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Abstract

A new approach for analysis of spatiotemporal variability across ocean basins was tested using global 1° X 1° monthly sea
level reconstruction (RecSL) for 1900-2015. Each sea level cross section 7(x,f) was converted into a single time series that
contains both spatial and temporal variabilities by connecting back and forth repeated monthly sections. For example, a single
zonal section between 50°W and 50°E would create a time series of 116 years X 12 months X 100°=139,200 data points. The
long record allowed great statistical significance and direct comparison between energy in spatial variability and energy in
temporal variability. Time and length scales found in 116 years of RecSL data are compared with 23 years of altimeter data.
Empirical Mode Decomposition (EMD) was then used to break the record into high-frequency modes representing spatial
variability across the section and lower frequency modes representing temporal variability (capturing time scales of a few
months to multidecadal). Examples of the spatiotemporal analysis in the Pacific Ocean showed how the method detected
an increase in El Nifio amplitude in equatorial regions and characterized spatiotemporal changes in the Kuroshio Current
in mid-latitudes. In the Atlantic Ocean, the analysis showed the latitudinal dependency of spatiotemporal variability: for
example, sections near the Gulf Stream (GS) and the Antarctic Circumpolar Current (ACC) showed energy dominated by
small-scale spatial variability while sections across equatorial and subpolar North Atlantic regions showed energy dominated
by long-term temporal variability and diminishing energy in spatial variability. The impact of the North Atlantic Oscillation
(NAO) index on spatiotemporal variability showed that interannual variations in NAO are highly correlated with subpolar
sea level variability, while decadal and longer variations in NAO are linked with sea level variations at the equatorial South
Atlantic and the Antarctic zone. This analysis can be useful for other observations and various climate data.
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1 Introduction

Studies of sea level rise (SLR) and sea level variability
(Church and White 2006, 2011; Merrifield et al. 2009; Jevre-
jeva et al. 2008; Hay et al. 2015; Dangendorf et al. 2014,
2017, 2019; Ezer and Dangendorf 2020, 2021) often show
considerable nonhomogeneity; for example, some locations
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have larger SLR acceleration than others, and regions near
western boundary currents have a lot more mesoscale varia-
bility than, for instance, centers of subtropical gyres. Differ-
ent regions are also subject to different forcing that operate
on different time scales and these forcing may change over
time due to climate change. For example, changes in water
masses (barystatic sea level change) due to land-ice melting
and hydrological processes may be more dominant in the
future than contribution to SLR from changes in steric sea
level due to changes in salinity and temperature, particularly
at multidecadal scales (Frederikse et al. 2020). Moreover,
both barystatic and steric sea level changes have strong spa-
tial and mostly latitudinal variations (Ezer and Dangendorf
2021), so spatiotemporal changes need to be considered. Cli-
matic shifts in one location can influence other regions—for
example, shifts in Southern Ocean winds (Cai 2006) were
linked with sea level acceleration in northern latitudes after
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the 1960s (Dangendorf et al. 2019). Latitudinal variations
in spatiotemporal variability are also related to the com-
bined impact of Earth’s rotation, i.e., the Coriolis effect, and
stratification, so for example, the baroclinic Rossby radius
of deformation that determines spatial scales in the ocean is
largely geographically dependent (Chelton et al. 1998). Tur-
bulence spectrum of oceanic flows can also be latitudinal-
dependent since mesoscale and sub-mesoscale variability
can be affected by Coriolis, as recently shown by Galperin
et al. (2021).

Therefore, one of the goals of this study is to see how
spatiotemporal variations change with latitude. Some stud-
ies suggest also that climate change may intensify or shift
the path of western boundary currents (WBCs) and increase
eddy activities there (Wu et al. 2012; Beal and Elipot 2016;
Yang et al. 2016; Han et al. 2019; Chen et al. 2019; Ezer and
Dangendorf 2020, 2021; Martinez-Moreno et al. 2021; Sen
Gupta et al. 2021). These WBCs contain much of the kinetic
energy of the upper ocean and the mesoscale variability, so
an important question is how variations over time will affect
spatial variability. Although our analysis does not directly
resolve mesoscale and sub-mesoscale eddies, these eddies
contribute to the general kinetic energy of the ocean and
play an important role in the heat and salt transports (Dong
et al. 2014), so it is crucial to understand the spatiotempo-
ral ocean variability and potential changes over time. In the
Atlantic Ocean, the dominant current is the Gulf Stream,
which is closely linked with variations in the North Atlantic
Oscillation, NAQO, and the Atlantic Meridional Overturning
Circulation, AMOC (Bryden et al. 2005; McCarthy et al.
2012; Sallenger et al. 2012; Blaker et al. 2014; Ezer et al.
2013; Ezer 2015; Rahmstorf et al. 2015; Caesar et al. 2018;
Smeed et al. 2018; Little et al. 2019; Zhang et al. 2020). An
important question is how does potential future weakening
of AMOC and other time-dependent changes may affect the
Gulf Stream spatial variability? Even within the Gulf Stream
itself, long-term trends can be very different when compar-
ing sections separated by only 2° (Andres et al. 2020), so
better understanding of the spatiotemporal variability and
its sources is needed. The goal here is to demonstrate a new
method to analyze the combined variability in space and
time to provide a tool to study spatiotemporal variability
in the ocean. Unlike more common spatiotemporal meth-
ods such as Empirical Orthogonal Function (EOF) analysis
that are widely used to study ocean variability (e.g., Oey
et al. 2004) and separates data into spatial modes and time-
dependent time series, the method tested here treats time
and space variabilities the same way, which allows direct
comparison between spatial and temporal variability, as
described below.

There are different ways to study spatiotemporal variabil-
ity. Mann and Park (1996), for example, used multivariate
frequency domain singular value decomposition (SVD) to
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study spatiotemporal modes of climatic variability in sea
level pressure and surface temperature. They looked at oscil-
lating interannual and climate modes, their forcing, and
their geographical distribution. The analysis also allowed
studying how frequency and amplitude of climate modes
evolve in time—this trait of the analysis is similar to that of
the Empirical Mode Decomposition (EMD) analysis used
here. Another example is the study of Serazin et al. (2015),
who used high-resolution model-derived global sea level
and decomposed the data into few frequency-wavenumber
bins, looking at spatial variability at “small-scale” of less
than 6° versus “large-scale” of more than 12° and looking
at two temporal time scales of “high-frequency” and “low-
frequency,” separated by the 18-month period. They found
that most of the small-scale variability is intrinsic oceanic
in origin with little atmospheric influence, while large-scale
low-frequency variability is largely driven by atmospheric
variability. They used Lanczos temporal and spatial filters to
separate the different scales. Our approach, as described in
the next section, is somewhat different and more general in
the sense that it tries to analyze the full continuous spectrum
of spatial and temporal scales without artificially selecting
particular cutoffs. The identification of different spatial and
temporal scales and their energy is done using the nonsta-
tionary, nonparametric EMD approach (Huang et al. 1998;
Wu and Huang 2004, Wu et al. 2007; Wu and Huang 2009;
Ezer et al. 2013; Ezer 2015). Note, however, that the sea
level reconstruction (RecSL) that was used to test the
method (Dangendorf et al. 2019) has 1° spatial resolution
and monthly temporal resolution, putting limits on the small-
est spatial scales and highest frequency that can be resolved.
On the other hand, RecSL covers 116 years, so long-term
decadal and multidecadal variability can be detected; a com-
parison with 23 years of altimeter data will provide further
assessment of the method and the reconstruction.

The two main goals of this study are as follows: first, to
introduce and test a new spatiotemporal analysis method,
and second, to demonstrate its usefulness in studies of sea
level variability, potential forcing mechanisms, and the
latitudinal variations. The paper is organized as follows:
the data and the analysis methods are described in Sect. 2;
then in Sect. 3, the results are described, first for sections
across the Pacific Ocean, and then for the Atlantic Ocean
with a discussion of links to the North Atlantic Oscillations.
Finally, in Sect. 4, a summary and conclusions are offered.

2 Data sources and analysis methods

To demonstrate and test the new analysis method, we used
the monthly global reconstructed sea level (RecSL) on a
(1°x 1°) grid for 1900-2015 (Dangendorf et al. 2019); this
data set was recently used in several studies (Dangendorf
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et al. 2021; Ezer and Dangendorf 2020, 2021; Frederikse
et al. 2020; Gehrels et al. 2020). This hybrid reconstruction
is based on a combination of tide gauge records, satellite
altimeter data, and several geophysical ancillary datasets (for
details of reconstruction methods and global sea level com-
ponents, see the references above, as well as Hay et al. 2015,
Calafat et al. 2014 and Gregory et al. 2019). The seasonal
cycle was removed from the RecSL record, but sea level rise
trend remains. Altimeter data (available from the Copernicus
Marine service https://marine.copernicus.eu/) were interpo-
lated into the RecSL grid and used to see how spatiotempo-
ral variability in the shorter altimeter record (1993-2015) is
compared with the much longer RecSL record (1900-2015),
which rely mostly on tide gauge data for earlier years.

Various analysis methods can be used to analyze and present
spatiotemporal variability, from simple Hovmoéller diagrams
to statistically based methods such as wavelet analysis (e.g.,
Grinsted et al. 2004), singular value decomposition, SVD (e.g.,
Mann and Park 1996), EOF analysis (e.g., Oey et al. 2004), or
EMD (Ezer et al. 2013; Ezer 2015). However, most methods
usually treat spatial and temporal variations separately or use
space—time filters. Analysis of spatiotemporal sea level variabil-
ity by Serazin et al. (2015), for example, separated spatial vari-
ability and temporal variability into chosen small-scale high-
frequency and large-scale low-frequency windows. It should be
emphasized that many oceanic processes such as Rossby waves
contribute to both spatial and temporal variabilities, so separat-
ing spatial and temporal variabilities does not necessarily mean
separating different processes. In contrast to most other meth-
ods mentioned above, here the spatial and temporal variations at
each latitude were composed into a single time series, allowing
a direct comparison of energy in spatial scales and temporal
scales. To the best of our knowledge, the new analysis method
described here has not been used this way before. The method is
demonstrated here using sea level variability in zonal cross sec-
tions 7(x,Yf), where Y is a chosen latitude, X; <x <X, (Ax=1°)
is a longitude range, and 1900 <7<2015 (At=1 month interval)
is time. The analysis comprises of the following steps:

Step I: The two-dimensional (in space and time) sea level
section 7(x,Y,1), is converted into a one-dimensional time
series that contains both spatial and temporal variabilities
by connecting back and forth repeated monthly sections
(the change in direction eliminates discontinuity at the
edges) so that for a section along Y,

n(tl) = n(Xl,tl),n(Xl,Ax,tl),n(Xl,ZAx,tl) SN
n(tz) == r](Xz,tz),r](Xz, Ax,tz), ”](Xz, 2Ax, tz) ey,

= I

final time series

n(tN) = [n(Xl,tN),n(Xl,Ax, tN),n(X1,2Ax, tN) ,n(Xz,tN) (Dec,2015)
tn@) = [n(ty),n(6),,.n(ty)

For example, a section from X; =50°W to X, =50°E would
have a time series of 116 years X 12 months X 100°=139,200
data points. The long record allowed analysis with a greater
statistical significance than analyzing spatial or temporal varia-
tions separately. For temporal variability in this example, there
are 100 times more data points than say analyzing the mean
sea level of that section, and for spatial variability, there are
116X 12=1392 times more data points than any single cross
section. The method of connecting data by a “back-and-forth”
method eliminates discontinuity near the boundaries. Never-
theless, variations in grid points near boundaries and variabil-
ity near monthly cycles are still less reliable, so only temporal
variations with periods of at least a few months are discussed.

Step II: Remove the time-mean at each point to get an anomaly
time series #’(#). This will remove for example a sea level dif-
ference between the eastern and western side of ocean basins
or a sea level slope across western boundary currents, but local
variability and sea level rise will remain. Plots, shown later, will
demonstrate the data before and after this step, with the former
(in step I) showing changes for example in spatial sea level gra-
dients across WBCs, while the latter (in step II) showing for
example variations in time at a particular location in a section.
Step III: Empirical Mode Decomposition (EMD; Huang
et al. 1998; Wu and Huang 2004; Wu et al. 2007; Wu and
Huang 2009) is then used to break the long record into
intrinsic oscillating modes, each with time-dependent
amplitude and frequency, and a long-term trend. Even
though the original data is at monthly intervals, for the
EMD analysis, it appears as if the sampling time interval
is 1/M month, where M is the number of points along the
section. As an example of step I, if M =100, “apparent
sampling interval” is increased from monthly data to about
7-h intervals. High-frequency EMD modes with “apparent
period” less than 1 month will represent spatial variability
within the section, resolving spatial scales between ~5°
(~500 km) and the section’s length (100° or~ 10,000 km
in the example above). (Theoretically, the smallest resolved
scale according to the Nyquist frequency criteria is 2°,
but practically, with this coarse resolution data, smaller
scales may be less reliable). The low-frequency modes will
represent temporal variability (capturing time scales of a
few months to multidecadal), where the EMD is served
in effect as a low-pass filter that removes the spatial vari-
ability. The approach may be equivalent to an ensemble

(X5.1,)] (Jan.1990)
(X1.1,)] (Feb.1990)

ey
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of time series at multiple locations, but instead of using
standard statistics (e.g., mean and standard deviation over
ensemble members), EMD is used as a filter. Therefore,
the time series is represented by the EMD as

k 1
=Y CO+ Y Cle)+r@) 2)

i=1 i=k+1

where [ is the total number of oscillating modes, CS and
CT represent spatial and temporal modes, respectively,
and r is the long-term trend. The EMD has been used in
numerous studies to separate different time scales of sea
level variability (Ezer and Corlett 2012; Ezer et al. 2013;
Ezer 2015), and EMD was also compared with wavelet
analysis (Ezer and Dangendorf 2020), but only temporal
modes were considered in those studies. The representa-
tion of both spatial and temporal variabilities on the same
type of EMD modes allows calculations of relative energy
distribution between spatial and temporal variabilities,
as demonstrated in the next section. The method devel-
oped by Wu and Huang (2004) to calculate energy as a
function of frequency and to estimate confidence levels
of EMD modes using white noise ensemble calculations
was implemented here. The EMD treats spatial and tem-
poral modes the same way and the conversion of units
between frequency domain and wavenumber domain is
quite simple: for spatial modes, the sampling interval is
1° so the EMD “frequency” output is actually a wavenum-
ber in units of 1/1°, while for temporal modes, the EMD
frequency output divided by N (N =number of points
along a section in each month) will be the frequency in
1/month units. The EMD does not distinguish between
spatial (i <k) and temporal (i > k) modes, but k is simply
chosen by the user such that wavelength for spatial modes
is shorter than the section length or that period of oscil-
lations for temporal modes is larger than 2 months. Note
that EMD is a nonstationary analysis, so each mode has
time-dependent amplitude and frequency, so when show-
ing energy versus frequency, the mean frequency of each
mode is often used. However, we found that using median
frequency (and thus median period) instead of mean is a
more reliable measure, as it eliminates biases due to a few
outstanding values.

3 Results

3.1 Spatiotemporal variability of sea level
in the Pacific Ocean

The method described above is first tested on two zonal sec-

tions across the Pacific Ocean, one at 0.5°N in the equato-
rial region, and one at 36°N in mid-latitudes (Fig. 1). When
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looking at all the points in the two sections (step I of the
analysis), they show very different spatial and temporal vari-
ations. Kinetic energy and eddy activities are expected to
change strongly with latitudes, especially in the Pacific (e.g.,
Liu et al. 2012), but also in other ocean basins. The equato-
rial section (Fig. 1a) has persistent east to west sea level
slope when warmer waters pile up on the western Pacific
side, while the mid-latitude section (Fig. 1b) is dominated
by small-scale spatial variations in the western side associ-
ated with the Kuroshio Current, but no apparent slope across
the rest of the section. The sea level anomaly (step II of
the analysis) shows increased spatial variability in eastern
equatorial regions (Fig. 1c¢), compared with more variabil-
ity in the western mid-latitudes (Fig. 1d). The time series
that include all the spatial and temporal data of Fig. 1c and
Fig. 1d are shown in Fig. le and Fig. 1f, respectively; both
show increased variability with time, a result that is consist-
ent with the increased kinetic energy discussed in Ezer and
Dangendorf (2021) and other recent studies. The El Nifio
events are seen (red start in Fig. le) as peaks when spa-
tial sea level differences across the equatorial Pacific are
unusually large and increased since the 1980s. The largest
2 signals seen in Fig. le coincide with the 2 strongest El
Nifio events in 1983 and 1998 (https://psl.noaa.gov/enso/);
the strong La Nifia at the end of 1998 may also contribute to
this large signal. The nonlinear sea level rise is also apparent
in both locations (black lines in Fig. 1e and Fig. 1f).

In the last part of the analysis (step III above), the com-
bined energy of spatial and temporal variabilities was cal-
culated, showing remarkable differences between the two
locations. In the equatorial section (Fig. 1g), there is almost
no energy in spatial variability, but large and statistically
significant energy (above 99%) at temporal variability in
time scales between 3 months and 60 years. Energy in the
mid-latitude section (Fig. 1h) is exactly the opposite, with
maximum relative energy at spatial variability at scales
of ~500-10,000 km but diminished temporal variability
except for time scales over 20 years. Note that the EMD can
detect statistically significant long-term oscillations of only
a few cycles because they are based not on a single point or
mean sea level, but on 100 s of points along a single section
where all points contribute to the statistics. In some sense,
our method is equivalent to an ensemble of simulations with
many sampling data points, using the EMD to filter out spa-
tial variations when detecting long-term temporal variability.

3.2 Spatiotemporal variability of sea level
in the Atlantic Ocean

The information provided by the new analysis was dem-
onstrated above for two sections across the Pacific Ocean,
showing very significant differences in spatiotemporal char-
acteristics between the sections. Therefore, nine sections
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Sea level variability across the Pacific Ocean 1900-1915

(a) SL at LAT=0.5°N

T 2020

2000

1980

—~ 04+
1960

SL(

0.2
1940

1920

1900

180 200 220 240 260

Longitude(E)

- (c) SL Anomaly at LAT=0.5°N

140 160

T 2020

2000

1980

1960

1940

1920

L 1900

| . |
200 220 240
Longitude(E)

(e) SL Change & Variability at LAT=0.5°N

I L I
140 160 180

T

ENSO Events: * * * * * *
1

03 1 1
1900 1920 1940 1960 1980 2000
Year

(g) Energy of EMD Modes at LAT=0.5°N

_ ®<--total energy
>
<
<
&
- O
@
N
©
£
S
z
C
©
]
= .10
It 1000km 10000km
)
o Wavelength
-
< spatial modes | temporal modes > -
Tl 99%
3 1 5 20yr  60yr
P | | 3mn_ Ayr | Syr | 20y BOyr o,
2 4 6 8 10 12 14 16 18

LOG2 ( Mean Period )

Fig. 1 Demonstration of the spatiotemporal analysis of variability
along zonal cross sections: Pacific Ocean at 0.5°N (left panels) and
36°N (right panels). Top panels: monthly sea level versus longitude
and time (color); second panels: sea level anomaly (local time-mean
was removed); third panels: sea level change (spatial and temporal,

(b) SL at LAT=36°N
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including all points are in blue, and trends in black); bottom panels:
relative energy of EMD modes and their mean period (the highest
frequency modes represent spatial variations, as indicated). Figure le
shows El Nifio events (red starts) which coincide with peaks in sea
level variability
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Fig.2 Mean sea level (in m)
in the Atlantic Ocean (RecSL
1900-2015) and zonal cross
sections used in this study

Latitude
o

Mean Sea Level (1900-2015)

across the Atlantic Ocean (Fig. 2) are investigated to fur-
ther understand the latitudinal distribution of variability;
these sections were selected to represent different major
ocean currents, to demonstrate the different variability in
each section. The analysis will also be used to compare the
RecSL with gridded altimeter data which were interpolated
to the same grid as the RecSL data. The altimeter record is
only 23-year long compared with the 116-year long RecSL
record, so most of the early years of the reconstruction rely
mostly on tide gauge data. Because of the significant dif-
ference in record length between the two data sets (one is 5
times longer than the other one), comparison of variability
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in the two records using standard spectral analysis methods
would be possible only for the overlapping 23-year period
and would result in limited information regarding the lower
frequencies. On the other hand, it will be shown below that
the new analysis method can overcome this problem, using
the full length of the two records.

3.2.1 Comparison between altimeter data and sea level
reconstruction

Figure 3 compares 5 sections of RecSL and altimeter data
across the North Atlantic Ocean. First, it is interesting to note
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the similarity between the Pacific and Atlantic Oceans’ sec-
tions when comparing similar latitudes (Fig. 1a and b versus
Fig. 3e and 1). Second, the difference in spatial sea level vari-
ations at different latitudes is quite astounding, from smooth
equatorial slope across the whole basin (Fig. 3i), to wave-like
sea level (wavelength of ~ 6 degrees) at 32°N (Fig. 3g), to sharp
fronts and recirculation cells near the Gulf Stream at 39°N and
46°N (Fig. 3e and c) and the slope across the Labrador Cur-
rent at 60°N (Fig. 3a). A third qualitative result is the similar
variability seen in the RecSL and altimeter data. Apparently,
ocean currents and thermal features that affect spatial sea level
variations are seen at similar locations across each section,
though variations are somewhat larger in the altimeter data
than the RecSL data—for example, sea level change across
the Gulf Stream between 60°W and 65°W is~1.7 m in the
altimeter data and ~ 1.2 m in the RecSL data (Fig. 3e and f). An
interesting result is that despite sea level rise and the potential
of changes in variability over time, spatial variations in each
section remain locked to the same locations throughout the
century of RecSL data, pointing to semi-permanent circulation
patterns that may be locked with topographical and thermal
features. Since the altimeter data shows a very similar pattern
of wave-like spatial features as seen in the RecSL record, this
pattern does not seem an artifact of the spatial EOF modes
used in the RecSL reconstruction.

To further compare the RecSL and altimeter data, the
relative energy distribution between spatial and temporal
variabilities is shown in Fig. 4. Despite the huge difference
in the length of the two records (the RecSL record is 5 times
longer than the altimeter record), the latitudinal changes in
spatiotemporal variability are surprisingly very similar.
Except oscillations with periods longer than ~ 20 years that
are unresolved in the shorter altimeter record, at all other
spatial and temporal scales, the same pattern appears in both,
the RecSL and the altimeter data, with increased spatial vari-
ability (high-frequency) in mid-latitudes (Fig. 4c—h) and rel-
atively more energy at temporal variability at high latitudes
(Fig. 4a-b) and equatorial regions (Fig. 4i—j). The fact that
even the relatively short record of the altimeter data was able
to represent most of the spatiotemporal variability seen in
the century-long RecSL record is attributed to the nature
of the analysis, which used many points along each section
to increase the number of degrees of freedom. If instead,
a standard spectral analysis of section-mean sea level was
done, the spectrum of 23 years of altimeter data could not
be compared with the spectrum of 116 years of RecSL data,
since they resolve completely different windows of frequen-
cies. While it should be acknowledged that the altimeter and
RecSL data are not completely independent of each other
(spatial patterns in the altimeter data were used in the con-
struction of the RecSL data), the comparison using the new
analysis method demonstrated that the analysis method is
quite robust.

3.2.2 Latitudinal variations in spatial and temporal
variability

Examples of the spatial variability of the smallest resolved
scales were obtained from the first EMD mode (i=1 in
Eq. 2) and are shown in Fig. 5. The typical wavelength of
this mode is ~ 6-7 degrees (~400, 500, 550, and 600 km for
latitudes 60°N, 46°N, 39°N, and 32°N, respectively). The
maximum spatial variability is seen near the Gulf Stream
at 39°N (Fig. 5¢) while smaller variability is seen at 32°N
(Fig. 5d; subtropical gyre) and 60°N (Fig. 5a; subpolar
gyre). (The equatorial section, not shown, also has minimal
spatial variability as shown in Fig. 4.) An interesting result is
a general increase in variability over time, especially in low
to middle latitudes (Fig. 5b—d) and less so at 60°N (Fig. 5a).
Since this increase started many years before altimeter data
were used, this trend cannot be attributed solely to the recent
inclusion of satellite data in the reconstruction. In fact, sev-
eral studies indicate an intensification of surface currents
over time in the global ocean with changes especially vis-
ible near western boundary currents (Deser et al. 1999; Cai
2006; Yang et al. 2016; Chen et al. 2019; Hu et al. 2020; Sen
Gupta et al. 2021). Recent studies showed, for example, that
climatic changes may affect local wind stress curl, and can
also induce uneven warming of ocean temperatures, increase
spatial gradients, and increase kinetic energy over time (Ezer
and Dangendorf 2021). Some observations of surface tem-
peratures and altimeters confirm that eddy activities are
increasing near WBCs (Martinez-Moreno et al. 2021); the
results here of increased spatial variability are consistent
with these findings.

Examples of the low-frequency temporal variability are
shown in Fig. 6 for the same four sections of Fig. 5; these
are the 3 EMD oscillating modes with the lowest frequency
(i=1-2,1-1, 1, in Eq. 2; modes 11-13 in Fig. 6) and the trend
r. The mean periods of these modes range between 6 and
60 years, but it is clear that these are nonlinear nonstation-
ary variations where the amplitude and frequency vary with
time. The nonlinear trend is also different at each latitude,
showing recent sea level acceleration at 32°N and 46°N
(Fig. 6b and Fig. 6d), but deceleration at 39°N and 60°N
(Fig. 6a and Fig. 6¢). No coherent oscillations between lati-
tudes are seen; in fact, mode 13, for example, shows that
after 2000, sea level changed in opposite direction at 32°N
versus 39°N and in opposite direction at 46°N versus 60°N,
which could happen when the subtropical gyre or the sub-
polar gyre intensifies or weakens.

Figure 7 summarizes the spatiotemporal variability at the
9 Atlantic cross sections shown in Fig. 2, comparing the rel-
ative energy at different modes (relative to total energy on
a log2 scale; see Fig. 4). Energy at temporal scales of few
months to few years (Fig. 7b) shows relative insensitivity to
latitude, except for some increased energy at high latitudes
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Fig.3 Comparison of sea level at different North Atlantic zonal cross
sections between RecSL (left panels; 1900-2015) and altimeter data
(right panels; 1993-2015), as in the top panels of Fig. 1. Some ocean
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Fig.4 Comparison of energy
in EMD modes (as in bottom
panels of Fig. 1) in the North
Atlantic (same cross sections as
Fig. 3) for RecSL (left panels)
versus altimeter data (right
panels)

LOG2 ( Mean Normalized Energy )

_ ®<--total energy

Energy of EMD modes (Reconstructed SL 1900-2015)

(a)

1000km 10000km
Wavelength

< spatial modes:l temporal 1modes >
mon yr

< spatial modes | temporal modes >

Energy of EMD modes (Altimeter Data 1993-2015)

LOG2 ( Mean Normalized Energy )

2 4

 ®<--total energy

1000km

10000km

6 8

Wavelength

< spatial modesétemporal 1modes >
mon yr

< spatial modes | temporal modes >

LOG2 ( Mean Normalized Energy )

2 4

_ ®<--total energy

1000km

10000km

6 8

Wavelength

< spatial modes | temporal modes >
3mon 1yr

99%
95%

< spatial modes | temporal modes >

20yr
" 95%

LOG2 ( Mean Normalized Energy )

2 4

_ ®<--total energy

1000km

6 8

10000km

Wavelength

< spatial modes | temporal modes >
3m r

< spatial modes | temporal modes >
1yr

LOG2 ( Mean Normalized Energy )

1000km

10000km

Wavelength

< spatial modes | temporal modes >
3mon 1yr

< spatial modes | temporal modes >

2 4

6 8

LOG2 ( Mean Period )

10 12 14

LOG2 ( Mean Period )

@ Springer



88

Ocean Dynamics (2022) 72:79-97

Fig. 5 Examples of the highest o4
. T

EMD at 60°N (ATL), Mode=1, Wavelength=7deg
T T T

frequency EMD modes in North (a)
Atlantic sections, representing

spatial variability (mean length 0.05F

scale in degree longitude is €
indicated) =
»n
-0.05
-0.1
1900 1920
0.1

EMD at 46°N (ATL), Mode=1, Wavelength=6.42deg
T T T

1940 1960 1980 2000 2020
Year

(b) |

A
1900 1920

EMD at 39°N (ATL), Mode=1, Wavelength=6.28deg
T T T

1940 1960 1980 2000 2020
Year

0.2
0.1

SL(m)

-0.1
-0.2

-0.3 !
1900 1920

EMD at 32°N (ATL), Mode=1, Wavelength=6.32deg
T T T

1940 1960 1980 2000 2020
Year

(@

1900 1920

(46°N and 60°N). However, large latitudinal differences are
evident for energy distribution between the smallest spatial
scales (Fig. 7a) and the longest temporal scales (Fig. 7c).
Two regions stand out in particular—near the Gulf Stream
and the Antarctic Circumpolar Current long-term temporal
variability is especially low, while most of the energy is in
mesoscale spatial variability. On the other hand, diminished
spatial variability and increased long-term temporal variability
are seen in equatorial and the subpolar North Atlantic regions.
The latitudinal changes in variability found here are gener-
ally in agreement with other studies. Serazin et al. (2015),
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for example, found increased variability in mid-latitudes and
minimal small-scale variability in tropical regions, pointing to
the fact that mesoscale variability in mid-latitudes is intrinsic
oceanic instability and less influenced by atmospheric vari-
ability which impact mostly long-term variability.

3.2.3 North Atlantic Oscillation (NAO) and its relation
to spatiotemporal sea level variability

As seen in Fig. 6, long-term sea level variability and sea
level rise are uneven over the Atlantic and the variability
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Fig.6 Examples of low-fre-
quency EMD modes for the four
sections of Fig. 5. Modes 11-13
are oscillation modes (median
period is indicated) and mode
14 is the trend
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Fig.7 Relative normalized

energy (as in left panels of

Fig. 4) at the different sec-
tions of Fig. 2 and for different
scales: a smallest resolved
spatial scales (the highest
frequency EMD modes 1-2),

b middle frequencies temporal
scales (EMD modes 5-8), and ¢
low-frequency temporal modes
(EMD modes 10-12). The
sections near the Gulf Stream
(GS) and near the Antarctic
Circumpolar Current (ACC) are
distinct in their high energy at
small spatial variability and low
energy at long temporal time
scales
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seemed to change for different latitudes and different time
scales. While there are many different drivers for regional
variations in sea level, one of the main features that links
these drivers is the North Atlantic Oscillations (NAO) which
is linked with changes in wind patterns, the Gulf Stream,
sea level rise, and AMOC (Taylor and Stephens 1998; Joyce
et al. 2000; Baringer and Larsen 2001; Meinen et al. 2010;
McCarthy et al. 2012; Ezer 2015; Ezer et al. 2016; Ezer and
Dangendorf 2020, 2021). Figure 8 shows the mean sea level
rise and sea level variability over the Atlantic Ocean and
the annual NAO index (Hurrell 1995; Hurrell et al. 2003;
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data obtained from the UCAR web site https://climatedat
aguide.ucar.edu/climate-data). The uneven sea level rise,
with deceleration between the 1940s and 1960s and increase
acceleration after the 1960s (Fig. 8b) and its relation to ice
melt, water storage, and wind shifts, has been discussed
recently in several studies (Dangendorf et al. 2014, 2017,
2019; Frederikse et al. 2020; Ezer and Dangendorf 2020,
2021). Qualitatively, low-frequency variations in NAO tend
to be anticorrelated with low-frequency variations of mean
sea level over the entire Atlantic (Fig. 8c), with higher sea
level during periods of lower (or negative) NAO and vice
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versa, but for decadal and longer time scales, these correla-
tions are not so accurate. This relation is likely to be associ-
ated with different mechanisms at different time and length
scales, as regional studies show for example for the subtropi-
cal region (Joyce et al. 2000) or the Gulf Stream (Ezer 2015).
Therefore, analysis of the spatiotemporal impact of NAO on
sea level was conducted next.

The annual NAO index for 1900-2015 was first decom-
posed into EMD modes (Fig. 9) showing median periods of
oscillated modes ranging from~ 6 to~50 years and a non-
linear trend indicating acceleration. Some modes are very
nonstationary, such as mode 4 with increased oscillations
since the 1990s, while other modes show a steady oscilla-
tion, such as mode 5 with a 48-year cycle. At this point, the
EMD modes do not necessarily indicate specific processes,
so the EMD modes are divided into 4 groups: interannual
time scales of about 5-10 years (modes 1 +2), decadal time
scales of about 15-25 years (modes 3 +4), multidecadal time
scales of about 50 years (mode 5), and the long-term trend.
After the linear sea level rise trend was removed from each
point, correlations between the annual sea level anomaly and
the annual NAO index at all points were calculated for the 4
groups of modes (Fig. 10). Since, unlike sea level rise, there
is no persistent long-term trend in NAO, a comparison must
be made with linearly detrended sea level. Note, however,
that long-term nonlinear variations in sea level that contrib-
ute to the trend remain (Fig. 10d). For the original record of
116 years, a significance level of 95% is achieved for correla-
tion IRI>0.18, but since low-frequency modes have smaller
degrees of freedom, a higher correlation is needed for the
same significance (Ezer 2015; Ezer et al. 2016; Ezer and
Dangendorf 2020), so for example, correlations of ~0.3-0.4
would be needed for 95% confidence when correlating two
time series that include only decadal modes. Note, however,
that except the removal of trend, the sea level data was not
filtered or decomposed into modes, because the main goal is
to qualitatively assess the spatiotemporal link between NAO
and sea level, i.e., to see what part of the full spectrum of
annual sea level variability is linked with what NAO time
scales and at what geographical locations. The results indi-
cate that variations in NAO at each of the four time scales
are linked with sea level variability at different locations.
Interannual variations in NAO (Fig. 10a) are highly posi-
tively correlated with sea level at the subpolar gyre, the Nor-
dic Seas and the North Sea, but negatively correlated with
sea level along the US East Coast north of Cape Hatteras. In
fact, at all scales, the US coastal sea level is negatively cor-
related with NAO, which agrees with numerous studies that
showed higher coastal sea level when the NAO is low, which
can result in increased coastal flooding, as was the case dur-
ing 2009-2010 (Ezer 2015; Goddard et al. 2015). For dec-
adal variability, the highest negative correlation was found in
equatorial and tropical regions (Fig. 10b); for multidecadal
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Fig.8 Mean sea level over the area shown in Fig. 2 (mostly the
Atlantic Ocean): a Monthly (green) and annual (blue) sea level
change since 1900 and b monthly and annual sea level anomaly (lin-
ear trend and area mean were removed); low-passed filtered line (red
dotted) is the sum of low-frequency EMD modes. ¢ Annual NAO
index (blue) and its low-frequency EMD modes (black) are compared
with the low-frequency EMD modes of sea level (red)
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Fig. 9 EMD modes of the
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variability (Fig. 10c), a significant negative correlation was
extended to the southern equatorial region and the Southern
Ocean off Antarctic. Only the correlation of multidecadal
modes (Fig. 10c) shows quite homogeneous negative cor-
relation over most of the Atlantic Ocean, suggesting that
the 48-year cycle (Fig. 9) is likely a basin-wide oscillating
mode. Correlation of sea level with the NAO trend indi-
cates a positive correlation near Iceland and near Antarctica,
which may suggest some barystatic-dynamic response to ice
melt at high latitudes or response to climatic wind shift in
the Southern Ocean (Cai 2006; Dangendorf et al. 2019; Ezer
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and Dangendorf 2021). Since linear trend was removed from
sea level and the NAO showed an acceleration in its long-
term trend (Fig. 9), a positive correlation in Fig. 10d indi-
cates regions with local acceleration in sea level (however,
statistical significance between smooth trend lines is low,
so one should only consider the results qualitatively in this
context). Finding the exact mechanisms of the basin-wide
link between NAO and sea level is beyond the scope of this
study, which aimed to demonstrate the complex spatiotem-
poral nature of the variability. However, there are clearly
several mechanisms involved, including the path of weather
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systems, SST and wind shifts, and global barystatic impacts,
and it is possible that the correlation does not indicate a
simple cause and effect, but rather a basin-wide air-sea-ice
coupled modes that impact both NAO and sea level vari-
ability. Further analysis and sensitivity studies with climate
models would help to understand the different mechanisms.

4 Summary and conclusions

The study introduced and tested a new analysis method to
study spatiotemporal sea level variability. The method can
be useful for any model or observed data that involve space
and time such as along-track satellite data or repeated model
or observations along sections. A proof-of-concept dem-
onstration was conducted here with examples of sea level
variability in the Pacific and the Atlantic Oceans, but this
analysis can be used for other oceans and other data such
as sea surface temperature or various climate data. More
traditional spatiotemporal approaches that have been used
for a long time such as SVD (Mann and Park 1996) or EOF
(Oey et al. 2004) separate data into spatial patterns and their
time-dependent time evolution, or extract variability in a
frequency-time domain such as wavelet analysis (Grinsted
et al. 2004). In other methods, spatiotemporal variability at
windows of interest is extracted by applying space and time
filters (Serazin et al. 2015). None of those methods treat
the spatial and temporal variabilities the same way as done
here, so the idea behind our approach was to find a way to
directly compare energy embedded in spatial variability with
energy embedded in temporal variability. Another advantage
of the new method is that combining space and time meas-
urements into one long time series provides significantly
more data points than analyzing for example just means
values. For example, if one is interested in temporal vari-
ability, our analysis of a cross section of 100 spatial points is
like an ensemble of 100 time series, which provides a more
accurate result than analyzing a single point. Note, however,
that because the points along a section are not independent
estimates, the increase in the number of degrees of freedom
compared with a single time series would be somewhat less
than 100 times. Similarly, if one is interested in the spatial
variability, our analysis of an ensemble of 1392 monthly
Sects. (116 years times 12) would provide much greater
accuracy than analysis of a single section. The analysis is
thus a type of ensemble statistics using the EMD to filter
out (low frequency) temporal modes when extracting spatial
variability and to filter out (high frequency) spatial modes
when extracting energy of temporal modes. While the EMD
does not distinguish between spatial and temporal modes,
conversion from frequency (and period) to wavenumber (and
wavelength) is straightforward given the interval in time
(monthly data) and space (1 degree longitude). Practically,

high-frequency EMD modes with “apparent period” less
than 1 month will represent spatial modes. The long-term
trend includes contributions from all points along the sec-
tion, whereas the EMD filters out all the oscillating modes.
Because of the exceptionally long record of the combined
spatial and temporal data, oscillation modes with periods up
to~40 years are statistically significant in the 116-year long
RecSL when using white noise ensemble tests developed
by Wu et al. (2004, 2009). A test of the robustness of the
methods compared 23 years of altimeter data with 116 years
RecSL data and showed that (1) the analysis detected almost
identical spatial and temporal modes in both data except
time scales longer than ~ 20 years in the altimeter data and 2.
The latitudinal change in the relative energy of spatial versus
temporal modes in the two data sets was very similar. Both
data sets showed relatively higher energy in spatial modes
in mid-latitudes and in regions with strong currents such
as the Kuroshio, the Gulf Stream, and the ACC, but less
spatial variability and relatively higher energy in low-fre-
quency temporal modes in tropical and in subpolar regions.
The similarity between the analysis of the two records with
so different lengths shows the advantage of the method over
other analyses such as spectral approaches or wavelets which
will result in energy at very different frequencies if one tries
to compare two time series, when one of them is 5 times
longer than the other.

The latitudinal and geographical distribution of vari-
ability in the Atlantic Ocean and their connection to NAO
modes were investigated with the help of the spatiotempo-
ral analysis. Some interesting results include the increased
spatial variability over time, which is consistent with some
studies that show increased kinetic energy near western
boundary currents (Deser et al. 1999; Chen et al. 2019; Yang
et al. 2016; Martinez-Moreno et al. 2021) under warmer
climate conditions. Another finding is the large difference in
spatial variability between tropical regions that almost lack
any mesoscale variability and subtropical and mid-latitudes
that show semi-permanent spatial wave-like pattern (wave-
length of ~6-7°; see Fig. 3g) that remains throughout the
last century; thus, these patterns may not be due to propa-
gating eddies or Rossby waves, but rather small-scale flow
patterns locked to topography. Long-term variability (time
scales ~ 8—40 years) was also found to be very different at
different latitudes in the Atlantic Ocean. Sea level rise trend
is also strongly latitudinal-dependent, showing for example
recent acceleration at 32°N but deceleration at 39°N, sug-
gesting a possible shift in subtropical ocean currents (Ezer
and Dangendorf 2020, 2021). The link between NAO and
spatiotemporal sea level variability has been demonstrated.
It is noted that links between NAO and sea level have been
shown before, for example, for European coasts (Chen et al.
2014; Dangendorf et al. 2014; Tsimplis et al. 2013; Ezer
et al. 2016) and North American coasts (Ezer 2015; Ezer
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«Fig. 10 Correlation between detrended sea level anomaly (1900-
2015) and EMD modes of NAO (Fig. 9): a modes 142 (time
scales~5-10 years), b modes 3+4 (time scales~15-25 years), ¢
mode 5 (time scales ~50 years), and d mode 6 (NAO trend). Correla-
tions over 95% confidence level are the darkest red (positive corre-
lation) and blue (negative correlation). Statistical significance of the
trend in d is unclear

et al. 2013, 2016; Kenigson et al. 2018). While most of the
previous studies focused on interannual variations in the
North Atlantic, we expand the scope to longer time scales
in our century-long record; links with the South Atlantic
were also found. The results show that on interannual time
scales, low NAO index is linked with low sea level in the
subpolar region, but increased sea level along the western
North Atlantic coasts (a result consistent with Ezer 2015;
Goddard et al. 2015, and others); however, on decadal and
multidecadal time scales, low NAO is most closely linked
with increased sea level in tropical and Antarctic regions.
The 116-year long-term trend of NAO indicates a general
decline for 1900-1960 and an upward trend for 1960-2015
(Fig. 9). While the statistical significance of this trend is
not clear given the record length, it appears that this trend
is positively correlated with sea level anomaly near Iceland
and along the Antarctic coast, suggesting a possible link to
high latitude ice melt.

This study was aimed to demonstrate the potential of this
new analysis and to provide tools that can be used to inves-
tigate spatiotemporal variability in different observations
and model results. The approach is somewhat different than
traditional spatiotemporal approaches such as SVD, EOF,
or wavelet since energy in spatial and temporal variabilities
is simultaneously analyzed and directly compared instead
of separated. Further evaluation with other data is clearly
needed. The method is especially useful for repeat section
data, such as along-track satellite data.

The study is part of Old Dominion University’s Climate
Change and Sea Level Rise Initiative at the Institute for
Coastal Adaptation and Resilience (ICAR).
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