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Broadening not strengthening of the Agulhas
Current since the early 1990s

Lisa M. Beal' & Shane Elipot!

Western boundary currents—such as the Agulhas Current in
the Indian Ocean—carry heat poleward, moderating Earth’s
climate and fuelling the mid-latitude storm tracks"2. They could
exacerbate or mitigate warming and extreme weather events in
the future, depending on their response to anthropogenic climate
change. Climate models show an ongoing poleward expansion and
intensification of the global wind systems, most robustly in the
Southern Hemisphere®~®, and linear dynamical theory®’ suggests
that western boundary currents will intensify and shift poleward
as a result®S. Observational evidence of such changes comes from
accelerated warming and air-sea heat flux rates within all western
boundary currents, which are two or three times faster than global
mean rates>”!%, Here we show that, despite these expectations, the
Agulhas Current has not intensified since the early 1990s. Instead,
we find that it has broadened as a result of more eddy activity. Recent
analyses of other western boundary currents—the Kuroshio and East
Australia currents—hint at similar trends''~'. These results indicate
that intensifying winds may be increasing the eddy kinetic energy
of boundary currents, rather than their mean flow. This could act
to decrease poleward heat transport and increase cross-frontal
exchange of nutrients and pollutants between the coastal ocean
and the deep ocean. Sustained in situ measurements are needed to
properly understand the role of these current systems in a changing
climate.

To estimate the trend in Agulhas Current transport we build a
22-year proxy using three years of in situ measurements from the
Agulhas Current Time-series (ACT) array'® combined with coincident
along-track satellite altimeter data spanning the years 1993-2015
(Fig. 1).

We define two measures of transport for the Agulhas Current:
a streamwise, southwestward jet transport T, and a geographically fixed,
net boundary-layer transport Ty,ox. Over the three years of in situ data
the mean and standard deviation of Tj are —84Sv (1 Sv=10°m’s™")
and 24 Sv, respectively, and of Ty are —77 Svand 32 Sv, respectively'®.
In past studies Tyox has been more often applied to quantify boundary
current flow, yet this measure suffers spurious effects from meander
events'®, which are largely removed in the streamwise case.

Before building a proxy we first test for the necessary condition of
a linear and fixed relationship between our in situ transports and sea
surface slope from satellite altimeter. Sea surface slope is equivalent
to surface geostrophic velocity, and on the basis of previous analyses
we expect the relationship between surface geostrophic velocity and
full-depth transport to be strong in the Agulhas Current, despite
the presence of an undercurrent'”'®, Using empirical orthogonal
function (EOF) analysis, we find that transport and sea surface height
and slope along the ACT array do exhibit similar and significantly
correlated modes of variance (correlations >0.7, P values <1073). In
each case, these modes express weakening or strengthening, broad-
ening or narrowing, and meandering of the Agulhas Current jet
(Extended Data Fig. 1 and Methods). Hence, variance of the sea surface
is strongly tied to oceanic transport along the ACT array at 34° S and

using altimetry to build a proxy for Agulhas Current transport seems
physically justifiable.

For our Agulhas Current transport proxy we build nine linear regres-
sion models between sea surface slope and transport per unit distance
Ty, one at each of the ACT mooring locations (Fig. 1). We then fit
a smoothed function at 1-km intervals and integrate horizontally to
obtain Tjet and T for each altimeter pass. In this way, we can account
for a current that meanders and changes in width by allowing the core
and flanks of the flow to vary at different rates, although the vertical
structure necessarily remains fixed. A proxy based on regression
between array-wide sea level variance and total transport is more
statistically successful for Ty,0x; however, we find that this proxy’s
trend is spurious because of the observed broadening of the current
(Extended Data Fig. 2 and Methods).

Our 22-year proxy time series are shown in Fig. 2, together with their
frequency spectra and seasonal cycles. For Ti,oy our proxy explains 61%
of the variance during the ACT period, while for Tj it explains 55% of
the variance. The jet and boundary layer transports have spectral peaks
that are significant (see Methods subsection ‘Spectral Estimates’) at the
annual period (Fig. 2c) and their seasonal cycles match those of the
in situ data'®, with weakest transports occurring during austral winter,
in August, and strongest transports occurring throughout austral
summer (Fig. 2d). At most timescales, the variance of Tje is less than
that of Tyey (Fig. 2c and d).

The long-term trends are 41.0 4= 2.4 Sv per decade for T,y and
+2.142.1Sv per decade for Tj (where tolerances are the 95% con-
fidence interval). These trends would correspond to a slight decrease
in Agulhas Current transport, although neither trend is significant. In
the Indian Ocean, a spin-up of the ocean circulation over the northern
reaches of the subtropical gyre has been implied by a small intensifi-
cation of the trade winds* and an increase in the Indonesian through-
flow! since the early 1990s. Farther south at the ACT array the trend
in wind stress curl is less certain, since changes in the strength and
latitudinal position of the Westerlies differ between wind products®.
Nevertheless, the derived winds from the 20CRv2 reanalysis show an
upward trend in wind curl over all the southern subtropical oceans?!,
and rapidly increasing sea surface temperatures and air-sea fluxes have
been attributed to a strengthening and poleward shift of the Agulhas
Current>*1,

Given that our results appear to contrast with these indicators, we
examine our proxy trends more closely. We look at the structure of sea
level and slope trends along the ACT array (Fig. 3a and b) and compare
them to our transport trend. We find a non-uniform pattern of sea level
rise across the Agulhas Current, with a minimum at 130 km from the
coast (Fig. 1). This pattern gives rise to a negative trend in sea surface
slope across the inshore half of the boundary layer and a positive trend
offshore (Fig. 3b). Since the mean sea surface slope is positive across
the Agulhas Current (Extended Data Fig. 1), these trends result in
weaker velocities within the core of the current and stronger velocities
over its flank. The effect on the Agulhas Current is a weakening and
broadening of the jet, as illustrated by the change in T across the array
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Figure 1 | Agulhas Current Time-series (ACT) instrumental array
and mean Agulhas Current from April 2010 to February 2013.

a, Geographical location of ACT mooring array, consisting of current
meter moorings A-G and CPIES (Current Pressure Inverted Echo
Sounders) sites P2-P5. Bathymetry down to 1,000 m is shown in tan and
in deepening shades of blue thereafter, with contours every 200 m and
thick contours every 1,000 m, from 200 m to 5,000 m. b, Vertical section
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b 3-year mean Agulhas Current
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Bathymetry is shaded grey. Southwestward velocities (Agulhas Current)
are shaded yellow through to red and northeastward velocities are shaded
blue (see colour scale). Acoustic Doppler Current Profilers (ADCPs)
measure velocity throughout the upper water column. Aquadopp current
meters measure velocity at a single point. Pairs of CPIES estimate profiles
of geostrophic velocity.
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Figure 2 | Agulhas Current transport proxies based on regressions
between transport and sea surface slope at each ACT mooring location.
a, Proxy time series for jet or stream-wise transport Tje;. b, Proxy time
series for boundary layer transport Tpoy. The three years of in situ
transports from the ACT array are shown as black lines. ¢, Frequency
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spectra of the jet (red) and boundary layer (grey) proxies. The 95%
confidence interval is shown. d, Seasonal transport (daily average values)
of the jet (red) and boundary layer (grey) proxies. Shading shows 95%
confidence intervals.
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Figure 3 | Trends of sea level and oceanic transport across the Agulhas
Current, showing broadening. a, b, Sea level (a) and sea surface slope

(b) linear trends estimated using along-track satellite altimeter from

Aviso (blue) and CCI (orange) products (1993-2015). ¢, Transport

per unit distance based on regressions between sea surface slope and
oceanic transport at each ACT mooring site (circles). Transport changes
between the beginning (solid lines) and end (dashed lines) of the altimeter
record are implied by the linear trends. T is net transport per unit distance
and Ty sw is its southwestward component (as used to calculate Tje,).
Vertical lines indicate the width of the boundary layer at the beginning
(solid) and end (dashed) of the altimeter record.

from the regression models at each mooring (Fig. 3c). The core of the
current is in the same position, but weaker, while flow throughout the
offshore flank of the current is stronger. The resultant broadening of
the boundary layer, defined by the zero crossing of Ty, is about 50 km
(Fig. 3¢). Hence, we conclude that the Agulhas Current is weakening
and broadening over time, while its total transport remains stable.

Broadening of the Agulhas Current can be understood in the context
of a simple Munk model??, whereby the width of the western boundary
layer will increase if the lateral viscosity increases. This could occur as
aresult of an increase in eddy activity in the current over time (Fig. 4).
We derive the trend in eddy kinetic energy (EKE) of the Agulhas
Current at this latitude from a mapped altimeter product using
a fixed number of satellites over time, as has been done previously®.
Consistent with this model, the trend in EKE is everywhere positive
across the current, while the peak in mean kinetic energy (MKE) within
the core of the jet is decreasing (Fig. 4).

Broadening can also be understood in terms of meandering.
Mesoscale meanders dominate the variance—and therefore the
EKE—of the Agulhas Current?, growing largely through a barotropic
conversion of energy from the mean horizontal flow!”!8. Such
instabilities act to transfer energy offshore and decelerate the core of
the jet*®. Hence, a reported increase in the number of meander events
over time'” will lead to a weakening and broadening of the flow.

Measurements in other western boundary currents also point to
trends of increasing EKE, rather than increasing transports, as we
observe in the Agulhas Current. In the Pacific Ocean, there is an
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Figure 4 | Kinetic energy analyses across the Agulhas Current, showing
increased eddying. a, Total kinetic energy (TKE), mean kinetic energy
(MKE) and eddy kinetic energy (EKE) from the mapped Aviso altimeter
product. Mean and eddy kinetic energies are defined as variability at
timescales of less and more than eighteen months, respectively. b, TKE,
MKE and EKE linear changes over 22 years. In a and b the mean position
of the current core and its offshore flank during the three years of ACT are
shown as vertical grey lines. Data within 40 km of the coast are not available
in the mapped altimeter product.

increase in observed trade winds over the last twenty years, some of
which is attributed to climate change®. Increases in sea surface height
over the north and south subtropical Pacific point to a concomitant
intensification of the ocean gyres*. However, no compensating trends
have been found in the transports of the Kuroshio or East Australia
currents'®!%, even while they have been warming'®. Instead, there
is evidence that the Kuroshio Current is broadening, with the same
pattern of sea level rise as seen across the Agulhas Current'!, and
that eddy activity in both the Kuroshio and East Australia currents
is increasing!*~!*, Furthermore, eddy variability of the East Australia
Current has recently been linked to regional wind stress curl'. In the
Atlantic, prediction of trends in Gulf Stream intensity is complicated by
a potential weakening of the overturning circulation® and by uncertain
trends in wind curl'’. Sea level changes along the east coast of the USA
have been used to suggest a weakening of the Gulf Stream?’, but this
is not corroborated by in situ measurements, which show no trend?.

Extending (that is, using data to extend in situ observations back in
time) and inferring ocean circulation changes using satellite altimeter
data is becoming commonplace'*'*?’, in an attempt to understand
oceanic change better despite a paucity of measurements. Our results
call for caution when inferring trends in currents using sea surface
height difference alone, since sea level changes may be inhomogeneous
across the current (Fig. 3). The exact position of the current, and any
broadening or narrowing over time, must be taken into account
(see Methods). On multidecadal timescales, the implicit assumption
of a fixed vertical stratification may also become problematic, as
thermohaline changes become important. More hydrographic data are
necessary, particularly within western boundary currents, to be able to
estimate trends in stratification.

A particular weakness of our analysis is that it captures only changes
in the Agulhas Current at 34° S, the location of the ACT array. Farther
north, opposing trends in MKE and EKE are such that the mean flow
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appears to be strengthening over time and there are fewer eddies®.
However, these inferences are made where the current core is within
40km of the coast, a region of poor altimeter coverage, and are uncor-
roborated by in situ measurements. Another weakness is that wind
products exhibit large discrepancies in the mean®, such that temporal
changes are even less reliable?®, and a poleward shift adds further
uncertainty to any observed trend in wind stress curl®. Finally, a linear
trend model accounts for only a small fraction of the variance in kinetic
energy and transport of the Agulhas Current. 22 years of satellite
observations are barely sufficient to discern anthropogenic trends,
although decadal climate variability in the Indian Ocean is smaller
than in the Pacific and Atlantic oceans. 50-year trends in sea surface
temperature in the Indian Ocean sector are consistent with trends over
the last two decades’.

Our results, together with recent analyses in other western boundary
currents, suggest that intensifying winds may act to increase the EKE
of boundary currents, rather than their mean flow. This hypothesis
draws parallels with the eddy compensation hypothesis for the
Antarctic Circumpolar Current in the Southern Ocean, where eddies
appear to dampen the effect of increased wind energy input on the
mean flow™. In essence, while winds tend to accelerate the flow and
steepen isopycnals, eddies mix laterally across the current to slump
the isopycnals. Coupling between eddies and the atmosphere has
also been shown to influence this frontal balance®!. The implication
of broadening boundary currents is a more porous divide between
the continental shelves and the open ocean, leading to greater mixing
and cross-frontal exchange. In the Agulhas Current, these changes
could also enhance upwelling over the shelf, since the strongest
upwelling events are driven by meanders. These implications are in
contrast to those of an intensifying flow, which would tend to dampen
cross-frontal mixing and increase meridional heat transport.

If western boundary currents are not strengthening, observed
patterns of surface warming>”'® must be explained by a poleward shift
of the ocean gyres. Broadening of western boundary currents and their
extensions will also imprint on warming patterns and this should be
considered in future analyses. Ocean reanalysis products and climate
models fail to resolve western boundary currents and this could explain
discrepancies among them and with our results>*°.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Mooring array and transports. Our in situ data are from the ACT mooring array,
deployed across the Agulhas Current and along a satellite altimeter ground track
near 34° S between April 2010 and February 2013 (Fig. 1). The array is 300 km
long and oriented 15° clockwise from normal to the mean flow. Seven full-
depth current-meter moorings and four current- and pressure-sensor-equipped
inverted echo sounders (CPIES) were able to capture the full Agulhas jet at all
times, including during meander events'. CPIES pairs provide a cost-effective
estimate of full-depth geostrophic flow at the offshore end of the array. Cross-track
velocity profiles are horizontally interpolated to a resolution of 1 km and integrated
vertically to obtain transport per unit distance, Tx. We then define the western
boundary jet transport Tj as the southwestward component of T, integrated to the
first maximum of Ty beyond the half-width of the mean jet (110km)'®. We define
boundary layer transport Ty as Ty integrated out to 219 km, the three-year mean
width of the jet (Fig. 1).
Absolute dynamic topography. We use the 1-Hz unfiltered along-track
absolute dynamic topography (ADT) product from Aviso. ADT is the sum of
a mean dynamic topography and a sea level anomaly. The latest Aviso product
uses a 20-year reference period from 1993 to 2012 to define the mean dynamic
topography. Using sea level anomaly instead of ADT does not change our statistical
analyses and regressions, since the two quantities differ only by a constant. In the
main text we refer to ADT as sea surface height or sea level, although strictly the
definition of ADT differs from sea surface height by a constant geoid. The ACT
line is along altimeter track number 96 successively occupied by satellites TOPEX/
Poseidon (1992-2002), Jason-1 (2002-2008), and currently Jason-2 (since 2008).
During the ACT experiment, there were 105 satellite passes across the Agulhas
Current, providing data between 14.6 km and 306 km offshore with a horizontal
resolution of about 6.2 km. Data are available up to 8.45km from the coast, but we
discount them because they are missing 30% of the time. We estimate ADT and
its slope every 1 km along the track using a local order-one polynomial regression
estimator with a 24-km half-bandwidth and an Epanechnikov kernel®?. Estimating
slope in this way introduces less noise than differentiation and the Epanechnikov
kernel minimizes the asymptotic mean square error of the resulting estimates®2.
A half-bandwidth of 24 km corresponds to a total window length that approaches
the horizontal along-track decorrelation length scale of the flow at the ACT array
(56km)'®. Varying this bandwidth by 50% does not significantly modify our results.
Transport proxies. To test the assumption of a linear and fixed relationship
between in situ transport and sea surface height and slope for the Agulhas Current
we compare the combined eigenmodes of variance of ADT and ADT slope over
the full 22-year record to those of Ty over our 3 years of measurements. In each case
we find four eigenmodes, of similar spatial structure, that each explain 10% or more
of the variance (Extended Data Fig. 1). The dominant mode of variance at the sea
surface is a broad-scale decrease or increase in sea surface slope, which is associated
with a weakening or strengthening of the in situ transport. This is demonstrated
by a strong correlation between the Principal Component time series of the first
ADT mode and that of the second mode of T (correlation 0.76). A narrowing or
broadening of the jet is reflected in the second mode of ADT and the first mode of
Ty (correlation 0.84). The remaining third and fourth modes of variance in each
case reflect meandering of the jet (correlations 0.72 and 0.71, respectively), while
all four eigenmodes project onto mesoscale meander events. In all cases we find
Pvalues smaller than 10~% and hence all correlations are highly significant. Because
the Principal Component time series of Ty are serially correlated and not normally
distributed, we used a nonparametric resampling method* to calculate
one-tailed P values for the magnitude of correlation. Given the similarities
between eigenmodes and the significance of correlations, we conclude that a linear
relationship between sea surface variance and full-depth Agulhas transport is a fair
assumption at 34° S, where the undercurrent is weak'®. Hence, the variance of the
current appears equivalent barotropic, in agreement with previous analyses!”!%,
For our preferred proxy we build nine regression models, one at each
current-meter mooring and CPIES pair along the ACT array, which linearly
relate the local T to the slope of ADT. Estimating ADT slope requires careful
determination of the horizontal length scale of the flow at each site. We achieve
this by using again an order-one local polynomial regression estimator with an
Epanechnikov kernel® to estimate both ADT and its slope, but this time varying
the spatial bandwidth of the estimator in order to maximize the correlation
between our measured Ty and the slope estimate at each mooring. This gives
length scales ranging from 27 km at mooring B to 102 km at mooring G, consistent
with our physical expectation of increasing length scale with increasing distance
offshore. The polynomial regression estimator allows us to calculate the error
variance of ADT and slope estimates at each mooring, based on the measurement
errors in along-track ADT reported by Aviso. Reassuringly, we find that these
error variances are at least an order of magnitude smaller than the variance of the
resulting ADT and slope time series. Next, we remove outlying slope estimates by

discarding the upper and lower 0.25% of the data distribution. To fill gaps we use
multivariate regression between ADT slope at the location with missing data and at
surrounding locations. This technique recovers 90% of the variance of the missing
data, except at mooring A, where only 68% of the variance can be explained using
adjacent records. Finally, we build linear regression models between ADT slope
and Ty at each of the nine mooring sites. The R? statistics of these models vary from
0.51 at mooring A to 0.81 at CPIES pair P4 and P5. The strongly sloping sea bed
and Agulhas undercurrent (Fig. 1) probably contribute to the poorer skill of the
regressions at the inshore moorings.

From the results of the regressions, we obtain T at each of the nine mooring
locations for each satellite pass over 22 years. Subsequently, to calculate total trans-
ports from these discrete points, we fit a shape-preserving piecewise cubic Hermite
interpolating polynomial function to obtain T at 1-km intervals across the current.
We then integrate to obtain Tjc; and Tyox for each altimeter pass, as defined above
(Fig. 2). Using instead a piecewise linear interpolation of Ty between moorings
and applying a low-pass filter with a cutoff of 56 km (the decorrelation length scale
given by the ACT measurements) to produce a smooth function gives alternate
estimates with root-mean-square differences of 4.6 Sv for Tje; and 1.3 Sv for Tpx.

A more common methodology is to build a proxy by regressing total transport
onto a broad-scale sea surface slope!*'?. Regression based directly on along-track
ADT at the ACT array is problematic, because the sea surface is strongly covarying
along the length of the array, leading to large uncertainties in the regression
coefficients (even though the resulting R statistics of such a proxy can be high).
Hence, we build a regression model using the uncorrelated Principal Components
of the combined EOFs of ADT and ADT slope from above (Extended Data
Fig. 1). To include as many altimeter passes as possible for the regression model,
we recompute these combined EOFs for data points farther than 42.6 km from
the shore to avoid missing data. The resulting EOFs differ very little from the
ones presented in Extended Data Fig. 1. The regression model for both the jet and
boundary transport proxies T'is then:

T=ao+ Z Ak (t) )
ke

where oy are the regression coefficients estimated using the ordinary least-squares
method and (2 is an ensemble of the Principal Component time series Ax(t). For the
ensemble we consider each eigenmode, in order of decreasing amount of variance
explained, and incorporate successively only those Principal Components that
increase the adjusted-R? statistics of our model (Equation (1)). The adjusted-R?
statistics quantifies the amount of variance explained by a multivariate model but,
in contrast to the classic R statistics, attempts to correct for the explained variance
that occurs by chance from adding a random variate to the model. For Ty this
procedure selects Principal Components 1 and 2 (correlated with transport at
0.85 and 0.22 respectively, with P values <10~ and 0.09), and for Tiet Principal
Components 1,2 and 3 (correlated at 0.49, 0.27 and 0.20, respectively, with P values
<107%,0.015 and 0.05).

The resulting proxy for Ty explains 76% of the variance, while in the case
of Tje: the proxy explains only 39% of the variance (Extended Data Fig. 2). The
poor performance of the jet proxy is probably because it is defined from only
the southwestward flow, while sea level variance along the whole array reflects
the net flow. Estimating the linear trends of the two time series we find that the
boundary layer transport appears to be strengthening at a significant rate (95%
confidence interval) of —4.9 2.0 Sv per decade, while the jet transport has a
weaker and insignificant trend of —1.4 £ 1.5 Sv per decade (Extended Data Fig. 2).
The boundary layer proxy trend fulfils prior expectations, based on warming
sea surface temperatures and strengthening winds over the region®!. However,
this strengthening is inconsistent with trends in sea surface height across the
current (Fig. 3). The structures and nodes of the eigenmodes of sea level and
slope (Extended Data Fig. 1) are fixed in space and seem to be unable to capture
the change in structure of the boundary layer over time. Throughout the 22-year
record, the trend patterns explain never more than 8% of the local variance and the
EOFs are virtually unchanged when recomputed after detrending the data. Simply
put, a proxy based on a single regression with total transport does not allow for a
broadening of the current.

Spectral estimates and annual cycle. Power spectral densities of the proxies Tie
and Tyox are estimated using the adaptive multitaper method with five Slepian
tapers®. This method exhibits less variance than other common methods and is
routinely employed for climate time series analysis®®. Using three or seven tapers,
of the Slepian form or other forms, does not qualitatively change our results.
Significant spectral peaks at the 95% confidence level were identified using a test
for periodicities within a red background spectrum®. Since Tjc has less energy than
Thox at periods longer than 100 days (Fig. 2), we expect decadal signals and trends
to be more clearly detected in the jet transport. Annual cycles are obtained by
calculating daily means using the Nadaraya—-Watson kernel estimator with a
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Gaussian kernel of half-width 30 days*%. 95% confidence intervals are based on
the assumption of a normal distribution of the estimates.

Trends in sea level and kinetic energy. Trends in sea level (Fig. 3) are calculated
using along-track satellite altimeter data from Aviso and from the new Sea
Level Climate Change Intitiative (CCI) product®’, which is optimized for long-
term signals. For kinetic energy across the Agulhas Current (Fig. 4) we use the
post-2014 geostrophic velocity maps from Aviso, which are derived from a two-
satellite, merged, delayed-time product. For long-term signals it is important to
use the two-satellite product because it ingests a consistent amount of data over
time, avoiding the introduction of sampling bias that may cause spurious trends in
variance. TKE is defined as half the sum of the squared horizontal components of
velocity. MKE is calculated from the total velocity time series by low-pass filtering
using a sliding quadratic window with half-bandwidth of 18 months. EKE is
calculated from the velocity residuals obtained by subtracting the low-pass-filtered
velocities from the total velocities. These calculations result in an interannually
evolving MKE, and an EKE which captures variability at timescales of less than
18 months. Although mapped satellite altimeter products have difficulties resolving
boundary flows that are narrow and close to the coast, reassuringly we find that
at the ACT array peak MKE occurs close to the mean in situ Agulhas Current
core (Fig. 4a).

Code availability. MATLAB scripts used for our analyses and figures are available
upon request from S.E.

Data availability. The in situ mooring data from the ACT experiment (velocities
from current meters and acoustic Doppler current profilers; sound speed, pressure
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and bottom velocity from CPIES) are archived with the NOAA National Centers
for Environmental Information (https://www.ncei.noaa.gov), with accession num-
bers 0156669 and 0156605. Aviso along-track Absolute Dynamic Topography data
are accessible through http://www.aviso.altimetry.fr/en/data/products/sea-surface-
height-products/global/adt-h.html#c5139. Maps of absolute dynamic topography
and absolute geostrophic velocities are accessible through http://www.aviso.altimetry.
fr/en/data/products/sea-surface-height-products/global/madt-h-uv.html. The CCI
altimeter along-track data correspond to the Fundamental Climate Data Record prod-
uct (http://dx.doi.org/10.5270/esa-sea_level_cci-1993_2014-v_1.1-201512) generated
by the Sea Level Climate Change Initiative project (http://www.esa-sealevel-cci.org/).
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Extended Data Figure 1 | Spatiotemporal variance of oceanic transport
and sea surface slope are similar across the Agulhas Current. a, First
four eigenmodes of the transport per unit distance from the ACT array.

b, First four combined eigenmodes of sea surface height and slope, from
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Aviso along-track absolute dynamic topography (ADT) from satellite
altimetry. Note that the ADT gradient is positive across most of the array,
but is shown as negative for comparison with the southward Agulhas
Current transports in a. Black dotted lines depict mooring positions.
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Extended Data Figure 2 | Agulhas Current transport proxies based on regressions of total transport with sea surface eigenmodes. a, Proxy for jet or
stream-wise transport Tje.. b, Proxy for boundary layer transport Tyox. The three years of in situ transports from the ACT array are shown as black lines.
The trends of these two proxies are inconsistent, owing to observed broadening of the jet.
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