
Interannual Variability of the Natal Pulse
Yoko Yamagami1, Tomoki Tozuka2, and Bo Qiu3

1Atmosphere and Ocean Research Institute, The University of Tokyo, Kashiwa, Chiba, Japan, 2Department of Earth and
Planetary Science, Graduate School of Science, The University of Tokyo, Tokyo, Japan, 3Department of Oceanography,
University of Hawaii at Manoa, Honolulu, Hawaii, USA

Abstract Satellite altimetry data and high‐resolution model output are used to investigate the
mechanism of interannual variations of the solitary meander in the Agulhas Current, called the Natal
Pulse. It is shown that most of the Natal Pulses are triggered by anticyclonic eddies originating from the
Southeast Madagascar Current (SEMC) and anticyclonic eddies of the Mozambique Channel are the
secondary source. In addition to the barotropic conversion suggested by previous studies, the advection of
eddy kinetic energy (EKE) plays a statistically significant role in the growth of the Natal Pulse. The number
of anticyclonic eddies arriving at the Natal Bight largely explains the interannual variations in the Natal
Pulse. The barotropic conversion from the SEMC, whose interannual variations are likely related to the
remote wind forcing, is the main EKE source and corresponds well with the interannual variations of
anticyclonic eddies generated off the southern coast of Madagascar. It is also shown that the interannual
variations of the Natal Pulse are linked to large‐scale wind variability in the southern Indian Ocean.

Plain Language Summary Natal Pulse is the large meander of the Agulhas Current originating
in the Natal Bight and it affects both the local marine environment and global ocean circulation.
Previous observational studies suggested that the occurrence of the Natal Pulse varies from year‐to‐year.
Since oceanic eddies tend to trigger the Natal Pulse, we investigate the relationship between the Natal Pulse
and incoming eddies in this study. We show that variations of the Natal Pulse are mainly explained by
variations of eddies propagating from the south of Madagascar and the Mozambique Channel. We also show
that variations in the Natal Pulse are linked to the large‐scale wind variability over the southern Indian
Ocean. This study is the first to show the mechanism of the year‐to‐year variations in the Natal Pulse.

1. Introduction

The Agulhas Current is one of the strongest western boundary currents in the world oceans, transporting a
tremendous amount of water mass and heat poleward along the South African coast. Its water mainly origi-
nates from mesoscale eddies from the Mozambique Channel (MC), and the Northeast and Southeast
Madagascar Currents (NEMC and SEMC). Further upstream, almost half of the water in the NEMC and
SEMC is fed by water masses from the South Equatorial Current, while the other half comes from south
of Australia as a branch of the wind‐driven subtropical gyre in the intermediate layer (Durgadoo et al.,
2017). Because of its unique characteristics, the Agulhas Current attracted many oceanographers in recent
decades (Beal et al., 2011; Beal et al., 2015; Beal & Elipot, 2016; Lutjeharms, 2006).

Understanding the role of the Agulhas Current in the inter‐basin water mass exchange between the Indian
and Atlantic Oceans has been a great motivation for in‐situ and satellite altimeter observations as well as
eddy‐resolving numerical simulations. This is because the southwestern Indian Ocean is one of the most
eddy‐rich oceans owing to the presence of Madagascar (Penven et al., 2006), and mesoscale eddy variability
in the Agulhas Retroflection region seems to play a critical role in the global thermohaline circulation (Beal
et al., 2011). This water mass exchange is known as the Agulhas Leakage, and influences the stratification of
the upper branch of the Atlantic meridional overturning circulation and thus the long‐term climate varia-
tions of the North Atlantic (Biastoch et al., 2008). Biastoch et al. (2015) reported that the Agulhas Leakage
and Atlantic Multi‐decadal Oscillation covary with the Agulhas Leakage leading by 15 years. Biastoch
et al. (2009) attributed the recent increase in the Agulhas Leakage to the poleward shift of the westerly wind
in the Southern Hemisphere associated with global warming. More recently, Durgadoo et al. (2013) and
Loveday et al. (2014) conducted sensitivity experiments that highlight the relative contribution of changes
in the westerly and trade wind to decadal variability of the Agulhas Leakage. They concluded that the
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Agulhas Leakage predominantly responds to the strengthening of the westerly wind linearly and that the
Agulhas Leakage is decoupled from the trade wind. On the other hand, the upstream control hypothesis also
forms the foundation for research about the Agulhas Current and Leakage (Schouten et al., 2002). In their
hypothesis, the meander of the Agulhas Current, the so‐called “Natal Pulse” (Lutjeharms, 1981;
Lutjeharms & Roberts, 1988) triggered by mesoscale eddies from the MC or south of Madagascar, leads to
early retroflection of the Agulhas Current and the ring shedding. The link between the Natal Pulse and the
ring shedding is controversial since many Agulhas Rings are shed independently (Elipot & Beal, 2015), while
some Natal Pulse events are linked to the early retroflection occurrences (Krug & Tournadre, 2012).

Besides the importance of the Agulhas Current and its deflection on the global ocean circulation, the strong
poleward transport of the Agulhas Current also has large impacts on the regional biodiversity around south-
ern Africa. Strong surface currents in the Agulhas Current determine the distribution of marine animals
such as Leatherback sea turtles (Hughes et al., 1998) and Jackass penguins (Randall et al., 1981). Also, the
upwelling induced by topography in the vicinity of the Agulhas Current (Gill & Schumann, 1979) and wind
forcing (Leber et al., 2016) feeds the ecosystem in the coastal region (e.g. Guastella & Roberts, 2016). The
Natal Pulse also impacts on the biology of the Agulhas Current system. Water exchange between the coastal
regions and the deep ocean associated with the Natal Pulse affects the biology of the Agulhas Bank (Krug
et al., 2014). Therefore, the Natal Pulse is one of the key phenomena to understand physics and biogeochem-
istry in the Agulhas Current region.

The large deflection of the Agulhas Current was first detected by satellite infra‐red images of sea surface tem-
perature (SST) (Harris et al., 1978) and was later verified by hydrographic data off the east coast of southern
Africa (Gründlingh, 1979). This meander receivedmuch attention not only because of its kinematics but also
because it may lead to the early retroflection of the Agulhas Current and pinching‐off of the Agulhas Ring
(Krug & Tournadre, 2012; van Leeuwen et al., 2000). Lutjeharms and Roberts (1988) analyzed over 9 years
of satellite infra‐red data and hydrographic data, and reported that the Natal Pulse usually propagates south-
westward along the South African coast with the phase speed of around 20 km/day, although Rouault and
Penven (2011) reported based on high‐frequency SST imagery that most of the Natal Pulses generated in the
Natal Bight do not reach the southern Agulhas Current region, but those that do not dissipate tend to grow
downstream as reported in previous studies.

Many studies have investigated the generation mechanism of the Natal Pulse. de Ruijter et al. (1999) sug-
gested that the strong meridional velocity over the local gentle topography in the Natal Bight is favorable
for barotropic instability based on a linear stability analysis. More recently, however, Tsugawa and
Hasumi (2010) conducted sensitivity experiments with a high‐resolution ocean model to highlight the role
of the local topography in the Natal Bight and showed that the topography is not necessary for the generation
of the Natal Pulse. Rather, they concluded that anticyclonic eddies from theMC or south of Madagascar trig-
ger the Natal Pulse through the barotropic conversion. In‐situ observations support the idea that barotropic
instability due to the horizontal shear of the Agulhas Current plays a major role in the formation of the Natal
Pulse (Elipot & Beal, 2015). Also, several studies reported the periodicity and evolution of the Natal Pulse
(Rouault & Penven, 2011), and the role of cyclonic eddies on the strength of meanders (Braby et al., 2016).
Although many efforts have been devoted to modeling of the Agulhas Current, recent sophisticated ocean
models still exaggerate eddy activities offshore of the Agulhas Current core (e.g. Backeberg et al., 2014;
Durgadoo et al., 2013; Loveday et al., 2014; Siedler et al., 2009), and are unable to reproduce observed eddy
dissipations (Braby et al., 2016).

There have been some debates over the frequency of Natal Pulse events. The frequency was estimated to be 4
to 6 per year from a moored current meter array from February 1995 to April 1996 (Bryden et al., 2005). On
the other hand, Rouault and Penven (2011) analyzed an hourly SST product between June 2004 and October
2010 and reported that the frequency is 1.6 per year near the coast of Port Elizabeth (25°E, 34°S). As reported
by Rouault and Penven (2011), inconsistency between these studies is due to the location where the Natal
Pulse is defined. The differences in frequencies are also supported by other studies (Elipot & Beal, 2015;
Krug et al., 2014; Krug & Tournadre, 2012). Krug and Tournadre (2012) examined the variability of the
Natal Pulse from the satellite observation and they concluded that the Natal Pulse lacks seasonal variability.

Interannual variations of the Natal Pulse have been examined by many studies. Intermittent occurrences of
Natal Pulses have been described (e.g. Lutjeharms et al., 2001; van Leeuwen et al., 2000), and Krug and
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Tournadre (2012) reported an increase in the annual number of Natal Pulses detected near 34°S after 2001.
Elipot and Beal (2015) investigated the time series of sea level anomaly (SLA) from October 1993 to August
2013 near the coast of East London (28°E, 33.6°S) and mooring observations, and found that the annual
number of the Natal Pulse varied interannually from 0 to 4. Considering the importance of mesoscale eddies
suggested by previous studies, interannual variations of the mesoscale eddies in this region may influence
those of the Natal Pulse. However, the relationship between eddies and the Natal Pulse, especially on the
interannual time scale, is not fully understood and this is a motive for this study.

In this study, we examine the details of interannual variations of the Natal Pulse events focusing on the roles
of mesoscale eddies using satellite sea surface height (SSH) data and the high‐resolution ocean general cir-
culation model (OGCM) output. This paper is organized as follows. A brief description of the data, OGCM
output, and eddy‐tracking algorithm is given in the next section. In section 3, model validation is presented.
Sources of the Natal Pulse are discussed in section 4. Interannual variability of the Natal Pulse and its pos-
sible mechanism are examined in section 5. The final section provides discussion and summary of this study.

2. Data and Methods
2.1. Data and Model

We use the altimeter‐derived absolute dynamic topography (ADT) defined as the mean dynamic topography
(MDT) plus sea level anomaly (SLA). The ADT products (DUACS DT2014; Pujol et al., 2016) are produced
by Ssalto/Duacs and distributed by AVISO (are now produced and distributed by Copernicus
Marine Environment Monitoring Service). We have analyzed daily data with a horizontal resolution of
1/4° × 1/4°. The period is from January 1993 to December 2015.

We have also analyzed output from the OGCM for the Earth Simulator (OFES) (Masumoto et al., 2004). The
OFES is based on the version 3 of the Modular Ocean Model (MOM3) with optimization for the Earth
Simulator. The computational domain is a semi‐global region extending from 75°S to 75°N with a horizontal
resolution of 0.1° × 0.1° and 54 vertical levels. After the model is spun up for 50 years using the monthly
mean forcing from 1950 to 1999 from the National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR) reanalysis data (Kalnay et al., 1996), a hindcast run from
1950 to 2013 was conducted using the daily NCEP/NCAR reanalysis data. In this study, 3‐day snapshots after
1993 are analyzed for consistency with the AVISO ADT dataset. See Masumoto et al. (2004) for more details
regarding the OFES hindcast.

2.2. Eddy‐tracking method

To detect and track mesoscale eddies, we use the eddy‐detection algorithm developed by Chelton et al.
(2011). This detection technique is based on the geometry of closed SLA contours and it is as frequently used
as methods that use the Okubo‐Weiss parameter, wavelet transform, and Lagrangian coherent structures
(e.g. Beron‐Vera et al., 2013; Chelton et al., 2007; Halo, Backeberg, et al., 2014; Souza et al., 2011).

For the present analysis, “py‐eddy‐tracker” (Mason et al., 2014) is extended for the OFES output with slight
changes in values of some parameters. In our analysis, we first apply a Gaussian filter with 50 km e‐folding
scale to SLA snapshots to reduce sub‐grid scale errors and sampling biases. Also, SLA of the OFES is con-
verted to the resolution of 0.25° × 0.25° and interpolated into daily data. The other procedures are almost
the same as those used by Mason et al. (2014). After a high‐pass filter with wavelength scales of 20° in long-
itude by 10° in latitude is applied to the SLA fields to remove the basin‐scale anomalies, all closed contours
are tested. For the selection of an eddy, a closed contour must meet the following criteria:

1. Pass a shape test (Kurian et al., 2011) with an error smaller than 100%,
2. All SLA values are above (below) a given SLA threshold in anticyclonic (cyclonic) eddies,
3. More than 8 and fewer than 1000 pixels are inside of a given closed contour,
4. There is only one local SSH maximum (minimum) for anticyclonic (cyclonic) eddies, and
5. Amplitude is more than 1 cm and less than 150 cm.

Here, we set the criterion of shape test error to be 100%, trying to improve the traceability of
mesoscale eddies.
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The tracking method developed by Penven et al. (2005) is also used in py‐eddy‐tracker. In this method, if
multiple eddies at the next time step are candidates for the same eddy, the eddy is classified using a dimen-
sionless similarity parameter:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δd
d0

� �2

þ Δa
a0

� �2

þ ΔA
A0

� �2
s

(1)

Here, Δd is the separation distance, Δa is the area variation, and ΔA is the variation of amplitudes. Also, d0,
a0, and A0 are characteristic values for separation distance (25 km), area variation (π602 km2), and variation
of amplitude (2 cm), respectively. If S is minimum for a given eddy, this eddy is regarded as the same eddy at
the next time step. Note that merging and splitting of eddies are not considered in this tracking method.

3. Model validation

We first check the general patterns of interannual stability of the Agulhas Current. Figure 1a shows weekly
snapshots of 0.75 m ADT contours as a proxy for the core of the Agulhas Current. This method is inspired by
the success in studies of the Kuroshio Extension region (Qiu & Chen, 2005). The Agulhas Current is stable in
several years (1993, 1999, 2002, 2005, and 2012), while it appears to meander to the south of the Natal Bight
(~31°S) in some other years (1998, 2000, 2004, 2008, 2009, 2010, 2013, and 2015). This implies the possible
existence of interannual variations in the Natal Pulse. Note that since the current is relatively weak to the
north of the Natal Bight (~28°S), disturbances of contours in the area indicate the approach of cyclonic
eddies. Meanders in the OFES are larger than those in the AVISO (Figure 1b). In some years (1994, 1995,
2000, 2001, 2002, 2003, 2007, 2008, and 2010), deflections associated with cyclonic eddies (meanders) can
be seen in the north (south) of the Natal Bight, while large deflections of contours are seen along the whole
coast in other years (1997, 1998, 2005, 2012, and 2013; Figure 1b). Although this might be partly due to the
underestimation of eddy dissipations (e.g. Braby et al., 2016), the trigger process of the Natal Pulse is rela-
tively well reproduced in the OFES, which will be discussed in Sections 4.1 and 4.2. Notice that the interann-
ual variations in the stability of the Agulhas Current are relatively well captured in the OFES. For example,
the current is stable (unstable) in 1993, 2002, and 2006 (1994, 2003, and 2007) (Figure 1b).

To determine the Natal Pulse events, we define the Natal Pulse index (NPI) as area‐averaged ADTwithin the
red box (30.125‐30.875°E, 31.875‐31.125°S) shown in Figure 1. Since the Natal Pulse is characterized by a
negative coastal SLA, a negative peak is defined as a Natal Pulse event if the amplitude of this peak exceeds
−2 standard deviations (Figures 2a, b). This definition enables us to identify 41 events from 1993 to 2015 in
the AVISO data and 45 events from 1993 to 2013 in the OFES output. The number of events in this study is
relatively fewer than in previous studies. For example, 1.8 per year in AVISO is found in this study, while
about 2 per year at Port Edward (Figure 5d in Rouault & Penven, 2011). This is because we introduced a rela-
tively high criterion, i.e. a negative peak beyond ‐2 standard deviations of SSH time series, to remove small‐
amplitude events. We note that the results are robust even if we change the size of the box to 0.5°x0.5° or 1.0°
x1.0°, while larger or smaller boxes do not capture cyclonic SLAs associated with the Natal Pulse. Since the
size of Natal Pulse is around 100‐150 km (Elipot & Beal, 2015), boxes smaller than 0.5°x0.5° cannot capture
adequately the whole SLAs associated with a Natal Pulse. Also, boxes larger than 1.0°x1.0° may be contami-
nated by SLAs not related to the Natal Pulse. Since this study focuses on the relationship between incoming
eddies and Natal Pulses, the box is set in the upstream compared to previous studies (e.g. Elipot & Beal,
2015). If we define the NPI in the downstream (27.875‐28.625°E, 33.875°‐33.125°S; similar to Elipot &
Beal, 2015), the correlation of these time series is 0.60 and the number of the Natal Pulse in each year is
qualitatively similar. Thus, our definition captures the characteristics of the Natal Pulse defined in previous
studies well and the onset of the Natal Pulses associated with mesoscale eddies better.

Figure 3 shows the interannual variations in eddy kinetic energy (EKE) in theMC, south of Madagascar, and
north and south of the Natal Bight, and the annual occurrence of the Natal Pulse. The occurrence of the
Natal Pulse shows large interannual variations as described by the previous study (Elipot & Beal, 2015).
Although some of the observed and simulated peaks are different (Figure 3a), variations in the OFES output
show similar amplitude and frequency as those in the AVISO data. Also, the simulated mean and variance of
EKE in each year resemble those in the AVISO (Figures 3b‐e). Although the OFES does not exactly
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Figure 1. (a) Weekly 0.75 [m] contours of absolute dynamic topography (ADT) in each year from the AVISO dataset. (b) As in (a), but for 0.35[m] contours of sea
surface height (SSH) from the OFES output. The 0.75 and 0.35 [m] contours are selected because both contours are close to the observed and simulated core
of the Agulhas Current, respectively. Note that the reference values for ADT and SSH contours are different in (a) and (b) because their definitions are different.
Only the longest contours in this domain are shown. The Natal Pulse index (NPI) is calculated within the red box (30.125‐30.875°E, 31.875‐31.125°S) in each panel.
The red boxes represent the same area as the black boxes in Figures 4 and 5.
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reproduce each Natal Pulse event, it simulates the interannual variations of the Natal Pulse to some extent.
The ability of the OFES will be further discussed in Section 4.1.

4. Sources of the Natal Pulse

Although incoming eddies as a trigger of the Natal Pulse have been suggested in previous studies (Braby
et al., 2016; de Ruijter et al., 1999; Schouten et al., 2002; Tsugawa &Hasumi, 2010), their relative importance
to the other mechanisms needs to be discussed. Regarding the interannual variations of the Natal Pulse, we
examine whether the trigger of the Natal Pulse can be approximated by incoming anticyclonic eddies, and
we find the sources of the Natal Pulse based on eddy‐tracking results.

Figure 2. Time series of the NPI in (a) AVISO and (b) OFES. Monthly climatology is removed. The gray line represents ‐2 standard deviations, and all minima
below this line are defined as the Natal Pulse events and indicated by blue markers.

Figure 3. (a) Annual occurrence of the Natal Pulse with a 1‐year running window. Gray (Black) colors signify the AVISO (OFES) results. Area averaged interannual
variations of eddy kinetic energy (EKE) [m2/s2] in the boxes shown in (f), i.e. (b) MC (38.125‐43.875°E, 18.875‐16.125°S), (c) south of the Natal Bight (30.125‐32.125°
E, 32.625‐30.625°S), (d) south of Madagascar (43.125‐46.125°E, 28.875‐25.875°S), and (e) north of the Natal Bight (33.125‐36.125°E, 30.625‐27.625°S). In
(b)~(c), dashed (solid) lines show annually averaged EKE and gray shades (black bars) indicate ±1 standard deviation of each year in the AVISO (OFES).
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4.1. Role of eddy on the trigger of the Natal Pulse

To examine the triggering mechanism, a lag‐composite analysis with a statistical test is conducted. Lag‐
composites of ADT indicate that cyclonic anomalies develop after the arrival of an anticyclonic eddy from
the upstream (Figure 4). Statistically significant anticyclonic anomalies can be traced back for 40 days
toward the upstream to about 27°S, but these signals become relatively weak further upstream. This may
be because the anticyclonic signals arriving at the north of the Natal Bight come from several areas; the
sources of anticyclonic eddies will be discussed in more detail in section 4.3. We note that this result is robust
to slight changes in the box sizes and locations. Although there exist differences in the negative peaks
between the AVISO and OFES results shown in Figures 2a, b, and 3a, the similarities in their lag‐composites
(Figure 4) indicate that the OFES output can be valuable for exploring the general characteristics of genera-
tion dynamics as well as interannual variability of the Natal Pulse occurrences.

We have also checked each event and examined whether anticyclonic or cyclonic eddies are detected around
the Natal Bight (gray dashed rectangle in Figure 5) during the event using the eddy detection results.
Although cyclonic eddies seem to approach south of the Natal Bight and connect to the Natal Pulse in
few events (less than 10%) (Figure 5b), anticyclonic eddies are detected in the majority of events (about
80%) (Figure 5a) and trigger the Natal Pulse. Other events are hard to be classified from the SLA data. We
note that positive SSH anomalies, which are deformed from a perfect circle and are therefore not defined
as anticyclonic eddies, can be seen in most of the events. Therefore, the number of anticyclonic (cyclonic
and the other) events may increase (decrease) if deformed positive SLA are detected more accurately. This
result supports the idea that anticyclonic eddies are triggers of the many Natal Pulse events defined in
this study.

4.2. Trigger of the Natal Pulse

In previous studies, the generation mechanism of the Natal Pulse was examined by calculating barotropic
and baroclinic conversion rates (e.g. Elipot & Beal, 2015; Tsugawa & Hasumi, 2010). Here, a complete
EKE budget during the Natal Pulse events are computed with the OFES output, and composite analyses
are conducted with a statistical test, focusing on the role of anticyclonic eddies. In many studies, it was
assumed a priori that barotropic and baroclinic conversions contribute instantaneously to changes in
EKE, but other non‐local terms, such as advection, work done by pressure, and dissipations, can also contri-
bute to the time derivative of EKE with phase delays (Chen et al., 2014, 2016; Harrison & Robinson, 1978).

Following Chen et al. (2016), the time derivative of EKE (=0.5ρ0(u
′2+v′2)) is expressed as

∂
∂t
EKE ¼ −

∂
∂xi

uiEKEð Þ
⏟|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

ADV

−ρ0u
′

iu
′

j
∂
∂xj

ui
¯

⏟|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
BT1

þ ρ0u
′

i
∂
∂xj

u′iu
′

j

¯

⏟|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
BT2

−
∂
∂xi

u′ip
′

� �
⏟|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Pressure

−gw′ρ′
⏟|fflfflfflffl{zfflfflfflffl}

BC

þ ρ0u
′

iD
′

i (2)

Here, i = 1 and 2 denote zonal and meridional directions, respectively; j = 1, 2, and 3 denote zonal, meridio-
nal, and vertical directions, respectively; ui is velocity, ρ0 is the reference density (=1025 kg m‐3), p is pres-

sure, w is vertical velocity, and g is the gravitational acceleration. D′

i means a combination of vertical

viscosity and horizontal biharmonic viscosity associated with u′i. Also, an overbar is defined as the monthly
mean climatology plus 1‐year running mean field and is referred to as the "mean". A deviation from the
mean field is represented by a prime and is referred to as "anomaly". We attempt to divide the variations
in the Agulhas Current into the high frequency (shorter than sub‐seasonal) and low frequency (longer than
around 1‐year). This definition allows us to examine whether the Natal Pulse is affected by the interannual
(or longer time scale) variations in the Agulhas Current or not. Although this definition does not remove
explicitly the instances of the Natal Pulse as in previous studies (e.g. Krug et al., 2014), the 1‐year running
mean is long enough to exclude the Natal Pulse instances.

On the right‐hand side of Eq. (2), the first term represents advection (ADV), and the second and third terms
represent momentum fluxes associated with the mean horizontal shear (BT1) and the mean of horizontal
Reynolds stresses (BT2), respectively. The fourth term indicates work done by pressure (Pressure), and the
fifth term represents buoyancy flux (BC). BT1 and BT2 are associated with the barotropic conversion, while
BC is related to the baroclinic conversion.
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Figure 4. (a) Lag composites of ADT [m] from 40 days before to 10 days after the peak of the NPI in the AVISO dataset. (b) As in (a), but for SSH [m] in the OFES.
Sea level anomalies (SLAs) above the 90% confidence level by a two‐tailed t‐test are shaded. The thick contour represents the 0.75 (0.35) m ADT (SSH) contour
in the AVISO (OFES) and is used here as a proxy for the core of the Agulhas Current.
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We calculate all terms except for the last term in Eq. (2) because the visc-
osity terms, which are important for forming the bottom current over the
continental shelf slope (Holloway, 1992), are not available in the OFES
output. Figure 6 shows lag composites of EKE anomalies and each term
in Eq. (2) at 21, 12, and 3 days before the peak of the Natal Pulse. At
Day ‐21, an anticyclonic eddy approaches the northern part of the Natal
Bight (Figure 6a), where themean southwestward Agulhas Current exists.
As a result, interaction between horizontal shear and the eddy occurs and
the barotropic conversion starts to increase while other terms remain
small (Figures 6b‐f). At Day ‐12, the barotropic conversion is further
enhanced along the western flank of the incoming anticyclonic eddy
(around 32°E in Figure 6c). Since these EKE anomalies are also advected
by horizontal velocities of the eddy and/or the Agulhas Current itself, the
maximum of the time derivative of EKE is located slightly to the down-
stream of the barotropic conversion maximum (Figures 6a, b, c). At Day
‐3, cyclonic anomalies in the coastal region are now well developed. The
advection and barotropic conversion terms contribute to the maintenance
of the meander (Figures 6b, c). In the southern (northern) part of the
coastal cyclonic eddy, EKE increases (decreases) due to the advection
and barotropic conversion, supporting the southwestward propagation
of this meander. We note that the other terms are small over the
entire period.

In light of the results of Lutjeharms et al. (2001) and the EKE budget ana-
lysis shown in Figure 6, bottom velocity anomalies during the Natal Pulse
are expected to be small. Vertical structures of velocity anomalies suggest
that there is no apparent interaction with the bottom topography and the
velocity structure is quite barotropic in OFES (figure not shown).

Figure 5. Examples of the Natal Pulse triggered by (a) an anticyclonic eddy
and (b) a cyclonic eddy in AVISO. Shades show the snapshot of SLA [m],
blue (red) lines and crosses indicate the track and center of anticyclonic
(cyclonic) eddy from the eddy‐tracking method. Gray dot dashed rectangles
show the area in which the existence of the eddies is tested.

Figure 6. Lag composites of (a) EKE anomaly [kg/s2] (color), ADT (contour), and velocity at 100 m depth (vector) 21 (top), 12 (middle), and 3 (bottom) days before
the peak of the Natal Pulse in the OFES. (b)‐(f) Same as (a), but for each term of Eq. (2). Color shows (b) advection (ADV), momentum flux associated with
(c) mean horizontal shear (BT1) and (d) mean of horizontal Reynolds stress (BT2), (e) work done by pressure (Pressure), and (f) buoyancy flux (BC). Contours in
(b)‐(f) indicate the time derivative of EKE. Contour intervals are 0.006 [kg/s3] with the red (blue) contours denoting positive (negative) values. Shading and
vectors in (a) and dots in (b)‐(f) show anomalies above the 90% confidence level by a two‐tailed t‐test. Values in (b)‐(f) are vertically integrated above 1300 m depth
(below this depth, anomalies are relatively small) and their units are [kg/s3].
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Also, we have further examined the dependency of the Natal Pulse on the
strength of incoming anticyclonic eddies. The relationship between
minima of the NPI and maximum ADTs off the Natal Bight shows that
the strength of the negative anomalies along the coast corresponds well
with the strength of the maximum offshore ADT (Figure 7). Note that
some large positive SLAs do not seem to trigger the Natal Pulse (e.g. the
blue dot at the right end of Figure 7) because anticyclonic eddies are away
from the coast after interactions with the current in the north of the
Natal Bight.

We also calculated the EKE budget for weak negative peaks which do not
meet the below ‐2 standard deviation criterion of the NPI (blue dots in
Figure 7). It is found that weak anticyclonic eddies do not trigger signifi-
cant cyclonic anomalies along the coast (Figure 8). At Day ‐21, an anticy-
clonic eddy approaches the northern part of the Natal Bight (Figure 8a), as
in Figure 6. However, interaction between horizontal shear and the eddy
is relatively weak and the barotropic conversion starts to increase while
other terms remain small (Figures 8b‐f) at Day ‐12. At Day ‐3, cyclonic
anomalies in the coastal region are not well developed, and the advection
and barotropic conversion terms do not contribute to the development of
the meander (Figures 8b, c).

Since there is no relationship between the Natal Pulse and the volume transport of the Agulhas Current
(Leber & Beal, 2014) and no role of other eddy characteristics is found (e.g. radius, life, and nonlinearity),
our result indicates that a strong incoming anticyclonic eddy is one of the necessary conditions for triggering
of the Natal Pulse.We note that this relation can also be seen in the Kuroshio path changes (Endoh &Hibiya,
2001), and thus this result may suggest a general relationship between meanders of western boundary cur-
rents and anticyclonic eddies.

4.3. Sources of the anticyclonic eddies

Since anticyclonic eddies propagating along the coast trigger the Natal Pulse, we investigate the sources of
these eddies using the eddy‐tracking results. For this purpose, we count the number of anticyclonic eddies
which pass north of the Natal Bight (33‐36°E, 27‐30°S) and classify these eddies based on their origins: (1)
MC (north of 25°S), (2) SEMC (east of 40°E), and (3) local (others). Since the first two are the main sources

Figure 7. Scatter diagram between amplitude of all minima of the NPI and
the maximum in concurrent ADT off the Natal Bight (31‐34°E, 32‐29°S).
Red dots represent Natal Pulse events defined in this study, and blue dots
indicate weak minima of the NPI which are not classified into the Natal
Pulse events. The solid curve indicates a regression.

Figure 8. As in Figure 6, but for weak negative peaks of the NPI which are not defined as the Natal Pulse.
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of mesoscale eddies in the southwestern Indian Ocean (de Ruijter et al., 2004; Halo, Penven, et al., 2014;
Halo, Backeberg, et al., 2014; Schouten et al., 2002, 2003), we mainly focus on eddies from these two regions.

The distribution of eddy birth points is similar to a previous study (Figure 1b of Braby et al., 2016), and the
majority of the observed and simulated eddies passing through north of the Natal Bight is from the SEMC
(Figure 9). It is found that in the AVISO (OFES), 33 (40) eddies originate from the SEMC, while 5 (15) eddies
are from the MC (Table 1). Compared to the OFES, eddies in the AVISO tend to dissipate slower upon
approaching the Agulhas Current (Figure 9), which is a common limitation of ocean models in this region
(e.g. Backeberg et al., 2014). However, since the triggering processes of the Natal Pulse in the OFES are well
reproduced (Figure 4), the use of the OFES output is justified. Note that a larger number of anticyclonic
eddies than the Natal Pulses means that some anticyclonic eddies do not trigger the Natal Pulse. This is
due to the strength of the eddy mentioned in Section 4.2. If the amplitude of the anticyclonic eddy were
small, the eddy‐induced coastal negative SSH anomaly does not develop enough to be defined as the
Natal Pulse in this study (Figures 7, 8). Notice that the total number of eddies in the AVISO data tends to
be smaller than in the OFES because of interruptions of eddy‐tracking in the AVISO (Appendix A) that
can hamper the eddy detection algorithm from tracking eddies for long distance.

5. Interannual variability of the Natal Pulse

In this section, interannual variability of the Natal Pulse will be discussed since the interannual variations in
the Natal Pulse may be a key to understand interannual variability of the Agulhas Current and Agulhas
Leakage. Note that no significant seasonal variations are found in the occurrence of the Natal Pulse events,
as reported by Krug and Tournadre (2012).

5.1. Relative importance of anticyclonic eddies from
different regions

Since anticyclonic eddies from upstream of the Natal Bight play a critical
role in the generation of the Natal Pulse as mentioned in section 4, we
investigate the contributions of these eddies using a Bayesian Poisson
regression model (e.g. Gelman et al., 2013). If the probability (p(yi |λi))
of the Natal Pulse occurrence in year‐i (yi) follows the Poisson
distribution,

Figure 9. Eddy tracks which pass the black box (33‐36°E, 30‐27°S) in (a) AVISO and (b) OFES. Dots represent the origin of each anticyclonic eddy. Eddies
originating from the Southeast Madagascar Current (SEMC) (east of 40°E shown by the red dotted line), Mozambique Channel (MC) (north of 25°S shown by the
blue dotted line), and other regions (gray) are indicated.

Table 1
Number (Percentage) of anticyclonic eddies which pass the north of the Natal
Bight (the black box in Figure 9).

SEMC MC Local

AVISO 33 (54%) 5 (8%) 23 (38%)
OFES 40 (56%) 15 (21%) 17 (24%)
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p yijλið Þ ¼ λyii exp −λið Þ
yi!

; (3)

where λi is the average number of the Natal Pulse in year‐i and is assumed
as below:

log λið Þ ¼ β1 þ β2xSEMC;i þ β3xMC;i þ β4xLocal;i (4)

Here, xSEMC,i, xMC,i, and xLocal,i are the number of anticyclonic eddies in
year‐i from the SEMC, MC, and Local regions, respectively. The logarith-

mic function on the left‐hand side of Eq. (4) is a link function, which is often used for a Poisson regression
model (e.g. McCullagh & Nelder, 1989). To fit the model, the noninformative prior distributions for each
parameter are set, and posterior distributions are computed by theMarkov ChainMonte Carlomethod using
PyMC3 (Salvatier et al., 2016). This statistical model expresses that themean of the probability distribution of
the Natal Pulse occurrence in a given year is explained by the arrival of anticyclonic eddies from three dif-
ferent source regions. We note that interannual autocorrelations of the Natal Pulse and eddies are small,
and thus it is assumed that each variable in each year is independent of the others.

The values of βj (j = 1,2,3,4) are summarized in Table 2, and the time series of the annual occurrence of the
Natal Pulse obtained from the OFES output and the regressionmodel are shown in Figure 10. The regression
model (λi) well reproduces the interannual variations of the Natal Pulse events, and the contribution from
the SEMC eddies is relatively large. Although the number of samples is relatively small, β2is larger than 0
(0.046<β2<0.53) at the 95% credible interval (Table 2). Thus, the contribution of eddies from the SEMC is
significant. If β2 is set to the average value (=0.29) and xSEMC,i is set to 1, λi is 1.3. This means that the regres-
sion model estimates 1.3 Natal Pulse from one SEMC eddy on average. In fact, a simple correlation coeffi-
cient of the Natal Pulse with the SEMC eddy is 0.46, while that with the MC and Local eddies are 0.31
and 0.13, respectively. These results indicate that anticyclonic eddies from the SEMC region have the stron-

gest control over the interannual variations of the Natal Pulse, and eddies
from the MC play a secondary role. This may be simply because the num-
ber of SEMC eddies is larger than that from other regions.

We also apply this method (Figure 10c) and an advanced version of this
method, i.e. hierarchical Poisson regression modeling (Gelman et al.,
2013), to the result in the AVISO. Although a relatively weak relationship
between eddies and the Natal Pulse can be seen (Figure 10c), effects of the
SEMC eddy are not significant (Table 3). Rather, the contribution of the
local eddy is relatively large (Table 3). We note that this may be due to dif-
ficulties in tracking eddies in the AVISO (Appendix A) or a small sample
number of years. Once the eddy‐tracking results in the AVISO are cor-
rected, the relationship between eddies and the Natal Pulse may be
explained by the number of anticyclonic eddies as in the OFES
(Appendix A). Improving the eddy‐tracking algorithm and further accu-
mulation of the observational data are needed in future studies.
Hereafter, we focus on the tracking results of the OFES.

5.2. Variability of anticyclonic eddies in the SEMC

Since the eddy‐tracking result reveals that the anticyclonic eddies that
trigger Natal Pulses mostly originate off the southeastern and southern
coast of Madagascar (Figure 9), we compare the energy conversion rates
and the number of anticyclonic eddies generated within the black dashed
box in Figure 11a. Although eddies are also generated along the western
coast of Madagascar, these eddies do not reach the north of the Natal
Bight (Figure 9b) and thus they are excluded from the present analysis.

Interannual variations of the energy conversion rates and the birth num-
ber of eddies are shown in Figure 11b. It is found that the barotropic

Table 2
Posterior distribution of parameter values from the regression model (Eq. (4))
in the OFES. 2.5% and 97.5% indicate bottom and upper bounds of the esti-
mated distribution of each parameter for the 95% credible interval.

β1 β2(SEMC) β3(MC) β4 (Local)

2.5% ‐0.72 0.046 ‐0.74 ‐0.23
Mean 0.19 0.29 ‐0.29 0.19
97.5% 1.1 0.53 0.17 0.63

Figure 10. (a) Interannual variations of the Natal Pulse (black) and the time
series reproduced by the Poisson regression model (gray) of Eq. (4) in the
OEFS. The vertical axis indicates the number of the Natal Pulse in each year.
(b) As in (a), but for λ of Eq. (4) as the horizontal axis. (c) As in (b), but for
the AVISO. Correlation coefficients between the Natal Pulse and the
regression are shown in the lower right of (b) and (c).
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conversion dominates over the baroclinic conversion during the whole
period and that the annual birth number of anticyclonic eddies corre-
sponds relatively well with the barotropic conversion (r=0.50). The baro-
tropic conversion is large along the southeastern coast of Madagascar due
to the horizontal shear of the SEMC (de Ruijter et al., 2004; Halo, Penven,
et al., 2014), and the baroclinic conversion is small to the east of
Madagascar. Hence, the interannual variations of the SEMC may explain
those of the SEMC eddies that, in turn, influence the interannual varia-
tions of the Natal Pulse.

5.3. Connection between the wind stress field in the southern Indian Ocean and the Natal Pulse

Several studies have investigated the low‐frequency ocean circulation and climate in the southern Indian
Ocean associated with the El Niño/Southern Oscillation (ENSO) (e.g. Rao & Behera, 2005; Ridderinkhof
et al., 2013; Yamagami & Tozuka, 2015; Zhuang et al., 2013), Indian Ocean Dipole (Palastanga et al.,
2006), and Ningaloo Niño (Kataoka et al., 2014). Since wind stress curl variability to the south of 10° is
explained by the ENSO (Rao & Behera, 2005), here we assume wind stress curl variability in the southern
Indian Ocean represents ENSO variability. Since the interannual variations of the SEMC are explained by
wind stress field variations through the linear Rossby‐wave response (Yamagami & Tozuka, 2015), we inves-
tigate the connection between Natal Pulse and large‐scale wind stress curl in the southern Indian Ocean. We
construct a regressionmodel similar to Eq. (4) using wind stress curl anomalies in the interior region with 12
months lag as below,

log λið Þ ¼ β1 þ β2xwind;i−12 (5)

We set the lag as 12 months because the lag correlation between wind
stress and the Natal Pulse is maximum (r=0.52) at this lag (Figure 12b).
This time lag is reasonable for the propagation of Rossby waves and eddies
from the interior region to the Natal Bight (Yamagami & Tozuka, 2015).
Since the regression model shows a significant effect (Figure 12c) and
reproduces the number of the Natal Pulse relatively well, the interannual
variations of the Natal Pulse are linked with the ENSO via atmospheric
teleconnections to the southern Indian Ocean. We note that a not‐so‐high
correlation between the Natal Pulse and wind stress field does not neces-
sarily indicate a weak connection between the Natal Pulse and the ENSO.
This may be partly because the propagation speed of Rossby waves and/or
eddies are not constant and partly because not all anticyclonic eddies
cause a Natal Pulse.

6. Discussion and Summary

In this study, we have investigated the sources of the Natal Pulse trigger
using the AVISO ADT dataset and the OFES output. Composite analysis
and eddy‐tracking results reveal the role of anticyclonic eddies in trigger-
ing the Natal Pulse. We have also conducted an EKE budget analysis with
a statistical test and found that the barotropic conversion due to the mean
shear of the Agulhas Current and the advection of EKE dominate the EKE
growth significantly in a large number of Natal Pulse events. Thus, as sug-
gested by previous studies (e.g. Tsugawa & Hasumi, 2010), incoming
anticyclonic eddies play an important role in triggering of the Natal
Pulse, but this study has shown this by the composite analysis with a
statistical test and a complete EKE budget analysis for the first time.
The relationship between amplitudes of the coastal cyclonic anomaly
and the maximum ADT off the Natal Bight suggests that the amplitude
of the anticyclonic eddies, which mainly come from the SEMC, is also
important for the growth of the Natal Pulse.

Table 3
As in Table 2, but for the AVISO.

β1 β2(SEMC) β3(MC) β4 (Local)

2.5% ‐0.11 ‐0.46 ‐0.36 ‐0.13
Mean 0.53 ‐0.12 0.023 0.14
97.5% 1.1 0.22 0.40 0.41

Figure 11. (a) Number of anticyclonic eddies generated from 1993 to 2013
in the OFES within 1∘ × 1∘ box. The coordinates of black dashed box are
the combination of 40°‐45°E, 30°‐26.5°S and 45°‐52°E, 30°‐20°S. (b)
Interannual anomalies of the barotropic (blue) and baroclinic (red) conver-
sion rate [10‐6 kg/m s3] averaged within the black dashed box in (a). The
black solid line indicates the number of anticyclonic eddies detected in the
black dashed box in (a). Correlations between conversion rates and the
number of eddies are shown in the upper right corner.
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The mechanism of the interannual variations of the Natal Pulse is also discussed in this study. The occur-
rence of the Natal Pulse shows interannual variations in both AVISO and OFES. A simple statistical model
reveals the importance of anticyclonic eddies originating from the SEMC. An energy conversion analysis off
the southern coast of Madagascar shows the importance of the barotropic conversion. Also, it is shown that
the interannual variations of the energy transfer from the SEMC itself play a critical role in the interannual
variations of the Natal Pulse. A relationship between wind stress curl anomalies in the southern Indian
Ocean and the Natal Pulse is also revealed by a statistical model. This result suggests that the interannual
variations of the Natal Pulse are linked with the ENSO‐modulated wind stress forcing over the interior
South Indian Ocean.

This study is originally motivated by possible impacts of interannual variations of the trade winds to the
interannual variations in the Agulhas Current and Agulhas Leakage. Although Ridderinkhof et al. (2013)
showed the connection between EKE in the southwestern Indian Ocean and ENSO using the correlation
analysis, the framework that the climate variation phenomenon is a driver of the mesoscale activity in the
southwestern Indian Ocean has not been examined dynamically. Also, Elipot and Beal (2015) reported that
most ring shedding events seem to occur independently, and thus suggested other local or remote mechan-
isms are candidates for the ring shedding and Agulhas leakage variability. Therefore, investigation of the
linkage between climate variability in the southern Indian Ocean, the Natal Pulse, and Agulhas Leakage
is the next step. One possible approach is multi‐member ensemble simulations by a high‐resolution
OGCM. Nonaka et al. (2016) examined predictability of the Kuroshio Extension region and suggested that
multi‐member ensemble simulation is useful to understand the variability of the western boundary currents.
Also, these simulations allow us to quantify contributions to the Agulhas Current system by forced compo-
nents of the climate variabilities and by probabilistic components from local instability or eddy generation.
Therefore, we believe that a multi‐member ensemble simulation with different strength of the trade winds in
the southern Indian Ocean associated with the ENSO will be valuable to understand how deterministic the
Natal Pulse and Agulhas Leakage are.

Figure 12. (a) Schematic diagram of the area where wind stress curl anomalies are averaged (box; 70°‐90°E, 20°‐10°S) and
the Natal Bight (dot). (b) Lag correlation between wind stress curl anomalies averaged over the box in (a) and the
number of Natal Pulses in the OFES. The dot indicates the maximum lag correlation. (c) Interannual variations of the
Natal Pulse (black) and the time series reproduced by the regression model (gray) in the OEFS with a 12‐month lag
(Eq. (5)). The vertical axis indicates the number of Natal Pulses in each year, while the horizontal axis shows normalized
wind stress curl anomalies. Their correlation coefficient is shown in the lower right corner.
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Figure A1. An example of the interruption of eddy‐tracking in the AVISO. Weekly snapshots of centers (cross) and whole tracks (line) of anticyclonic eddies from
July to August 1996 are shown in blue before and red after the interruption. Shading indicates SLA [m] in the AVISO.
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Modeling of the southwestern Indian Ocean is quite challenging. Although the MC is a pathway of low‐
frequency variability from the tropical southern Indian Ocean to the Agulhas Leakage (Putrasahan
et al., 2016) and anticyclonic eddies from the MC play some role in the interannual variations of the
Natal Pulse, no OGCM has succeeded in realistically simulating the frequency and variability of the cir-
culation in the MC (van der Werf et al., 2010). Therefore, further effort is necessary for more realistic
eddy‐resolving simulations of the Natal Pulse and another mesoscale variability in the greater
Agulhas system to improve the understanding and prediction of this key region in the global
climate system.

Appendix A.: Eddy‐tracking in AVISO
The differences in eddy‐tracking results between AVISO and OFES are investigated in this appendix. First,
statistics of eddy characteristics around the south of Madagascar are compared between AVISO and OFES,
and it is found that eddy life in the AVISO is shorter than that in the OFES, while eddy amplitude, radius,
energy, and nonlinearity are similar. This is partly due to the failure of the eddy‐tracking in the AVISO
(Figure A1). In AVISO, interruption of eddy‐tracking during the propagation of an anticyclonic eddy from
the south of Madagascar to the Natal Bight tends to occur more frequently than OFES. This leads to more

local eddies in the AVISO (Table 1); the correlation between interannual
variations of local eddies and SEMC eddies in the AVISO (r = ‐0.57) is lar-
ger than that in the OFES (r = 0.25).

Examining snapshots of the SLA and eddy‐tracking results reveals that
mesoscale eddies in the AVISO are often distorted and jump to other
eddies (Figure A2). It is found that these distortions and jumps disturb
the eddy‐tracking, which was reported by Braby et al. (2016). In
Figure A2, after an anticyclonic eddy approaches another one, these
eddies seem to interact with each other and merge into one anticyclonic
eddy. Since the eddy‐tracking scheme considers certain eddies as new
eddies when the repositioning occurs due to the assimilation of the
AVISO data into the model around the Agulhas Current (de Vos et al.,

Figure A2. An example of the interruption of eddy‐tracking in the AVISO due to the eddy‐eddy interaction. Weekly snapshots of centers (cross) and whole tracks
(line) of anticyclonic eddies from September to October 2009 are shown in blue. Shading indicates SLA [m] in the AVISO.

Figure A3. Shape errors probability distribution of anticyclonic eddies in
south of Madagascar from eddy‐tracking results using 100% shape test cri-
terion. Blue (orange) line represents OFES (AVISO). The vertical axis indi-
cates probability density, while the horizontal axis shows the shape error
[%].

10.1029/2019JC015525Journal of Geophysical Research: Oceans

YAMAGAMI ET AL. 9273



2018), it is speculated that this is one of the errors inherent in the
AVISO dataset.

Since changes of some criteria in the eddy‐tracking algorithm are
expected to improve the eddy‐tracking results in the AVISO, sensitivities
of the criteria are examined. The criteria are shape error, local maximum,
and search area size in subsequent frames of the eddy‐tracking (see
Chelton et al., 2011). The results are not so sensitive to changes in the
shape error (from 55%, 100%, and 120%) and the local maximum criteria
(1, 2, and 10). Also, an increase of the search area size (from 1 to 3, 4,
and 5 times) leads to more frequent occurrences of jumping from one
track to another. For example, eddy‐tracking using local maximum = 2
improves the tracking of the anticyclonic eddy shown in Figure A1.
However, the results still show artifacts in many cases since the tracking
stops when the eddy‐eddy interaction (i.e. the split, merger, deformation,
and rapid move of the center of eddies) seems to occur. In the OFES, shape

error of anticyclonic eddies is less than the AVISO (Figure A3), and the number of jumps between eddies
seems to be smaller. This is a desirable condition for eddy‐tracking to work.

To avoid the artificial terminations and births of eddies, eddy‐tracking results in the AVISO are corrected in
the following way, which is similar to Braby et al. (2016). First, after the termination of each track, eddies
that are born within 14‐day and 150 km‐radius from the end point of the eddy are chosen for the candidates
of the same eddy. This 14‐day is selected because artificial ends and births of eddies seem to occur within two
weeks. The 150 km‐radius, which is used for the minimum search area in Chelton et al. (2011), is selected to
avoid jumping to a different track. If more than one eddies are found, an eddy with minimum S (Eq. (1)) is
selected as the same eddy. This method improves the eddy‐tracking and the relationship between Natal
Pulses and anticyclonic eddies in the AVISO (Figure A4) to some extent. The regression model without
the correction fails to reproduce interannual variations of the Natal Pulse (Figure A4), but the regression
with the correction explains the time series of the Natal Pulse as well as in the OFES (Figures A4 and
10a). This result implies that the relationship between eddies and the Natal Pulse in the AVISO is also
explained by the number of anticyclonic eddies as in the OFES. Although this correction method improves
the eddy‐tracking results in the AVISO, there remains uncertainty in the criteria for the search area (i.e. 150
km) and periods (14 days). Further investigations are necessary to develop an objective method to improve
the eddy‐tracking algorithm, but this is beyond the scope of this paper. Thus, we have decided to focus on the
tracking results from the OFES in this study.
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