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Abstract

Global sea level reconstruction (RecSL) for 1900-2015 was used to estimate the variations in oceanic kinetic energy (OKE)
and compare OKE with changes in wind patterns and wind kinetic energy (WKE); the comparison was done for each latitude
and for 5 western boundary currents (WBCs). Two contributors to variability in sea level were analyzed: gravitational, rota-
tional and deformational effects (GRD) related to changes in water masses (barystatic sea level change), and changes in the
sterodynamic sea level (SDSL), associated with changes in wind, steric sea level and ocean circulation. GRD changes were
responsible for latitudinal multidecadal variations with time scale of ~ 60 to 80 years, while SDSL changes were responsible
for interannual and decadal variability, and together with the Greenland ice melt, to sea level acceleration since the 1960s.
Regional changes near WBCs show a coherent upward trend in OKE (+24% + 3 increase per century), while trends in WKE
over the same regions changed widely from -11% (decrease) over the Gulf Stream region to+ 28% (increase) over the Brazil
Current region. Low frequency oscillations of wind and oceanic kinetic energy are correlated in some WBCs (e.g., R=0.5
in the Kuroshio region) but not in others (e.g., R=-0.05 in the Gulf Stream region). The study suggests that several forc-
ing mechanisms contribute to the increased OKE, they include an increased wind-stress curl over subtropical gyres, local
changes in wind patterns that impact some WBCs, and large uneven warming near WBCs that increased sea level gradients
and thus intensified OKE.
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1 Introduction

While global sea level rise (SLR) over the past century has
been accelerating (Church and White 2006, 2011; Merrifield
et al. 2009; Jevrejeva et al. 2008; Hay et al. 2015; Dangen-
dorf et al. 2014, 2017, 2019), SLR has considerable decadal
and multi-decadal variations and large spatial regional dif-
ferences. With climatic changes, the relative contribution
to SLR from different sources is changing over time, so for
example, in recent decades changes in water masses (barys-
tatic sea level change) due to land-ice melting and hydro-
logical processes increased its relative contribution to SLR
compared with contribution from changes in salinity and
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temperature (steric sea level). Each of the contributors to
SLR has different variations in space and time when con-
sidering the total budget of SLR (Frederikse et al. 2020). In
addition, there are climatic changes in the dynamics of the
atmosphere and the ocean circulation, and these changes are
linked to climatic changes in sea surface height (SSH) and
sea surface temperature (SST) over the oceans. Cai (2006)
for example, linked Antarctic ozone depletion with intensi-
fication of the winds over the Southern Ocean and Dangen-
dorf et al. (2019) linked the intensification of winds there
with accelerated global SLR after the 1960s.

When considering the role of ocean dynamics in climate
change, Western Boundary Currents (WBCs) play a critical
role. The WBCs are the intense wind-driven currents at the
western edge of subtropical gyres- these warm currents play
an important role in the meridional heat transports of the
oceans and the mass and heat balance of the earth system.
Recent studies, using sea surface temperature data, atmos-
pheric reanalysis data and climate models, indicate that
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with global warming, WBCs had intensified and potentially
shifted their path (Wu et al. 2012; Yang et al. 2016). These
studies suggested that the causes for the changes in WBCs
are poleward shift and intensification in zonal winds and
increased SST, but these studies did not consider the impact
of barystatic sea level changes on ocean dynamics. There are
considerable differences in the response of individual WBCs
to global warming (Sen Gupta et al. 2021) due to local and
large-scale effects, such as impact of local topography or
basin scale climate modes (Han et al. 2019). Using ensem-
ble of climate model projections, Chen et al. (2019), for
example, tried to explain why global warming would inten-
sify the Kuroshio but weaken the Gulf Stream. Unlike most
WBCs which have been projected to intensify under warmer
climate, the Gulf Stream is closely linked with variations
in the Atlantic Meridional Overturning Circulation, AMOC
(Bryden et al. 2005; McCarthy et al. 2012; Sallenger et al.
2012; Blaker et al. 2014; Roberts et al. 2014; Ezer 2015;
Rahmstorf et al. 2015; Caesar et al. 2018; Smeed et al. 2018;
Little et al. 2019), thus a weakening of AMOC under warm-
ing conditions may slowdown the Gulf Stream as well (Ezer
et al. 2013; Ezer 2015; Dong et al. 2019; Zhang et al. 2020).
While some studies suggested that the Gulf Stream was quite
stable over the past few decades, and that the downward
trend is too small to detect from existing direct observations
(Rossby et al. 2014), recent reconstruction of the Florida
Current (FC) using sea level data did show statistically sig-
nificant weakening of the FC over the last century (Piecuch
2020). Furthermore, a recent study found the fingerprint of
an AMOC slowdown even in changes in salinity obtained
from observations and models (Zhu and Liu 2020).

Very few direct, long-term, observations of WBCs flows
exist, an exception is the cable measurement across the Flor-
ida Strait of the Florida Current (FC) transport since 1982
(Baringer and Larsen 2001; Meinen et al. 2010). Indirect
monitoring of flow variations can be obtained for example
from the gradients of SSH across WBCs (assuming geos-
trophic balance) using sea level data from satellite altimeters
over a few decades or reconstructed sea level over longer
periods. Ezer and Dangendorf (2020), for example, dem-
onstrated the ability of reconstructed sea level to capture
decadal variations in the flow of the Gulf Stream, which
were compared with observations of the FC; they showed
that variability on time scales longer than ~ 5 years are well
represented in the reconstructed sea level. The current study
is a follow up and expansion of the study of Ezer and Dan-
gendorf (2020), using similar methods to assess flows of 5
WBCs: the Gulf Stream (GS) in the North Atlantic Ocean,
the Kuroshio Current (KC) in the North Pacific Ocean,
the Brazil Current (BC) in the South Atlantic Ocean, the
Agulhas Currents (AGC) in the southern Indian Ocean
and the East Australian Current (EAC) in the South Pacific
Ocean. In all these WBCs there are large contrasts between
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warmer subtropical waters (with higher SSH) on their equa-
torward side and colder waters (with lower SSH) on their
poleward side. Interannual to long-term changes have been
observed and modeled in these WBCs, for example in the
GS (Greatbatch et al. 1991; Taylor and Stephens 1998; Ezer
1999, 2001, 2015, Dong et al. 2019; Andres et al. 2020;
Ezer and Dangendorf 2020), in the KC (Mizuno and White
1983; Deser et al. 1999) in the BC (Goni et al. 2011) in the
AGC (Lutjeharms 2006; Beal and Elipot 2016) and in the
EAC (Ridgway 2007). Note however, that the WBCs in the
northern hemisphere (GS and KC) have been observed and
studied much more extensively than the other currents—the
GS in particular has been investigated for the longest time
(Montgomery 1938; Stommel 1965; Blaha 1984) and is the
only WBCs with continuous directly observed monitoring of
its transport (Baringer and Larsen 2001; Meinen et al. 2010).
Significant global coverage of WBCs from satellite altimetry
started in the early 1990s and monitoring AMOC started
only in the early 2000s (McCarthy et al. 2012). Therefore, to
study global changes over more than a century one must rely
on reconstructed sea level which combines altimeter data
and tide gauge data. Various global reconstructed sea level
methods have been developed (Church et al. 2011; Compo
et al. 2011; Calafat et al. 2014; Hamlington et al. 2014; Hay
et al. 2015; Dangendorf et al. 2019); here the hybrid recon-
struction of Dangendorf et al. (2019) is used. This monthly
global reconstruction for 1900-2015 at 1° X 1° resolution
excludes land motion and seasonal variations and was pre-
viously used for example by Gehrels et al. (2020) in stud-
ies of past sea-level hotspots and by Ezer and Dangendorf
(2020) in studies of long-term variability in the GS. Here,
the reconstructed sea level is separated into two components,
the barystatic sea level change and the dynamic sea level
change (see details in the next section).

The main motivation behind the study is to explore the
changes in WBCs. Several studies, using data and models,
suggested that WBCs have been intensified as the climate
got warmer (Deser et al. 1999; Ridgway 2007; Goni et al.
2011; Wu et al. 2012; Yang et al. 2016), attributing the
WBCs changes primarily to intensification and shift in wind
patterns, especially in the southern hemisphere (Cai 2006).
However, other studies suggest that WBCs (the Agulhas
Current in particular) are not strengthening, but broadening
due to increased eddy activity (Beal and Elipot 2016), and
some studies suggest that sea surface warming and not wind
is responsible for the intensification of WBCs (the Kuro-
shio Current in particular; Chen et al. 2019). For example
recent research (Martinez-Moreno et al. 2021), suggested
that increased ocean eddy activity near WBCs regions since
the 1990s may be the main cause of global increase in OKE.
There are thus clear differences between the different WBCs
that are not fully explored yet. From the trend in globally
averaged oceanic kinetic energy, Hu et al. (2020) inferred
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the existence of substantial acceleration in ocean circulation
since the early 1990s; they found that the most pronounced
intensification of ocean currents was in tropical regions and
in depth, not in surface WBCs. In our study we will also
use kinetic energy as a measure of the strength of ocean
currents, though geostrophic calculations can only apply to
surface flows in latitudes a few degrees away from the equa-
tor. While Hu et al. (2020) analyzed data and models since
the 1960s, during a period of increased global wind speed,
the longer reconstruction data used here since 1900 allows
us to compare recent kinetic energy to values going back to
the beginning of the twentieth century.

An open question is how would ice melt contribute to
changes in ocean dynamics? If for example, barystatic sea
level increases in subtropical gyres and decreases towards
the poles, this may intensify WBCs. Recent studies on the
role of water masses in the SLR budget (e.g., Frederikse
et al. 2020) motivated us to further investigate their role on
ocean dynamics. Because large water mass changes due to
land-ice melt and their accompanied spatial sea level gra-
dients through GRD effects are most pronounced in high
latitudes, our spatial and temporal analysis is focused first
on latitudinal averages and then on regional changes near 5
WBCs. The goal is to study how changes in the intensity of
ocean currents are linked with changes in wind and sea level
(both, barystatic and steric changes), and to assess those
links and variability on both, regional and global scales.

The paper is organized as follows: the data and the analy-
sis methods are described in Sect. 2, then in Sects. 3 the
results are described, first for latitudinal variations then for
regional variations near WBCs, finally, in Sect. 4, summary
and conclusions are offered.

2 Data sources and analysis methods

The monthly global reconstructed sea level (RecSL) on a
(1°x1°) grid for 1900-2015 was developed by Dangen-
dorf et al. (2019) and previously analyzed in several recent
studies (Ezer and Dangendorf 2020; Frederikse et al. 2020;
Gehrels et al. 2020). This reconstruction is based on com-
bination of 479 tide gauge records, satellite altimeter data,
and several geophysical ancillary datasets of contributing
processes such as glacial isostatic adjustment (GIA), GRD
effects and ocean models. The hybrid approach combines
a Kalman Smoother technique (Hay et al. 2015) with opti-
mal interpolation and empirical orthogonal functions, EOF
(Calafat et al. 2014), taking advantage of the spatial pattern
of global altimeter data and the long but unevenly spaced
tide gauge records. The GIA component and the annual
cycle were removed from RecSL. While most studies using
global reconstructed sea level focus on sea level rise itself,
Ezer and Dangendorf (2020) also show the usefulness of

the RecSL for studies of regional ocean dynamics in the
Gulf Stream region, so here we extend the analysis to other
subregions and provide averages over 5 regions near WBCs.
Average properties along each latitude are also calculated to
capture the variations associated with ice melt in high lati-
tudes. The total RecSL is divided into two components (for
details see Frederikse et al. 2020), the sea level component
of GRD effects associated with barystatic mass changes (i.e.,
glaciers, ice-sheets and natural/anthropogenic land water
storage) and the remaining is the contribution of sterody-
namics sea level (SDSL). The different sea level compo-
nents and definitions are described in detail by Gregory et al.
(2019). The SDSL includes impacts from wind, atmospheric
pressure, ocean temperature and salinity, ocean currents,
and basin-scale waves and climate modes (Han et al. 2019).
The purpose here was not to investigate the global SLR bal-
ance as done in Frederikse et al. (2020), but to explore the
regional differences between the impact of GRD change and
SDSL change with respect to ocean circulation changes in
WBCs. It is noted that local spatiotemporal variations in
temperature, while not directly analyzed, are closely linked
with variations in sea level (Martinez-Moreno et al. 2021)
due to the thermostatic effect, and thus linked with changes
in geostrophic velocity as described below.

From the sea level h(x,y,f) in RecSL and its change in
x and y (Ah/Ax, Ah/Ay) an estimated surface geostrophic
currents (U,, V,) can be made and from them, the oceanic
kinetic energy (OKE, per unit mass) and relative vorticity
(VOR) can be calculated by,

8A Ah

h 8
Ug(x,)’»t):__ s Vg(X,)’»t)ZJ?E

fA_y (1a, b)

OKE(x t)—l(U2+V2) VOR(x,y,1) = &V _ A%
7y’ - 2 g g i) ,y, - Ax Ay 3

(2a, b)
where g is the gravity constant, f(y) is the Coriolis
parameter and Ax, Ay, are 1° longitude or latitude. Since
the Coriolis parameter is zero near the equator, geostrophic
calculations are not calculated in a band + 5° from the equa-
tor and instead values outside this zone are used; results are
presented only for regions at least 10° away from the equa-
tor. For wind velocity (U,, V,,), wind kinetic energy (WKE)
and wind Curl (CUR) can be calculated by,

WKE(x,y,t) = l(U2 +V2) , CUR(x,y,1) = <A—V - AUW)
24w W Ax Ay

(3a, b)

were the units used here for kinetic energy are m?/s* and
for VOR and CUR are (m/s)/deg. Oceanic relative vorticity
is calculated to indicates horizontal rotation and strength of
oceanic gyres and eddies. Wind stress curl can be linked to
meridional oceanic transports in subtropical gyres though
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the Sverdrup balance (Wunsch and Roemmich 1985). Since
geostrophic velocities obtained in (1) from RecSL are
expected to be underestimated due to the coarse resolution
of the reconstruction, they need validation by independ-
ent data. Such examination was previously conducted for
one region, the Gulf Stream, in the study of Ezer and Dan-
gendorf (2020). They showed that flow variability on time
scales longer than ~5 years can be captured quite well by
the RecSL data (and calculations like in Eq. 1), as shown by
comparisons with observations of the Florida Current and
the Atlantic Meridional Overturning Circulation (AMOC).
Unfortunately, there are no continuous long observations of
the other WBC:s for similar validation. The properties in (2)
and (3) are averaged either over each latitude or over subre-
gions near WBCs. The wind data used here is from a global
reanalysis using ensemble Kalman Filter of observations as
described in Compo et al. (2011). Here only wind velocity
data for 1900-2015 on a (1°x 1°) grid are used (on the same
grid as the RecSL data).

Since the RecSL data is most useful for looking at long-
term variability and trends, to filter out high-frequency oscil-
lations, ensemble empirical mode decomposition (EEMD,
though the term EMD is used hereafter) is applied (Huang
et al. 1998; Wu et al. 2007; Wu and Huang 2009). The EMD
decomposed a time series into oscillating modes and a (non-
linear) trend, so summing up low-frequency modes and the
trend is equivalent to a low-pass filter. The EMD has been
used is numerous sea level studies (Ezer and Corlett 2012;
Ezer et al. 2013; Ezer 2015), and in Ezer and Dangendorf
(2020) the EMD analysis was compared with wavelet analy-
sis for the same RecSL data used here. To calculate signifi-
cance levels of correlations between low frequency EMD
modes, the effective degrees of freedom was estimated fol-
lowing Thiebaux and Zwiers (1984). Therefore, for the 116-
year long monthly record of RecSL, correlation of R>0.1
provides over 95% confidence level in the correlation, but for
low frequency EMD modes with typical time stales of ~5 to
10 years there is lower degrees of freedom so that correlation
of R>0.45 is estimated to be needed to have the same 95%
confidence level.

3 Results

3.1 Latitudinal variations and trends

3.1.1 Barystatic GRD effects versus sterodynamic sea level
The mean sea level rise (SLR) rates for two periods,
1900-1960 and 1960-2015, are shown in Fig. 1a, b, respec-
tively. The barystatic (GRD) contribution (Fig. 1c, d) is

compared with the dynamic (SDSL) contribution (Fig. le,
f). The largest changes, in both components of sea level is
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seen along the coasts of Greenland, where GRD has dropped
due to the gravitational effects of ice loss (Frederikse et al.
2020), while the SDSL has risen. The two components do
not completely balance each other, creating differences
between the Labrador Sea west of Greenland and the sub-
polar region east of Greenland. However, there is great
uncertainty in the glacial isostatic adjustment (GIA) in this
region that may have affected the accuracy of the RecSL
reconstruction there, so these changes should be taken very
cautiously. After 1960, changes in GRD start to show up
near the western Antarctic coast (Fig. 1d); lack of a signal
near Antarctica prior to the 1960s is partly due to the lack
of data on Antarctic ice melt that could have been entered
into the RecSL analysis. The impact of SDSL (Fig. le—f) is
more pronounced after the 1960s, and in regions with strong
oceanic currents such as WBCs, near the Pacific Equatorial
Currents, and in the Antarctic Circumpolar Current (ACC);
the latter is an area of large recent change in the position
and intensity of Southern Hemispheric westerly winds (Cai
2006; Dangendorf et al. 2019). The increase in SLR due
to SDSL in the Indian Ocean (Fig. 1le vs. f) may be due to
increased steric sea level there (see extended data Fig. 4 in
Frederikse et al. 2020).

Since the GRD effects originate primarily from high-
latitude regions, it is useful to look at latitudinal variations
in sea level, so Fig. 2 shows the latitude-mean sea level rise
as a function of time. There is a clear distinction between
the water mass GRD impact (Fig. 2b) and the sterodynamic
SDSL impact (Fig. 2¢). The impact of GRD has long time
scale with apparent cyclic behavior with period of ~60 to
80 years with fast sea level rise in the 1930s-1940s and after
2000 and slower sea level rise in the 1970s. This pattern
resembles the 60-year oscillation cycle shown by Chambers
et al. (2012), which was suggested by some studies to be
related to the 60-year oscillations of the Atlantic Multidec-
adal Oscillation (AMO; Enfield et al. 2001). Ezer and Dan-
gendorf (2020) for example, found that variations with time
scale of ~ 60-year period in AMO are coherent with similar
variations in the Gulf Stream strength which represents con-
tribution from regional GRD (see their Fig. 10), but cause
and effect between AMO and GRD were not established.
Frederikse et al. (2020) suggested that this long cycle may
not necessarily be a natural oscillation. They show that the
fast SLR in the 1940s due to mass loss from Greenland ice
sheet and glaciers was slowed down in the 1970s due to
increased water impoundment (dam constructions peaked
in the 1970s; Chao et al. 2008), which followed by recent
decades of accelerated SLR due to combination of increased
ice-mass loss and thermal expansion. Studies also show that
anthropogenic forcing dominated global mean SLR after the
1970s (Slangen et al. 2016). A decreased in sea level due
to GRD impact on gravity is limited to areas north of ~60°
N. It is noted however, that there are limited tide gauges
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observations in high latitudes, so RecSL may have greater
uncertainties there. On the other hand, the SDSL has large
interannual variability and much more small-scale spatial
variations than the GRD does, since several sources can
contribute to variations in SDSL, such as changes in tem-
perature, salinity wind and ocean currents. To assess the
relative contribution to sea level rise from GRD and SDSL,
time series of latitudinally averaged sea level is shown for
selected latitudes from 70° N to 70° S (Fig. 3). The only
shown latitude where GRD impact is dropping sea level is
at 70° N (near Greenland; top-left panel of Fig. 3) where the
total sea level rise follows the SDSL. At 70° S (bottom-right
panel of Fig. 3) GRD impact starts flattening after the 1960s
due to Antarctic mass loss (as seen in Fig. 1d) and accom-
panied reduced gravity pull. Note also the high-frequency
variability in high latitudes (70° N, 50° N and 70° S); in
these regions lack of tide gauge data and uncertainty in GIA
may contribute to the noise seen there, but it is also possible
that there are some real dynamic variability near coasts with
significant ice melt or atmospheric variability. Piecuch et al.
(2019) for example, observed large high-frequency sea level
variability near high-latitude coasts that could be associ-
ated with shelf response to atmospheric variability. In most
latitudes away from sub polar regions (30° N-50° S) the
total sea level rise follows the GRD until the 1960s (i.e.,
only small contribution from SDSL), but after the 1960s
significant acceleration in sea level seems to be contributed
by SDSL, as shown also in Fig. 2¢. This dynamic response
could be due to recent changes in wind, thermal structure,
and ocean currents, which will be evaluated next.

3.1.2 Wind and oceanic kinetic energy

Changes in total oceanic kinetic energy (OKE; Eq. 2) for
each latitude are shown in Fig. 4 (these are changes relative
to 1900). Except an unusual drop in OKE at 70°S before
1920 (probably due to lack of data at that period), there
is a general trend of increased OKE everywhere. The high
frequency variations in OKE are likely due to small-scale
variations in ocean dynamics, as seen in Fig. 2. What is
driving the variability and trends of the OKE seen in Fig. 4?
In additional to internal ocean dynamics, variations in the
wind stress can cause changes in the Ekman transports and
variations in wind stress curl can cause changes in the Sver-
drup transport (note however, that the Sverdrup balance
may be in question for some parts of the oceans, as shown
for example by Wunsch and Roemmich 1985). Since wind
is mostly zonal, wind stress curl (Eq. 3) is largely latitudi-
nally dependent. In Fig. 5, low frequency variations in wind
stress curl are shown with the OKE at several latitudes. The
low pass filtered latitudinal means are the sum of the low
frequency EMD modes plus the EMD trend. Low latitude
regions (10° N and 10° S), where geostrophic velocities are

less accurate, were omitted. Given the degrees of freedom in
the EMD modes (see Ezer and Dangendorf 2020), 95% con-
fidence level is obtained for correlations greater than ~0.45.
In high latitudes negative CUR-OKE correlations are seen
(50° N and 70° S), but in latitudes between 50° S and 30° S,
increased wind stress curl is accompanied by increased OKE
with correlations of 0.49-0.65 (these correlations include
the trends). Since subtropical gyres are the regions of the
world oceans where the Sverdrup balance is more likely to
hold, the result here is reasonable, while in high latitudes
other factors such as ice melt and temperature change may
play a larger role. It should be noted though that interpreta-
tion of latitudinal averaged values is limited, because wind
stress curl is mostly a basin-scale driver of circulation, so
local calculations of CUR may only represent part of the
variability. Therefore, a closer look of the wind influence on
regional scales will be evaluated in the next section.

Figure 6 summarizes the trends in the wind (WKE and
CUR) and in the ocean (OKE and VOR). Trends in wind
kinetic energy (Fig. 6a) do not seem to resemble the trends
in oceanic kinetic energy (Fig. 6¢), whereas wind intensity
increased mostly in the Southern Oceans (Dangendorf et al.
2019, discussed how this increase impacts sea level accelera-
tion) while OKE increased everywhere except the subpolar
regions (70° N and 70° S). As shown in Fig. 5, in subtropi-
cal regions there is increase in both, OKE and CUR, which
suggests that Sverdrup-driven flows play some role. Ocean
vorticity (Fig. 6d), which represents intensity and rotation
direction of ocean eddies and gyres, shows less coherent
trend pattern than OKE does. It is likely that each region
is driven by local wind patterns and meso-scale eddies, so
that latitudinal means may not represent significant trends.
However, the statistically significant change in vorticity
may indicate regional climatic changes in oceanic eddies,
as some observations suggested (e.g., Beal and Elipot 2016;
Martinez-Moreno et al. 2021).

3.2 Regional changes near western boundary
currents (WBC)

Regional changes were analyzed in areas near 5 WBCs: 2 in
the Northern Hemisphere (GS and KC) and 3 in the Southern
Hemisphere (BC, AGC, and EAC). In these regions, WBCs
as warm ocean currents, transport warmer subtropical waters
poleward, thus creating areas with large SST gradients that
resulted in large SSH gradients (Fig. 7) and strong geos-
trophic currents. Because of the close relation of SST and
SSH, these WBCs can easily be detected from the RecSL
data (Ezer and Dangendorf 2020). Moreover, the WBCs are
not only regions of strong currents, but also regions of sig-
nificant mesoscale variability and oceanic eddies that could
contribute to OKE.
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«Fig.7 a Global mean sea surface height (SSH) in RecSL and loca-
tions of 5 subregions near WBCs. b—f Mean SSH and surface veloc-
ity at: Gulf Stream (GS), Kuroshio Current (KC), Brazil Current
(BC), Agulhas Current (AGC), and East Australian Current (EAC),
respectively. The maximum geostrophic velocity obtained from the
mean RecSL in each region is indicated

3.2.1 Regional sea level rise

Before looking at the century-long sea level record, it is con-
structive to evaluate the regional RecSL against altimeter
data and against the global mean sea level (Fig. 8). Even
though the altimeter data is not independent of RecSL and
is used in the reconstruction to extract spatial modes (see
Sect. 2) comparison between altimeter data and RecSL can
tell us how well the RecSL can retain time-dependent vari-
ability and trends. The mean correlation in the 5 regions
between the RecSL and the altimeter data is R=0.85+0.05,
which is consistent with previous results (Dangendorf et al.
2019; Ezer and Dangendorf 2020). Note however, that some-
what lower correlation (R=0.76) is found near the GS where
the RecSL data rely on more tide gauge data, but higher
correlation (R=0.9) is found in the EAC region where the
RecSL data rely more on altimeter data due to lack of tide
gauges there. The mean difference in the trend between the
RecSL and the altimeter data is only ~0.4 mm/year. Both
time series show considerable regional interannual varia-
tions (about + 50 mm) relative to the global mean sea level,
but these variations are distinctly different for each region.
Therefore, both sea level variability and sea level rise trends
are quite different for each WBC region, where trends during
1993-2015 vary between 2.4 mm/year in the GS region to
4.6 mm/year in the EAC region.

Since 1900, the regional sea level variability and SLR in
the 5 WBCs regions can depart significantly from the global
mean values and this is shown in Fig. 9. SLR is calculated
over 3 different periods (I: 1900-1940, II: 1940-1980 and
III: 1980-2015) to show the non-linear temporal changes.
Global mean SLR and SLR in all regions show the slow-
est rates during period II and fastest rates during period
IIT after 1980, in agreement with the multi-decadal global
SLR pattern shown by Dangendorf et al. (2019). However,
Dangendorf et al. (2019), Frederikse et al. (2020) and many
other studies of global variations in sea level acceleration
did not look at regional trends near WBCs. This result, of
small deceleration in SLR from the 1920s to the 1960s and
large acceleration from the 1960s to today, indicates that the
barystatic sea level change (Fig. 2b) dominates all regions of
the ocean. However, there are also considerable regional dif-
ferences in SLR as seen by the acceleration rates. Between
periods I and II, the global acceleration was negative and
negligibly small (- 0.0035 mm/year?) but the regional
acceleration rates significantly change between regions

(+0.01, — 0.027, — 0.015, — 0.014 and +0.0005 mm/year?,
for GS, KC, BC, AGC and EAC, respectively). However,
during recent time between periods II and III the global posi-
tive acceleration (+0.033 mm/year?) was (except one region)
less than the regional acceleration (+0.016,+0.039,+0.0
53,+0.054 and +0.076 mm/yearz, for GS, KC, BC, AGC
and EAC, respectively). The results are generally consist-
ent with Dangendorf et al. (2019) who showed persistent
global positive acceleration after the 1960s. There are other
apparent regional differences, for example, in the southern
hemisphere the BC and AGC which reside in a relatively
close proximity, both show a long period since the 1940s
with regional sea level higher than the global sea level, while
the EAC shows regional sea level lower than the global from
1900 until the 1990s, with large acceleration after the 1990s.
In the northern hemisphere the GS shows the largest inter-
annual variability while the KC shows larger inter decadal
variability.

3.2.2 Regional kinetic energy of the wind (WKE)
and the ocean (OKE)

As previously shown (Figs. 4, 6), a significant increase in
OKE is seen from 50°S to 50°N, while most of the increase
in WKE is found south of 50°S, thus one may conclude that
OKE and WKE may not be directly related, at least on a
latitudinal averaged basis. However, subtropical gyres and
WBCs are largely wind driven, so it is useful to evaluate this
relation on a regional basis. Figure 10 compares the regional
averaged WKE and OKE at the 5 WBCs areas. While both,
OKE and WKE show considerable high-frequency and
interannual variations, the low-frequency oscillations and
the trends are very revealing. The upward trends in OKE at
the 5 sites are surprisingly very similar, ranging from 18.8%
increase per century at BC to 26.2% at KC and EAC. On the
other hand, the trend of WKE over the same regions change
widely from region to region with a decline of 10.9% per
century in the GS region to an increase of 27.5% in the BC
region. This regional discrepancy between WKE and OKE
is consistent with the latitudinal results of Fig. 6. Decadal
variabilities in the wind and the ocean are also very different,
with coherent patterns across regions in the OKE (right pan-
els of Fig. 10), but almost no coherency in the regional WKE
(left panels of Fig. 10). A closer look at the low-frequency
variability (Fig. 11) shows for example, a coherent minimum
in OKE around 1945-1950 and maxima in almost all regions
around 1965 and 1980. The correlation of low-frequency
variability in OKE and WKE is statistically significant at
95% only for the KC region (R =0.49), though in the BC
and AGC regions positive correlations are significant at the
90% level. In the GS and EAC there is negative correla-
tion (significant at 90% for EAC). Therefore, it seems that
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Fig.8 Area averaged sea level
change in the 5 WBC regions
(see locations in Fig. 7) during
the altimeter era (1993-2015),
comparing the global mean sea
level (green), the altimeter data
(red) and the RecSL (blue).
Indicated in each panel are
altimeter versus RecSL correla-
tion (R) and sea level trends in
the altimeter data (Talt) and in
the reconstruction data (Trec)

@ Springer

100

-100

150

100

-100

0 1 1 1 1 1 1 1 1
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

(a) Mean Sea Level Gulf Stream (R=0.76,Talt=1.6,Trec=2.4mmly)

‘Altim Data '
Reconstruction
Global SL

i
VIR

1 1 1 1 1 1 1 1
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

(b) Mean Sea Level Kuroshio

(R=0.86,Talt=3.2,Trec=3.1mmly)

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

(c) Mean Sea Level Brazil Curr. (R=0.85,Talt=3.8,Trec=3.4mmly)

1 | 1 1 1 1 1 1
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

(e) Mean Sea Level E. Aus. Curr. (R=0.9,Talt=4.1,Trec=4.6mml/y)

1

1 1 1 1 1 1 1 1 1

1
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Year



Variability and upward trend in the kinetic energy of western boundary currents over the last... 2365
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Fig. 10 Regional wind kinetic energy (WKE; left panels) and ocean
kinetic energy (OKE; right panels) for the 5 regions shown in Fig. 7.
Green lines are monthly data, red lines are low frequency variations

long-term changes in wind intensity contribute to OKE in
some regions more than others, pointing to regional dynam-
ics with different forcing at each region. The high correlation
between OKE and WKE near the Kuroshio and the decadal
pattern in Fig. 11b are consistent with studies that show a
wind-driven intensification of the KC from the 1970s to the
1980s (Deser et al. 1999).

So far, only area averaged values of OKE and WKE were
evaluated, but this approach neglects the local pattern of the
wind and the ocean dynamics, so that now local correlations
are considered in Fig. 12. The local OKE-WKE correlation
patterns (left panels of Fig. 12) show that in each region
there are areas with significant positive correlations (red
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and blue lines are the linear trends (with values indicated in each
panel). The low-passed filtered variations were obtained from the sum
of low frequency EMD modes and the EMD residual trend (see text)

colors with no contours), but also areas with negative (blue)
or insignificant (contoured) correlations (95% significant
level is obtained for absolute value of R larger than about
0.08). It seems that area-averaged calculations, as done
before, may not capture the full picture of the wind-ocean
relation. Note also that even in regions with statistically sig-
nificant correlation (maximum correlation R ~0.3), the wind
is responsible for only ~ 10% of the total variability, since
mesoscale eddies and meandering of WBCs dominate the
variability. In the EAC region, for example (Fig. 12i), posi-
tive OKE-WKE correlation is found over the warm subtropi-
cal south Pacific region (Fig. 7f) while negative correlations
are found in the colder southern region near the Antarctic
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Fig. 11 Low-passed filtered variations (sum of the low frequency oscillating EMD modes in Fig. 10, but without the EMD residual trend) of
OKE (blue; axis on left) and WKE (red; axis on right) in the 5 regions shown in Fig. 7. Correlation coefficient (R) is shown for each region
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«Fig. 12 Correlation coefficient between WKE and OKE (left panels)
and between WKE and ocean sea level anomaly (right panels) for the
5 WBCs regions. Red and blue colored areas cleared of contours indi-
cate regions with confidence level above 95% for positive and nega-
tive correlations, respectively

Circumpolar Current (ACC), and similar pattern is seen in
the AGC region (Figs. 7e, 12g). The right panels of Fig. 12
show the correlation of WKE with sea level anomaly, dem-
onstrating that the wind is significantly correlated with sea
level over large portions of each domain, especially in the
southern hemisphere (Fig. 12f, h, j). For example, signifi-
cant WKE-sea level correlations are seen in all the BC area
except the coast (i.e., Fig. 12f is almost clear of contours, so
the entire region is significantly wind-driven). In the WBCs
of the northern hemisphere (GS and KC in Fig. 12b, d) the
WKE-sea level correlation is noisy and less clear in its pat-
tern, since these regions are dominated by meso-scale eddies
which are not driven by wind. The results demonstrate the
complex interconnections between SST, SSH, WKE and
OKE, so separating between the forcing is not possible
due to feedbacks between the different factors. If SST is
the driven force, spatially uneven warming would affect sea
level through the steric relation but would also affect wind
patterns. However, if wind and water mass changes drive
sea level variability, the dynamics of WBCs (and thus OKE)
would change as well, which could cause changes in SST
through advective processes.

As seen in Fig. 2, SLR due to changes in GRD and SDSL
had increased significantly, especially after the 1980s, so it
is constructive to evaluate if those changes are reflected in
the pattern of the wind and the ocean currents. Figure 13
compares the recent changes (1980-2015 versus 1940-1980)
in wind speed and direction (left panels), in ocean currents
(middle panels), and in sea level (right panels). These two
periods represent a time of relatively slow SLR versus a time
of fast SLR (Fig. 9). It is quite clear that variations in the
wind patterns are generally different in each region, though
in general, in most regions one can see an increased cyclonic
wind pattern, thus an increased wind stress curl (as seen
in Fig. 5) which will support stronger flows in subtropical
gyres. However, local changes vary from region to region.
In the GS region for example, stronger southwestward wind
along the coast (Fig. 13a) would oppose the GS flow in the
South Atlantic Bight, but increase recirculation in the Mid-
Atlantic Bight, as reflected in the change in ocean currents
(Fig. 13b); this may explain the poor OKE-WKE correlation
there (Figs. 11a, 12a). Similar wind pattern change is seen
in the EAC region (Fig. 13m) where OKE-WKE correla-
tions are also negative (Fig. 11e). The changes in sea level
(right panels of Fig. 13) are very consistent with the changes
in ocean currents (middle panels in Fig. 13), showing that
the areas with the largest spatial variations in sea level are

those with the largest changes in ocean currents. The spatial
changes in sea level seen here are due to the SDSL change
(see Figs. 1f, 2c) and they are consistent with steric sea level
changes (e.g., see Extended Fig. 4 in Frederikse et al. 2020).
In the BC and EAC regions where the increased sea level
is more even (Fig. 13i, o) the change in WBC:s is relatively
small, while in the other regions large spatial variations in
sea level resulted in large local changes near strong oceanic
currents. In the AGC region, changes are mostly along the
ACC while there is almost no change in the Agulhas Cur-
rent itself along the African coast, which is consistent with
observations that show broadening, but not strengthening in
the Agulhas Current since the early 1990s (Beal and Elipot
2016). The changes in sea level seen here are also consistent
with previous studies that showed enhanced warming near
subtropical WBCs (Wu et al. 2012; Yang et al. 2016), but
here we show that the warming is uneven and thus leading
to increase sea level gradients and kinetic energy.

4 Summary and conclusions

A recent study (Ezer and Dangendorf 2020) demonstrated
the ability of the reconstructed sea level of Dangendorf
et al. (2019) to detect century-long (1900-2015) dynamic
changes in one WBC, the Gulf Stream. As a follow up, the
main goal here was to expend this approach and to explore
global and regional long-term changes in ocean currents
through analysis of oceanic kinetic energy derived from the
same reconstructed sea level. Several studies suggested that
WBCs are intensifying under warming climate conditions
(Deser et al. 1999; Ridgway 2007; Goni et al. 2011; Wu
et al. 2012; Yang et al. 2016). These studies suggested that
the primary reason for the WBCs intensification is a shift
and increased strength of the wind, especially in the south-
ern hemisphere (Cai 2006; Hu et al. 2020), though some
studies suggested that warming of sea surface temperatures
contributes more than changes in the wind to the intensifi-
cation of some WBCs (Chen et al. 2019). One aspect that
has not been addressed in those studies was the impact on
ocean dynamics from water mass changes such as the land-
based ice melting near Greenland and Antarctica. Changes
in water masses play a major role in the sea level rise budget,
as shown recently by Frederikse et al. (2020). Therefore, in
our study, in addition to considering the role of the wind,
we separated SLR into two components: barystatic-driven
(GRD) sea level and dynamic-driven (SDSL) sea level. The
dynamic sea level change includes all the elements besides
barystatic sea level, i.e., changes in wind, steric tempera-
ture and salinity, and ocean circulation. Climate change
results in increased global mean ocean temperatures, global
wind speed and global ocean kinetic energy (Hu et al. 2020;
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«Fig. 13 Changes between 1940-1980 and 1980-2015 (the last 2 peri-
ods in Fig. 9) for the 5 WBC regions (each row for different region).
Left panels: change in wind speed (m/s) in color (red- largest change)
and direction (arrows). Middle panels: change in ocean currents
(m/s). Right panels: change in sea level (m)

Martinez-Moreno et al. 2021), but there are also large dif-
ferences between the response of individual WBCs to global
warming (Sen Gupta et al. 2021), for example, the projection
of Gulf Stream weakening, but Kuroshio Current strengthen-
ing (Chen et al. 2019). Therefore, we wanted to investigate
regional changes in each WBC.

The analysis showed very different spatial and temporal
variability in the barystatic and dynamic sea level. GRD is
linked to a coherent spatial sea level rise away from polar
regions and large sea level drop near ice melting high lati-
tude regions- these changes in meridional gradients of sea
level can contribute to increased OKE. Temporal variations
associated with GRD include very long time-scale changes
with an apparent~ 60 to 80 years cycle that resembles the
global 60-year sea level cycle discussed by Chambers et al,
(2012). However, the GRD pattern seen here (Fig. 2b) and
discussed in Frederikse et al. (2020) indicates that this
may not be a natural cycle linked to AMO, as suggested
by Chambers et al. (2012) and others, but rather a water
mass change that slowed down SLR in the 1970s due to
anthropogenic massive water impoundment by dams in the
1970s (Chao et al. 2008), which followed by accelerated
SLR due to increased ice loss in the 1990s and 2000s. The
impact of SDSL is very different than that of GRD, it is
responsible for producing small-scale spatial variability and
shorter-term temporal variability in sea level and OKE. The
SDSL in middle latitudes dominate recent variability and
contributed to acceleration in SLR after the 1960s, as indi-
cated here (Figs. 3, 9) and in Dangendorf et al. (2019). On
latitudinal averaged basis, increased wind speed and thus
WKE does not seem to be the main cause for the increase
in OKE- most of the increased WKE found in the Southern
Ocean south of 50° S, while OKE almost evenly increased
in middle latitudes 50° S—-50° N. However, over subtropical
regions (e.g., at 30° S and 30° N) increased wind stress curl
(CUR) is correlated with increased OKE, pointing to poten-
tial contribution from Sverdrup transports.

Analysis of changes near WBCs reveals some similarity
and some regional differences. Consistent with the long-term
global signal of the GRD, area mean SLR in all 5 regions
had the slowest SLR rate during 1940-1980, the fastest rate
after 1980 and a moderate rate before 1940. However, due to
SDSL, there are differences in the interannual variations of
sea level between the WBCs. As seen in the latitudinal aver-
aged results, there is no clear correlation between WKE and
OKE that apply to all regions—the upward trend in OKE is
very similar for all regions, while WKE trends vary wildly

(negative in the WBCs of the northern hemisphere and posi-
tive in WBCs of the southern hemisphere). Decadal varia-
tions in WBCs are also similar for OKE but very different for
WKE, so for example OKE-WKE correlation is R= +0.49
in the KC region, but R =— 0.38 in the EAC region. In fact,
WKE in many regions is better correlated with SSH (prob-
ably due to the tight SST-SSH connection) than with OKE.
Therefore, we can conclude that on the time and space scales
that the RecSL provides, intensification of wind speed is not
the main driver of local changes to ocean currents (high fre-
quency and seasonal wind variability can induce local ocean
currents, but they are not considered here). So, what are the
mechanisms involved in the increase of OKE near WBCs?
Close examination of the regional changes in wind and sea
level patterns near WBCs during the period of increased
SLR shows a combination of more cyclonic wind circula-
tion (wind stress curl effect) and increased warming near
WBCs (Yang et al. 2016; Chen et al. 2019) that created large
spatial variations in SSH (resembling the steric sea level
changes; Frederikse et al. 2020). Larger spatial variations
increased OKE through geostrophic currents and eddies
(Martinez-Moreno et al.2021); Beal and Elipot (2016) for
example, observed an increase in eddy activities near the
Agulhas Current. One should note however that each region
has its own unique characteristics and different response to
climate change, as summarized in Fig. 13. The study dem-
onstrates the usefulness of global reconstructions for studies
of regional ocean dynamics, but it also shows the complex-
ity of regional dynamics, especially near western boundary
currents. To get a better understanding of the mechanisms
involved, it would be useful to follow this study with sensi-
tivity numerical simulations that could potentially separate
the different processes highlighted here.
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