local anticyclonic wind anomaly and with a much stronger zonal wind
anomaly over the northeastern North Atlantic, centered at about 57°N.

Although the northward wind anomalies in the Greenland Sea are able to modify the strength of the East

Greenland Current and the Ekman slope current across the Fram Strait [e.g., Peralta-Ferriz et al., 2014; Volkov
and Landerer, 2013], they seem to be insufficient to cause the observed basin-wide fluctuations of sea level
and mass north of 65°N. The easterly/westerly wind anomalies over the northeastern North Atlantic south of
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65°N appear to be much stronger (Figure 2c). These anomalies drive the northward/southward Ekman
transport anomalies that can lead to an increase/decrease of SSH in the Nordic Seas and possibly over the
entire Arctic Ocean. The net meridional Ekman transport at 60°N and between 40°W and 5°E correlates with
both the cPC-1 of SLP and cPC-1 of SSH (Figure 3). The zero-lag correlation between the nonseasonal time
series of the meridional Ekman transport and cPC-1 of SLP/SSH is 0.85/0.64. The maximum correlation
between the interannual time series of the meridional Ekman transport and cPC-1 of SSH is 0.68 with the
cPC-1 of SSH lagging 4 months behind.

Similar results, but for a shorter time interval (2003-2012), are obtained by coupling atmospheric forcing to
the nonseasonal GRACE OcM (not shown). The zero-lag correlation between the nonseasonal time series of
the Arctic OcM (averaged north of 65°N) and the net meridional Ekman transport at 60°N is small (r=0.19),
which means that the impact of additional processes, like wind-driven changes of circulation in the Nordic
Seas and the Bering Strait transport [Volkov and Landerer, 2013; Peralta-Ferriz et al., 2014], is also important. On
the other hand, the maximum correlation between the interannual time series is 0.65 with OcM lagging
behind the Ekman transport by 9 months. The latter relationship supports the particular importance of the
time integrated meridional Ekman transport in the northeast Atlantic on the interannual variability of the
Arctic OcM. It should be noted that the near-surface Ekman dynamics are only half of the story because the net
meridional Ekman transport is compensated by geostrophic return flows at depth.

The observed SLP and SSH variability pattern and the strength of the zonal winds in the northeastern North
Atlantic are related to the North Atlantic Oscillation (NAO) [Hurrell, 2013]. The correlation between the cPC-1
of SLP and the monthly NAO index is —0.62, while correlation between the cPC-1 of SSH and the monthly
NAO index is —0.38.

4, Conclusions

The GRACE satellites have observed coherent basin-wide changes of the nonseasonal OcM extending across
the deep parts of the Arctic Ocean and the adjacent Nordic Seas. The existing explanation of the nonseasonal
basin-wide OcM changes as being due only to the meridional wind anomalies over the Nordic Seas is not
complete and an external forcing mechanism should also be relevant. The basin-wide coherency of the
nonseasonal OcM variability and the strong correlation between the nonseasonal OcM and SSH over the
Nordic and Barents Seas allows using the longer satellite altimetry records as a proxy for the nonseasonal SSH
in the Arctic Ocean. Coupling the nonseasonal SSH variability to atmospheric forcing shows that positive/
negative SLP anomalies are correlated with positive/negative SSH anomalies in the Nordic Seas. This is partly
because of the associated local Ekman convergence/divergence. On the other hand, a dipole oscillation
pattern of SLP drives strong zonal wind anomalies over the northeastern North Atlantic correlated with the
nonseasonal SSH variability in the Nordic Seas. The variations of zonal wind cause the northward Ekman
transport anomalies that modify the net transport across the boundary between the northeastern North
Atlantic and the Nordic Seas. The results of this study demonstrate that the Ekman transport anomalies over
the northeastern North Atlantic are very important for driving the nonseasonal, including interannual,
variability of the Arctic OcM and SSH. This study complements previous research [Volkov and Landerer, 2013;
Peralta-Ferriz et al., 2014] and extends it by using longer (compared to GRACE) satellite altimetry observations,
identifying a new mechanism for the Arctic OcM/SSH variability, and establishing relationship between the
interannual changes of the Arctic OcM/SSH and wind forcing.
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