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ABSTRACT

A new mode of multidecadal variability in the Southern Ocean, the so-called Southern Ocean Mode (SOM),
has recently been discovered by Le Bars et al. (2016) in the strongly eddying version of the Parallel Ocean
Program (POP). This mode has a corresponding period of 40 — 50 years and affects the variability in the
Atlantic Meridional Overturning Circulation (AMOC) and the North Brazil Current (NBC). Using multi-
channel singular spectral analysis on the POP output, also multidecadal variability was found in the NBC.
This result suggests a teleconnection between the Southern Ocean and the NBC. The northward propagating
multidecadal signal is clearly visible in SSH in the Southern Ocean, but submerges at 40°S. Anomalies in
ocean heat content and temperature are observed between 40° — 5°S, at depths up to 1 km, and re-emerge near
the equator where the anomalies propagate towards the NBC. This provides the evidence that the multidecadal
signal found in the NBC has a Southern Ocean origin, and hence connected to the SOM.

1. Introduction

The Southern Ocean Mode (SOM) has recently been
discovered in a state-of-the-art eddy resolving ocean
model by Le Bars et al. (2016). This mode has a mul-
tidecadal variability of 40 — 50 years and has a signifi-
cant influence on the ocean heat content (OHC). The in-
teraction between the general circulation and eddies cause
the appearance of the SOM. The SOM is absent in a non
eddy resolving model, underlining the importance of ed-
dies in the SOM mechanism and on the general circula-
tion (Hallberg 2013; Le Bars et al. 2016). Using mod-
eled data has an advantage over historic records in studing
the multidecadal variability in OHC, since the model out-
put provides longer time series. Besides, historic records
and observations of the OHC show discrepancies due
to the changes in observation networks (Cheng and Zhu
2014). Studying directly the multidecadal variability in
OHC from observations is therefore an enormous task.
The usage of an high resolution model (as in Le Bars et al.
(2016)) can overcome this problem and providing longer
time series.

The SOM influences the multidecadal variability in the
Atlantic Meridional Overturning Circulation (AMOC) (Le
Bars et al. 2016), leading to a teleconnection with the
northern hemispheric part of the Atlantic Ocean. How-
ever, this teleconnection has not been investigated yet.
The North Brazil Current (NBC) is located in the Atlantic
Ocean and is directly influenced by the AMOC (Riihs
et al. 2015). Therefore, there might be a signal of multi-
decadal variability in the NBC originating from the South-

ern Ocean. This teleconnection might give some insights
on how the OHC anomalies are distributed and shed some
light on changes in OHC from observations (Cheng and
Zhu 2014).

The NBC current is highly variable in time and a
retroflection is present near 8°N (Csanady 1985; Fratan-
toni and Glickson 2002; Condie 1991). Even if the mul-
tidecadal variability is detected in the NBC, it is possible
that on short time scales (< 3 months) the model fails to
resolve the NBC correctly. This will question the robust-
ness of the multidecadal variability in the NBC. There-
fore, it is necessary to validate the intrinsic behavior of
the NBC with altimetry data before investigating the mul-
tidecadal variability. This provides a reference of the ca-
pability of the model and supports the results of the multi-
decadal variability in this region.

In this study we want to investigate whether there is
a multidecadal signal near the NBC and whether a tele-
connection is present with the Southern Ocean (Le Bars
et al. 2016). Since the multidecadal variability is only
present in an eddy resolving ocean model, the model needs
to be validated with altimetry data for short time scales
(< 3 months) before analyzing the multidecadal variabil-
ity near the NBC. We use different analysis tools to detect
significant oscillations within the field of interest. These
tools will be introduced in the corresponding subsections.
The results of our findings are presented in the results sec-
tion, followed by a discussion.
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2. Data Access and Models

The modeled data provided by the Parallel Ocean Pro-
gram (POP) (Smith et al. 2010) has a high resolution of
0.1°, transformed back onto a rectangular grid with grid
sizes of 0.4° x 0.4°. This model is capable of resolving the
internal Rossby deformation radius (Hallberg 2013) and is
strongly eddying. The data of POP is generated while us-
ing a constant CO,-level, a so-called control run. This
control run has a spin-up of 75 years to adjust the model
to an equilibrium. The POP output are mainly available
for monthly averages, but daily averages are also available
(Le Bars et al. 2016). Weekly averages will be generated
from daily averages.

The monthly data sets contain the three dimensional
velocity field, kinetic energy, temperature, salinity, SSH,
wind-stress and depth of the mixed layer over more than
200 years (2415 months). In addition, these monthly quan-
tities are resolved at 42 depth levels reaching depths up to
5500 m. The wind forcing was determined from a clima-
tology mean and using a standard bulk formulae (Le Bars
et al. 2016). The wind forcing is constant near the NBC.
The daily data sets only resolve the velocity field, temper-
ature and salinity near the surface (5 and 15 m depth) and
SSH over a period of four years (208 weeks).

To test whether the multidecadal variability is also
present in observations, we used the reanalyzed data set
of the Simple Ocean Data Assimilation (SODA!) ver-
sion 2.2.4. The data set has a grid resolution of 0.5° x
0.5° and a time span from 1871 — 2010, containing
1680 monthly fields. The data set is capable of resolv-
ing the horizontal and vertical velocity field, temperature,
salinity, SSH and wind-stress. These monthly quantities
are resolved at 40 depth levels, similar to POP. The data as-
similation has different input from ship intake to remotely
sensed sea surface temperature. Full details of this data set
are described by Carton and Giese (2008). This data set is
not an eddy resolving ocean model.

We obtained the altimetry data from the Archiving, Val-
idation and Interpretation of Satellite Oceanographic data
base (AVISO?) during the period of 1993 — 2013. The data
are composed of daily averages of gridded geostrophic ve-
locity and SSH and is available on a rectangular grid with
grid sizes of 0.25° x 0.25°. The actual time resolution is
approximately ten days and spatial resolution of 1° (Le
Bars et al. 2014). Weekly and monthly averages are gen-
erated using the daily data, producing 1095 weekly and
252 monthly averages of geostrophic velocity and SSH.

First the capability of POP is tested against AVISO for
short time scales, based on position and seasonality of the
NBC retroflection. It is possible to deduce whether rings
are shed off and spatial-temporal variations are present in
the field of interest. We used 208 weekly and 600 monthly

Thttps://climatedataguide.ucar.edu
Zhttp://www.aviso.altimetry.fr/en/data.htm]

averages for POP from model year 266 — 269 and 205 —
254, respectively. The multidecadal variability are ana-
lyzed over all available months of POP and SODA, while
using quantities such as SSH, temperature, salinity and ve-
locity.

3. Data Analysis Methods
a. Multi-channel Singular Spectrum Analysis

The multichannel singular spectrum analysis (M-SSA)
(Ghil et al. 2002) is an analysis tool which can be used
to study spatial-temporal variations. This analysis tool re-
veals dominant oscillations within a given field (i.e. SSH
in the NBC). Each individual time series will be lagged
by a total lag of M, creating M lagged copies of each
individual time series, and studying the interrelationship
of all these lagged time series (Plaut and Vautard 1994).
In addition, it is possible to apply a Monte Carlo signifi-
cance test to determine whether oscillations can be distin-
guished from red noise with a certain confidence interval
(Allen and Robertson 1996; Allen and Smith 1996). Af-
ter performing the M-SSA, it is possible to find pairs of
space-time principal components (ST-PCs) (Schmeits and
Dijkstra 2000). These ST-PCs pairs can be used to de-
termine the reconstructed components (RCs) which reveal
solely the oscillation after projecting the components onto
the original data (Schmeits and Dijkstra 2000), which can
be used to study propagating signals. This analysis tool
will be used to study the multidecadal variability and to
validate POP with altimetry data.

Before applying the M-SSA analysis tool, it is neces-
sary to pre-filter the data for each individual time series.
Depending on the data set (POP, SODA or AVISO), some
time series show a trend. Therefore, the trend is removed
from the data. Furthermore, for each calender month the
average is determined and subtracted to produce nonsea-
sonal data and the time series is normalized. To reduce
the number of spatial dimensions, a principal component
analysis (PCA) is applied. A limited number of principal
components (PCs) are retained which contain at least 90%
of the total variance (Schmeits and Dijkstra 2000). There
are some excellent studies on how to perform an M-SSA
and the technical details can be found within (Vautard and
Ghil 1989; Plaut and Vautard 1994; Allen and Robertson
1996; Schmeits and Dijkstra 2000; Ghil et al. 2002). All
the confidence intervals, generated by red noise surrogate
data while using a Monte Carlo significance test, of an
M-SSA are derived from 2500 realizations (see Allen and
Smith (1996)).

The spatial dimensions of the field on which the M-SSA
is performed are 45° — 70°W and 3° — 20°N. The full data
sets are restricted to this selection in order to partly filter
out the high variable Atlantic Ocean and Amazon outflow
area. This section is the downstream region of the NBC
and will be used to study multidecadal variability and the



validation of POP. The NBC is represented by the region
between 30° — 50°W and 3°S - 8°N, and is only studied
for the multidecadal case.

b. Position of Retroflection

The observed retroflection by AVISO (see Figure 1) is
persistent during boreal Autumn and Winter (Johns et al.
1990). The NBC follows the continental shelf closely and
is translating northwestward where it retroflects at a cer-
tain latitude. Therefore, the coordinate system is titled by
31° clockwise to construct a convenient frame of refer-
ence to describe the NBC retroflection phenomenon. We
project all the vectors onto this tilted coordinate system
which results in a new zonal- («.) and meridional velocity
(v4). In addition, the outflow area of the Amazon is filtered
out due to its high variability in time. The outflow area is
based on the significant larger variance in SSH compared
to the Atlantic Ocean over the full observed period. The
highly variable outflow area for the modeled data is not
present at a depth of 5 m and therefore not filtered out.

In order to detect the retroflection, the position (point A)
is determined first along the meridional cross-section
where the zonal velocity (u.) has the largest magnitude in
westward movement (see Figure 1). Secondly, at the cor-
responding grid cell the SSH is determined which gives
an indication of the NBC (Cetina-Heredia et al. 2014).
Since the retroflection is anti-cyclonic, the SSH increases
towards the centre of the retroflection. Therefore, the de-
termined SSH along the cross-section is set as a lower
boundary. The upper boundary is set 16 cm higher, where
SSH isolines are plotted between these boundaries (each
spaced by 0.5 cm) which should result in sufficient iso-
lines to determine the retroflection. Only representative
SSH isolines are taken into account which has been ac-
complished by extracting the isolines which intersect the
meridional cross-section twice (or more) (see Figure 1).

Each relevant SSH isoline is used until the retroflec-
tion is found, starting at the lowest SSH isoline. Each
isoline is followed clockwise as in the same direction as
the NBC. The position of the retroflection is determined
when an isoline turns eastward. Consequently, a threshold
of 31° clockwise from the geographical north (parallel to
meridional cross-section) is applied to determine the turn-
ing of the current (Cetina-Heredia et al. 2014). The results
were not significantly influenced by the threshold of 31°
which has been investigated while slightly changing this
value by £15°. When the NBC tends to retroflect, the
meridional velocity (v.) increases significantly along the
isoline. Therefore, an additional threshold for the merid-
ional velocity near the retroflection point is applied to dis-
tinguish the current from the variable background, which
is set to vy = 20 cm s~!. Smaller values for v, allow
more data points, but falsely computes the retroflection po-
sition. This might occur when the NBC is not a ‘pure’
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zonal flow (like in Figure 1), even in the tilted coordinate
system. The meridional velocity reaches the threshold eas-
ily of 20 cm s~ ! inside the NBC, whilst the retroflection is
not near the determined point.

Since the retroflection is seasonal dependent (Johns
et al. 1990), the retroflection position differs in time. Be-
sides, ring-shedding events might lead to a temporal north-
westward excursion of the retroflection. These (combined)
effects cause that the retroflection is not always captured
by this method. In these cases, the retroflection is bet-
ter determined while shifting the meridional cross-section
1° westward and performing the same analysis. If the
retroflection can not be determined as well by this shifted
cross-section, the cross-section (as in Figure 1) is placed
2° eastward. Only in a few cases, the retroflection is found
relatively ‘far’ towards the east and can be detected by this
cross-section. If all three cross-sections fail to capture the
retroflection, it is assumed that no (or weak) retroflection
is present.

The retroflection in Figure 1 is determined at 51.8°W
and 8.2°N. Besides, the meridional velocity (v.) is deter-
mined near the point of retroflection to study the current
strength and whether there is a seasonal effect. Both posi-
tion and velocity are determined for both data sets and are
compared. Since the retroflection has the strongest mag-
nitude during Boreal Autumn (Johns et al. 1990), it is ex-
pected that the meridional velocity shows a clear seasonal
behavior near the point of retroflection.

It is possible to determine the barotropic geostrophic
velocities from the SSH field for AVISO to determine
the retroflection (Cetina-Heredia et al. 2014). However,
the retroflection is located near the equator. While de-
termining the geostrophic velocity from the SSH fields,
grid cells around the equator within 4° deviate more
than £20 cm s~! in magnitude compared to the gridded
geostrophic velocity provided by AVISO. The velocities
further from the equator deviate less than 10 cm s~ .
Therefore, we used the gridded geostrophic velocity of
AVISO to overcome the problem with large velocities near
the equator.

In addition, an attempt was made to deduce the cen-
tre of the retroflection and, from this, the left limb. The
centre was based by taking (tilted) zonal- and meridional
cross-sections and analyzing the horizontal kinetic energy
and velocity profiles. Besides, the relative vorticity was
computed to determine the strongest anti-cyclonical move-
ment to validate these findings. Unsurprisingly, this rather
complicated method failed frequently. Another method
which has been developed followed a similar procedure
as in Dencausse et al. (2010). Although this method cap-
tures significantly accurately the retroflection, still it is
not able to determine the retroflection well over the full
period. In conclusion, both methods resulted in a less
consistent way to determine the retroflection compared to
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F1G. 1: Left panel: Observed geostrophic velocity (quiver) and SSH (contour) field by AVISO during October 2011. The
red and blue line indicate the tilted coordinate system, rotated by 31° clockwise. The green line is an SSH isoline which
represents the NBC current. Right panel: Same green SSH isoline and two additional SSH isolines. All SSH isolines
intersect the blue meridional cross-section twice. The NBC is determined in point A including the zonal velocity (u.)
of maximum westward movement. The retroflection is determined at point P (51.8°W, 8.2°N) along the SSH isoline,
including the meridional velocity (v.) of the retroflection point.

the SSH isolines and geostrophic velocity method (e.g.
Cetina-Heredia et al. 2014).

c. Ring-shedding

A retroflection sheds off multiple rings per year (Goni
and Johns 2001). These rings have a typical diame-
ter of 200 — 400 km and vertical structure between 500
and 1000 m (Fratantoni et al. 1995; Simmons and Nof
2002). Ring-shedding events are characterized by a south-
eastward retraction of the NBC (Cetina-Heredia et al.
2014). Therefore, studying the position of retroflection
in time could give insights in ring-shedding frequency and
whether these events are observed or modeled. However,
ring-shedding events are hard to detect for monthly av-
erages due to the temporal structure of the retroflection.
Therefore, weekly averages are solely used to study ring-
shedding events.

The retroflection is characterized by a longitude and lat-
itude position. The ring-shedding events can therefore be
studied in the longitude and latitude time series of the
retroflection position (Dencausse et al. 2010). However,
not all ring-shedding events can be detected simultane-
ously in both time series. Therefore, the retroflection po-
sition in time is converted to a scalar by determining the
distance to an imaginary point at 60°W and 3°N. Occa-
sionally, an NBC ring or eddy is falsely determined as the
retroflection, while the actual retroflection is found more
towards the southeast. These temporal mismatches (1 —
2 weeks) appear as clear spikes and will be removed by de-
spiking the time series. The despiking procedure is shortly
discussed in the appendix.

After the data preparation, for each calender month the
average is determined and subtracted to produce nonsea-
sonal data and the time series is normalized. To identify
whether eddies are shed off with a certain period, a sin-
gular spectrum analysis (SSA) is applied to the time se-
ries (Ghil et al. 2002). This analysis tool is quite similar
as the M-SSA, but allows only a single time series. This
tool provides also dominant oscillations tested against red
noise, with the same Monte Carlo significance test (Allen
and Robertson 1996; Allen and Smith 1996). The tech-
nical details of the SSA tool can be found in the earlier
mentioned studies. The confidence intervals of an SSA
are derived from 2500 realizations (see Allen and Smith
(1996)).

4. Model Validation

This section provides the results whether POP is capa-
ble of describing the NBC dynamics on short time scales
compared to altimetry data provided by AVISO.

a. Position of Retroflection

The described procedure is followed for all the data sets
of AVISO and POP. Firstly, all the available months of
AVISO (in total 252 months) are manually checked to val-
idate the findings and performance of the procedure. In
2% (5 months) of the observations, the retroflection is not
determined accurately?. The majority (4 months) of these
failures occur during the months February — July, when the
retroflection is absent and the NBC is highly variable.

3Clear distinction between determined point and visible retroflection
based on the geostrophic velocity field.



TABLE 1: Frequency when retroflection is absent or rela-
tive weak, based on monthly averages for AVISO and POP
(available months 252 and 600, respectively).

Dataset | Total | DJF | MAM | JJA | SON
AVISO 52 7 34 11 0
POP 230 16 112 97 5
—[ & MAM 0 JJA 6 SON DJFji
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FI1G. 2: Average position of the left limb of the NBC
retroflection for AVISO (upper panel) and POP (bottom
panel) grouped per season, the errors are 10.

The retroflection was absent for AVISO (POP) during
52 (230) months out of a total of 252 (600) months (see
Table 1). This result shows a strong seasonal pattern in
accordance with Johns et al. (1990). Especially during
Spring (MAM), no or weak retroflection is present. For
the remaining 200 (370) months, the positions are grouped
per season (see Figure 2). There is no clear difference
among the seasons. The average position from observa-
tions is 51.1°W and 7.9°N and modeled data is 50.7°W
and 7.6°N.

For the remaining 200 (370) months the probability
density function of the retroflection position is further ana-
lyzed as shown in Figure 3. The probability density func-
tions cover approximately the same area and are aligned
along the continental shelf. Both both profiles are inclined
by 123° clockwise from the geographical north. The conti-
nental shelf was inclined by 121° (see Figure 1). However,
there are differences between the data sets. The probabil-
ity density function of AVISO has one grid cell with the
highest frequency and some scattering near this grid cell.
On the contrary, the probability density function of POP
shows two grid cells of relative high frequency, leading to
a more double peaked pattern. This might be related to the
fact that the wind stress curl has a constant yearly cycle in
POP and therefore generating more regularly NBC rings
and/or eddies.
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F1G. 3: Probability density of the retroflection based on
monthly averages of AVISO (upper panel) and POP (lower
panel) for 200 and 370 months, respectively. Note that
the grid cells (0.5° x 0.5°) in the figures are not the actual
grids.

The meridional velocity is determined near the point of
retroflection (see Figure 4). Although the position of this
point is not stationary, it shows a clear seasonal pattern
in accordance with Table 1. The retroflection is signifi-
cantly stronger during Autumn (SON) compared to Spring
(MAM). Note that the error bars are smaller during Spring
due to less observations since the retroflection was fre-
quently absent during these months.

A similar analysis has also been performed by taking
weekly averages for AVISO. We analyzed 1095 weeks
manually and find that in 6% (70 weeks) of the observa-
tions the retroflection is determined falsely> by the script.
In addition, 48 weeks (69%) of these failures originate
during the months February — July. Most of these failures
are that an NBC ring is identified as the retroflection. Al-
though the procedure fails more frequently for weekly av-
erages, the average position of the retroflection is similar
to monthly averages. The determined position of weekly
observations is 51.0°W and 7.9°N and weekly modeled
data is 50.3°W and 7.3°N.
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FIG. 4: Meridional velocity (v.) determined near
retroflection point (see Figure 1), grouped per seasons (up-
per panel) and per month (lower panel) using monthly av-
erages of AVISO and POP. The error bars are 16 and have
a cut-off at 20 cm s~ !

Although the retroflection is relatively weak or absent
during March — August (see Table 1 and Figure 4), there
are differences among the observations and modeled data
using monthly averages. The contribution of an absent
retroflection for AVISO and POP during Spring (MAM)
is 65% and 49% while during Summer (JJA) is 21% and
42%, respectively. In addition, the average velocity for
POP is smaller than AVISO during April — September, fol-
lowed by arapid increase after these six months. In the fol-
lowing six months, POP resolves the retroflection velocity
on average higher than AVISO. Although the seasonality
is resolved and the magnitude corresponds to the observa-
tions, the seasonality is more distinct for POP compared to
AVISO. However, weekly averages show a more consis-
tent pattern for AVISO and POP among the different sea-
sons (see Table 2). The contributions of a weak retroflec-
tion for AVISO and POP during Spring (MAM) are 59%
and 53% while during Summer (JJA) are 24% and 17%,
respectively.

TABLE 2: Frequency when retroflection is absent or rela-
tive weak, based on weekly averages for AVISO and POP
(available weeks 1095 and 208, respectively).

Dataset | Total | DJF | MAM | JJA | SON
AVISO 136 14 80 32 10
POP 30 7 16 5 2

b. Ring-shedding

There are 208 weekly averages available for POP, there-
fore we used a similar length for AVISO to compare both
data sets. Johns et al. (1990) find a 40 — 60-day oscillation
which is related to the intrinsic behavior of the NBC and
an approximate 50-day oscillation with NBC rings and/or
eddy shedding. For POP there is no significant oscillation
detected over the full spectrum with such a period. How-
ever, a 50-day oscillation is observed in AVISO, but de-
pends strongly at the start date of the time series. Although
rings are shed off throughout the year, a clear southeast-
ward retraction is not always observed. Therefore, we se-
lected the data from March 12, 2001 — March 7, 2005 to
obtain a pattern with some periodic southeastward retrac-
tions of the retroflection. The despiked time series of the
position are shown in Figure 5. A southeastward retrac-
tion can be identified as a rapid decrease in distance, in
the order of a few hundred kilometers.

We applied a lag-window of M = 100 weeks while the
original data has a length of N = 208 weeks. The surro-
gate data is projected back onto the PCs of the red noise
null-hypothesis basis and data basis (Schmeits and Dijk-
stra 2000), these results are shown in Figure 5. When a PC
exceeds the 95% confidence interval in both basis, the as-
sociated frequency might be related to an oscillation which
can be distinguished from red noise. The only significant
oscillation has a period of 50 days, in accordance with the
findings of Johns et al. (1990). Varying the lag-window
length has no large influences on the period (see Table 3).
However, these results are strongly dependent on the se-
lection of the time series which also showed a 44-day os-
cillation during January 24, 1994 — January 19, 1998 (not
shown here). Besides, for some time series the 44- or 50-
day oscillation is observed either in the red noise basis or
data basis, but simultaneously only during selected time
windows. Therefore, these results should be interpreted
with care. Note that this analysis is also performed over
the full observed range (1095 weeks), but resulted in no
significant oscillations.

¢. Multi-channel Singular Spectrum Analysis, Temporal
Variability

First, the AVISO data set is reduced to 208 weeks. The
results of the M-SSA are less sensitive by varying the
time span compared with the SSA. We have obtained the
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F1G. 5: Despiked retroflection position (upper panel) dur-
ing March 12, 2001 — March 7, 2005. The SSA performed
on the time series with the red noise basis (middle panel)
and data basis (lower panel) for AVISO over a time period
of 208 weeks, using a lag-window of 100 weeks. The red
vertical bars are the 95% confidence intervals and the blue
data points correspond to a specific PC. The circled PC ap-
pears significant for both basis with an associated period
of 50 days.

TABLE 3: Significant oscillations determined from SSA of
the retroflection position for both data sets where the lag-
window length (M) varies between 25 — 100 weeks using
a total length of N = 208 weeks. Note that for AVISO the
periods are determined from separate sections of the full
time series.

Lag-window length Period (days)
(weeks) AVISO | POP

25 - -

50 50 -

75 44,53 -

100 44, 50 -

TABLE 4: Significant oscillations determined from M-
SSA on the SSH data for both data sets where the lag-
window length (M) varies between 25 — 100 weeks and
total length of N = 208 weeks.

Lag-window length Period (days)
(weeks) AVISO | POP
25 40,52 | 42,56
50 43,51 | 43,51
75 43,52 | 43,52
100 40, 55 51

weekly averages SSH from April 28, 2008 — April 16,
2012. In total, 45 and 51 PCs are retained during the pre-
filtering process for AVISO and POP, respectively. We ap-
plied a varying lag-window length of M = 25 — 100 weeks
while the original data has a length of N = 208 weeks for
the M-SSA. The surrogate data is projected back onto the
ST-PCs of the red noise null-hypothesis basis (Schmeits
and Dijkstra 2000), these results are shown in Figure 6.
Note that the data has also been projected on the ST-PCs
data basis (not shown here) to identify whether an oscilla-
tion is significant.

Note that not all high frequencies (< 35 days) are sig-
nificant since the ST-PCs data basis (not shown here) ex-
clude some frequencies. Still, there are plenty oscillations
marked as significant. These frequencies are probably not
related to an intrinsic oscillation, but are likely caused by
tropical instability waves (Johns et al. 1990). Therefore,
all high frequency oscillations (< 35 days) are excluded
from the findings (see Table 4). Note the resemblances in
significant oscillations of the SSA and M-SSA in AVISO.

Both red noise spectra have three low frequency peaks
below the confidence interval with an oscillation period of
180, 90 and 60 days. These peaks are the result of remov-
ing the seasonal average. Without removing the seasonal
pattern, these oscillations are significant and the 43- or 51-
day oscillation can not be distinguished from the surrogate



Period (days)
140 70 35 20

| M}Mﬂﬁﬁ. M.

Power

g
Wigir )

Frequency (week ')

Period (days)
140 70 35 20

1.
Wi

POP : :
0.0 0.1 0.2 0.3 0.4 0.5
Frequency (week ')

Power

F1G. 6: The M-SSA performed on the SSH field in the
red noise basis for AVISO (upper panel) and POP (lower
panel) for a period of 208 weeks, using a lag-window of
50 weeks. The red vertical bars are the 95% confidence
intervals and the blue data points correspond to a specific
ST-PC. The circled PCs are significant in both basis (only
red noise basis is shown here) with a period of 43- and
51-days (see Table 4).

noise. Besides, both data contain the same high variability
for high frequencies.

Applying a lag window of 50 weeks, the Monte Carlo
significance test provides two potential oscillations with
two different periods. The relevant ST-PCs were deter-
mined by the same criteria as in Plaut and Vautard (1994):
the lag-correlation remains close to a sine function and the
two successive extrema, on each side of 0, are larger than
0.5 in absolute magnitude. It is possible that there are
more pairs with the same oscillation, however the high-
est order ST-PC is selected to isolate the oscillation. Such
a pair is shown in Figure 7a.

Using the appropriate ST-PC pairs, one can reconstruct
the RCs (Ghil et al. 2002). For AVISO, RC pairs 34 —

TABLE 5: Significant oscillations determined from M-
SSA on the SSH data for AVISO over the full observed
period where the lag-window length (M) varies between
25 — 100 weeks.

Lag-window length Period
(weeks) (days)
25 -
50 48,55, 63
75 40, 48, 63
100 43,48, 53

35 and 23 - 24 are related to the 43-day and 51-day os-
cillation, respectively. We expect to observe a propagat-
ing signal along the continental shelf associated with ring-
shedding events for RC pair 23 — 24 (Johns et al. 1990).
Therefore, we placed a window near the continental shelf
and determined the SSH anomaly in time (see Figure 7b).
The Hovmoller diagram shows a clear propagating signal
in time with a speed of 14 km day~! between 48° — 57°W.
In addition, there is a signal propagating eastward between
45° — 48°W. This might be related to the re-absorption of
NBC rings and eddies or simply the NBC retroflection.
However, the 43-day oscillation shows in some extend a
similar pattern (not shown here). Yet, this signal is only
visible from November 2010 — April 2012 and propagates
with a slightly higher velocity of 19 km day~!.

For POP, RC pairs 23 — 24 and 30 — 31 are related to the
43-day and 51-day oscillation, respectively. Neither RC
pairs 23 — 24 nor 30 — 31 showed a proper translating sig-
nal along the continental shelf as in Figure 7b. Using other
lag windows for POP did not result in any improvements.
Remarkably, for some lag windows the signal propagates
towards the retroflection. This is very unlikely since the
NBC is propagating in the first 700 m towards the Lesser
Antilles and therefore eddies nor NBC rings should prop-
agate upstream.

We also investigated the full time series of AVISO. We
processed the data in a similar way and retrieved 97 PCs in
the pre-filtering process. The lag-window length is vary-
ing between 25 — 100 weeks where the original data con-
tains 1095 weeks. There are multiple oscillations detected
which are listed in Table 5. The same propagating signals
are observed as in Figure 7b while using the RCs which
are associated with the 50-day oscillation.

5. Results and Analysis

The results of the multidecadal variability in the NBC
are presented in this section. Furthermore, the results of
a teleconnection with the Southern Ocean and some ad-
ditional multidecadal variability in the NBC transport are
presented.
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a. Multidecadal Variability

The current time series of AVISO is insufficient to study
multidecadal variability. Therefore, all the monthly aver-
age fields of POP are used to study multidecadal variabil-
ity in SSH. Since we are interested in variability on long
time scales, it is possible to reduce both spatial as tempo-
ral resolution without losing too much information. The
grid size of the field is adapted to 0.8° x 0.8° by averag-
ing over four individual grid cells. Furthermore, the time
resolution is reduced by averaging over two months. The
data for each individual grid cell is in a similar way pro-
cessed as AVISO: detrended, nonseasonal and normalized.
During the pre-filtering process, 74 PCs are retained. The
lag-window varies between 650 — 800 months (Table 6).
Note that during the M-SSA the actual lag window is set
at exactly half, since the time resolution is bimonthly. The
results of the data and red noise basis, while using a lag-
window of 680 months, are shown in Figure 8.

The data set of SODA is analyzed in a similar way.
However, the spatial and temporal resolution have not
been reduced as in POP. During the pre-filtering process,
53 PCs are retained to reduce dimensions. A varying lag-
window did not result in any significant oscillations at the
95% confidence level. Remarkable, there were two signif-
icant oscillations detected at the 90% confidence interval
(Table 6).

The outflow area of the NBC is highly variable. This
can also be observed by applying the M-SSA on the NBC
(30° — 50°W and 3°S — 8°N). First of all, the amount of
retained PCs in the pre-filtering processes are reduced to
14 and 15 for POP and SODA, respectively. Secondly, the
results of the M-SSA of SODA appear to be significant
at the 95% confidence level and have an additional oscil-

TABLE 6: Significant oscillations determined from M-
SSA on the SSH data for POP and SODA over the full
observed period where the lag-window length (M) varies
between 650 — 800 months, near the NBC outflow area.

Lag-window length Period (years)
(months) POP SODA
650 — | 29% 43¢
680 48 42
710 47 -
800 45 -

TABLE 7: Significant oscillations determined from M-
SSA on the SSH data for POP and SODA over the full
observed period where the lag-window length (M) varies
between 650 — 800 months, near the NBC

Lag-window length | Period (years)
(months) POP | SODA
650 - 29,43
680 48 28,42
710 47 -
800 45 -

lation of 28 years (see Table 7). There are no additional
oscillations found in POP.

To rule out the effect of the wind-stress forcing on the
SSH, the wind-stress curl is determined over the field of
interest. The wind-stress curl in POP showed a repeating
yearly cycle without any forcing. The wind-stress curl of
SODA is not constant in time. Yet, it did not contain a
multidecadal variability and is deduced as a white signal.

4Period significant at the 90% confidence level
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F1G. 8: The M-SSA performed on the SSH field in the red
noise basis (upper panel) and data basis (lower panel) for
POP for a period of 2415 months, using a lag-window of
680 months. The red vertical bars are the 95% confidence
intervals and the blue data points correspond to a specific
ST-PC. The circled PCs are significant in both basis with
a period of 48 years (see Table 6).

The period is slightly decreasing while increasing the
lag-window, as shown in Table 6 and 7. This is related to
the length of the lagged time series, which decreases for
larger lag-windows and results in a larger spacing between
two frequencies (Allen and Smith 1996).

b. Teleconnection Southern Ocean

We placed a rectangular section in the Atlantic Ocean
to deduce whether there is any propagating signal origi-
nating from the Southern Ocean. First, the SSH is deter-
mined along 5° — 55°W over all available months in POP
and SODA. The data of SODA is detrended for each in-
dividual grid cell. At each latitude, the average SSH is
determined and subtracted to retain SSH anomalies. Sub-
sequently, these time series are smoothed by applying a
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FI1G. 9: Hovmoller diagrams of SSH anomalies near the
Southern Ocean in POP (upper panel) and SODA (lower
panel). The SSH anomalies are shown along 5° — 55°W.
The data is smoothed while applying a running mean of
ten years. Note that the figures have a different time axis.

running mean of ten years. This result is shown in Fig-
ure 9 between 5° — 70°S.

In POP there is a clear northward propagating SSH
anomaly in the Southern Ocean (40° — 60°S) with a speed
of 78 km year~!. This speed is typically associated with
Rossby waves (Chelton and Schlax 1996). The north-
ward propagating signal disappears at 40°S. The propa-
gating signal is oscillating and has an approximate period
of 45 years. Furthermore, between 5° — 40°S the same os-
cillation of 45 years as in the Southern Ocean is present,
but the pattern is stationary. Besides, the SSH anomalies
are less in magnitude compared to the Southern Ocean.
These results suggest that the anomalies from the South-
ern Ocean submerge near 40°S and are almost instantly
distributed by the Southern Atlantic Subtropical Gyre.

To investigate whether the multidecadal signal sub-
merges, the same analysis as the SSH anomaly is per-
formed over each individual depth layer for both temper-
ature, salinity and ocean heat content (OHC). The tem-
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F1G. 10: Positive anomaly in the ocean heat content
(OHC) in the marked region of the POP output. The
anomalies are determined along 5° — 55°W for each in-
dividual depth layer. The positive anomaly submerges
near 40°S (upper panel, model year 159) and propagates
towards the north (lower panel, model year 175). The
marked regions in both figures are linked to each other.

perature, salinity and pressure dependency of water were
taken into account while computing the OHC anoma-
lies (Millero and Chen 1980). Studying these anoma-
lies in time revealed that the northward propagating sig-
nal submerges at 40°S, reaching depths up to 1 km and
extends till 5°S. An example of this process for a posi-
tive OHC anomaly is shown in Figure 10. The positive
anomaly originating from the Southern Ocean submerges
near 40°S in model year 159 and propagates northwards
between model year 159 — 175 (not shown here). In model
year 175, the anomaly reaches 10°S. At this latitude, the
anomalies can be transported by the South Equatorial Cur-
rent (SEC), where the formation of the NBC starts (Johns
et al. 1998). The NBC will cross the equator and streams
towards the NBC region.
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F1G. 11: Positive anomaly in the ocean heat content
(OHC) in the marked region of the SODA output, simi-
lar as in Figure 10. The positive anomaly submerges near
40°S (upper panel, year 1948) and propagates towards the
north (right panel, model year 1967) where it re-emerges
near the surface. The marked regions in both figures are
linked to each other.

There is not a propagating signal observed in the South-
ern Ocean for SODA. During the period 1915 — 1980,
there might be a weak oscillation of 28 years and this sig-
nal is stationary. This period is found to be significant in
the NBC (see Table 7). In 1945 near 40°S, a positive SSH
anomaly seems to propagate northwards with a speed of
108 km year~!'. However, this is the only propagating sig-
nal near the Southern Ocean.

The temperature, salinity and OHC anomalies revealed
that some anomalies submerge near 40°S and extend
northwards. However, the majority of these anomalies are
less in magnitude compared to POP and did not propa-
gate northwards. In 1940, a relative strong positive OHC
anomaly submerges at 40°S and propagates towards the
north where it re-emerges to the surface at 10°S in 1967, as
shown in Figure 11. This is in line with the observed posi-
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tive SSH anomaly as in Figure 9 during the period of 1940
— 1970. Therefore, linking the positive SSH anomaly at
40°S and 10°S, we find a mean velocity of 170 km year~!.
Note that this is the only signal observed which is able to
reach 10°S.

The reason of the submerging signal can be explained
by two effects. Firstly, there is a weak annual mean Ekman
downwelling of 0 — 5 cm day ! near 40°S (Xie and Hsieh
1995). Secondly, the water near the surface in the South-
ern Atlantic Subtropical Gyre is overall highly saline (35 —
37 g kg~!) and warmer (15 — 25°C) than its surroundings,
for example the fresh (33 -35¢g kg_l) and cold water (0 —
5°C) from the Southern Ocean. The thermal expansion
overcomes the saline contraction, leading to a water mass
with a slightly lower density in the Subtropical Gyre com-
pared to water from the Southern Ocean (see Figure 12).
The isopycnals show a clear meridional gradient between
30 — 60°S in the POP output, even at 1 km below the sur-
face. This pattern is disturbed in SODA, but shows also
a lower density in the subtropical gyre. The boundary be-
tween these water masses is located near 40°S. The com-
bination of Ekman downwelling and stratification cause
the signal to submerge. Due to the strong equatorial Ek-
man upwelling (40 cm day’l) (Xie and Hsieh 1995), the
anomalies can surface.

c. Transport and Sea Surface Height

Since POP and SODA resolve the velocity at multiple
depth levels, the opportunity arises to determine the trans-
port in time. Since the SOM influences the OHC (Le Bars
et al. 2016), the slope in isopycnals might change, lead-
ing to a stronger or weaker baroclinic instability which
results in more or less transport. Therefore, there might
be a multidecadal signal in the transported water by the
NBC. Three cross-sections were placed at 40°W, 50°W
and 60°W along 5°S — 10°N, 1°S — 12°N, 7°N — 18°N, re-
spectively. The zonal velocity is mainly directed towards
the west in the first 700 m, whereas at greater depths the
Atlantic North Equatorial Undercurrent moves eastwards.
The average velocity is determined along a cross-section at
each depth level up to 700 m. This depth profile is linearly
integrated to determine the (westward) transport. This has
been accomplished for all available months for POP and
SODA.

In addition, we determined the average SSH over 7°S —
20°N and 38° — 62°W. The time series for SSH and trans-
port sections show in some extend a trend and seasonal
pattern. Therefore, all the time series are detrended, the
seasonal signal is removed and are normalized. The time
series are smoothed by applying a running mean of sev-
eral months. An example of the time series of the SSH
and transport sections are shown in Figure 13, while ap-
plying a running mean of 150 months. Note the periodic

Normalized value
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F1G. 13: Time series of average SSH field and westward
transport at three cross-sections for POP (upper panel) and
SODA (lower panel). All time series are detrended, non-
seasonal, normalized and smoothed by applying a running
mean of 150 months.

signal in SSH in POP. The period in SSH is approximately
44 years, which is in line with the M-SSA results.

The time series of the transport sections have a phase
difference with the SSH. In POP it is not clear whether
the SSH lags or leads the transport sections. In SODA, the
SSH leads the transport sections. The results while lagging
the transport sections to the SSH are displayed in Table 8.
Changing the length of the running mean has no large in-
fluences on the lag between SSH and transport sections.
When the transport sections are leading, the maximum
correlations were slightly lower in POP. Besides the cor-
responding lag changed, for example from 200 months to
-300 months. This demonstrates that the transport in POP
is also periodic with an approximate period of 500 months
(42 years). The transport section for SODA showed no
signs of periodicity while leading the transport sections to
SSH.

The westward transport determined at 40°W is lag-
ging the SSH of approximate 17 years (210 months) and
22 years (267 months) for POP and SODA, respectively.
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TABLE 8: Three sections over which the westward transport is determined and compared to the field average SSH for
POP and SODA. All time series are smoothed by taking moving averages. The transport sections are lagged to the SSH
up to 500 months, where the maximum correlation (r) and corresponding lag (7) are determined over this interval. The
errors on the correlation coefficient are the 95% confidence interval.

Moving Transport sections
Model average 40°W 50°W 60°W

(months) r T (months) r T (months) r T (months)
POP 90 0.72£0.02 208 0.61£0.03 197 0.62+£0.03 250
SODA 0.67+0.03 251 0.66+0.03 423 0.66+0.03 458
POP 120 0.73+£0.02 209 0.63+£0.03 200 0.67+0.02 253
SODA 0.75+0.02 255 0.7410:92 396 0.6940.03 465
POP 150 0.74+£0.02 213 0.63£0.03 204 0.69+0.02 247
SODA 0.81£0.02 264 0.814£0.02 390 0.734£0.03 489
POP 0.74£0.02 213 0.64£0.03 216 0.69+0.02 221
SODA 180 0.8570:01 268 0.8679:91 402 0.76+0:02 464

“©~—0.02 ©Y—-0.02 -'7-0.03

POP 300 0.76 +0.02 209 0.64£0.03 216 0.69+0.02 221
SODA 0.92+0.01 295 0.95+£0.01 414 0.924£0.01 467

This is the only cross-section which show in some extend a
similar lag between the two models. The remaining cross-
sections show no similarities in maximum lag. This is
probably related due to the fact that SODA is well capa-
ble of resolving the NBC and North Equatorial Counter
Current (NECC), which are located near 40°W. This has
been tested while comparing the SSH of each individual
grid cell in AVISO and SODA during 1993 — 2010. Note
that the grid of AVISO is mapped onto the grid of SODA.
The correlation between SODA and AVISO near the NBC
and NECC was high (0.75 — 0.95). However the retroflec-
tion and downstream region was poorly resolved by SODA
compared to AVISO, where cross-section S0°W and 60°W
are situated. Besides, POP is in an equilibrium state and
therefore shows a periodic pattern in SSH and transport
sections.

6. Discussion and Conclusion

The M-SSA analysis on the POP output shows a sig-
nificant oscillation with a corresponding period of 45 —
50 years in the NBC and outflow area. This period is re-
lated to the SOM (Le Bars et al. 2016), leading to a tele-
connection between the SOM and the NBC. There is some
clear evidence that the multidecadal signal has a South-
ern Ocean origin. First of all, the SSH anomalies show
that the signal is propagating northwards with a speed of
78 km year~!. Secondly, the signal submerges at 40°S
due to density differences, but can still be traced below
the surface while studying temperature and OHC anoma-
lies. The surface water of the Southern Atlantic Ocean are
mainly transported north by the AMOC (Rahmstorf 2002;
Kuhlbrodt et al. 2007). The multidecadal signal is able to
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reach 10°S where the formation of the NBC starts (Johns
et al. 1998). The SEC flows towards the NBC region
where the multidecadal variability is observed in SSH. The
same multidecadal variability has also been found in three
transport sections near the NBC while lagging the trans-
port sections to the SSH. This variability in transport can
be explained to changes in baroclinic instability due to
a significant change in OHC of the SOM (Le Bars et al.
2016).

The M-SSA analysis on the SODA output showed some
different results. Two oscillations with a period of 28 and
42 years are found in the NBC. The outflow area of the
NBC is too variable to find significant oscillations. Be-
sides, the time series is relative ‘short’ compared to POP.
There might be a weak oscillation in SSH of 28 years in
the Southern Ocean, but only visible during 1915 — 1980.
There were no signs of the 42-year oscillations. A posi-
tive OHC anomaly is propagating northwards during 1940
— 1970 at similar depths as POP. This anomaly reaches
eventually 10°S where it re-emerges to the surface. There
was no sign of multidecadal variability in the transports
section. Still, the transport in the NBC lags the SSH. The
SODA output reveals that anomalies from the Southern are
able to propagate northwards, similar as in POP. However,
it is not observed very often in SODA.

The M-SSA allows the usage of colored noise (Allen
and Robertson 1996; Allen and Smith 1996). During this
study, the variability in SSH was tested against red noise.
However, the color spectrum of SSH variability is not
completely red (Hughes and Williams 2010), questioning
the outcomes of the M-SSA. Though, the average SSH in
POP (as in Figure 13) shows a clear oscillation pattern
with a period of approximate 44 years. The M-SSA on
the SSH variability can be improved, but already shows
the expected variability in SSH.

The intrinsic behavior of the NBC is correctly resolved
in POP compared to altimetry data. The probability den-
sity profiles of the NBC retroflection are inclined along the
continental shelf but POP shows a double peaked pattern,
probably related to the periodic wind forcing. The velocity
of retroflection is in the same order, but POP has a more
distinct seasonal pattern. The stronger seasonality behav-
ior is also observed in the absence of the retroflection,
which is more often in POP (38%) than AVISO (21%).
Besides, ring-shedding events and eddies are modeled but
appear more regularly in POP.

Both model and observations show the same period of
43 and 51 days. The 51-day oscillation is related to ring-
shedding (Johns et al. 1990), also demonstrated by the
SSA analysis of the retroflection position in time. The
high frequencies (20 — 30 days) observed in both data sets
are related to tropical instability waves (Johns et al. 1990).
The 43- and 51-day oscillation in AVISO (see Figure 7b)
are propagating by 19 km day~' and 14 km day~!, re-
spectively. These velocities are similar with the findings

of Goni and Johns (2001) and Fratantoni and Glickson
(2002) and the physical meaning of these RCs are NBC
rings and/or eddies. There were no propagating signals
observed towards the Lesser Antilles in POP.

The multidecadal variability, with a period of 45 —
50 years, in the NBC has a Southern Ocean Origin (Le
Bars et al. 2016), connecting the SOM to the NBC. This
teleconnection has been investigated by studying SSH,
temperature, salinity and OHC anomalies in the South-
ern Atlantic Ocean. These anomalies are observed near
the surface and propagate northwards by the influence
of the AMOC (Rahmstorf 2002; Kuhlbrodt et al. 2007).
The multidecadal variability is also observed in the NBC
transport, due to changes in baroclinic instabilities which
is related to the significant OHC variations of the SOM
(Le Bars et al. 2016). The data assimilation provided by
SODA showed no clear multidecadal variability, but is
able to demonstrate that anomalies can propagate north-
wards from the Southern Ocean. Further teleconnections,
for example the AMOC, need to be analyzed to investi-
gate the full influence of the SOM on the ocean, which
will eventually also affects the atmosphere (Le Bars et al.
2016). Furthermore, a slowing down of the AMOC (Bry-
den et al. 2005) needs to be studied and the effects on
the NBC and the multidecadal variability. This is a more
likely scenario than the control run of POP. Still, longer
observations records are crucial to study multidecadal
variability, which will lead to a better understanding of the
intrinsic behavior of the ocean and help to improve models
such as POP.
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APPENDIX

Despiking procedure
The despiked procedure applies two criteria to identify
a spike. Suppose a time series of length N:

(A1)

Ti = (%1, X2, ..., XN)

where i is the time index. Sometimes the retroflection is
absent or weak, therefore all the missing data are inter-
polated between two observations to obtain a continuous
time series. A sliding window of 3 unit time scans the
full time series, where observation x; is subtracted from
the average of the adjacent data points x;_; and x; ;1. This
is called the ‘difference’ and indicates how much a point



is situated from the neighbouring observations. The dif-
ference of x; (xy) uses the average of xo and x3 (xy_2
and xy_1). The next procedure is determining the aver-
age, or so-called ‘box’, with the same sliding window over
the ‘difference’ including the same procedure for the end
points. This is followed by taking multiple, but separate
sections (i.e. 10 unit time long segments) of the ‘differ-
ence’ and combining these sections, where the average
(/.L,e f) and standard deviation (Gre f) are determined over
the combined sections. This gives a reference for the full
‘difference’. Points which lie further than 36,,¢ from (¢
are probably spikes and must not be integrated into the
reference section. Therefore, other sections are chosen to
work around these spikes.

Using the appropriate (s and Oy 7, one can determine
how much a point’s ‘difference’ is separated from (.,
expressed in O . If a point is separated further than
n Oy, Where n is a value of choice (i.e. > 2.8), this point
is marked as a potential spike. However, bright sources
(such as the southeastward retraction) will be identified as
a spike. Therefore, the second criteria is that if a point’s
‘difference’ increases faster than it’s ‘box’ value, the point
is marked as a spike. Spikes are removed by interpolating
between two ‘healthy’ points. This procedure can be ap-
plied by reading in the data both ways and slightly lower-
ing n, multiple times. The threshold for n should be based
on the amount of removed spikes. If this amount stays
constant for subsequent 7’s, the data is probably despiked
sufficiently. This method is also described by SURF —
SCUBA User Reduction Facility?.
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