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Taumata Rau, Auckland Tāmaki Makaurau, Aotearoa New Zealand
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Abstract
Aotearoa New Zealand’s marine environment is heavily impacted by El Niño Southern
Oscillation (ENSO). Little is known about the effect of ENSO on oceanographic prop-
erties in the area or their consequences on the distribution of marine organisms. Here
we characterise the spatio-temporal variability of fine-scale fronts (< 10 km) in the area
of T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf (HG) and investigate the impact
of dominant wind direction, seasonality, and ENSO phase. We processed Ocean-Land
Color Instrument (OLCI) images from satellites between 2016-2022 with a fit-for-purpose
version of the Belkin and O’Reilly Algorithm, specifically for frontal detection. We find
coherent shifts in the position of fine-scale features, with ENSO phases alternatively sep-
arate and connect different parts of the Gulf during El Niño and La Niña respectively.
Overall, fronts tend to co-locate with the 70 m and 40 m isobaths in the outer and in-
ner HG respectively and their locations shift close or away from shore in response to changes
in dominant wind direction. Furthermore, offshore fronts occurrences increase during win-
ter and spring, and nearshore ones increase during summer and autumn. Our results sketch
a first assessment of the distribution of fine-scale features that are likely to impact the
distribution of important areas for pollutants dispersion and feeding areas for marine megafauna.

Plain Language Summary

Fine-scale fronts are small oceanic features less than 10 kilometres in size, that play
a key role in structuring the distribution of marine organisms. Here, we investigate their
impact on marine microalgae and water color in T̄ıpaka Moana Te Moana Nui a Toi Hau-
raki Gulf (HG). We use satellite images and a specialized algorithm to detect and relate
the distribution of fronts with seasons, dominant wind direction, and ENSO phase (El
Niño vs La Niña). ENSO phases play a role in the region, causing the fronts to alter-
nately separate (during El Niño) and connect (during La Niña) different parts of the Gulf.
This study also find there are more offshore fronts occurrences during winter and spring,
and nearshore appearances during summer and autumn. The distribution of these fine-
scale fronts is closely linked to wind patterns and underwater topography, particularly
the 70-meter isobath outside the Gulf and the 40-meter isobath within it. Overall, this
research provides insights into the spatio-temporal variability of fine-scale fronts in HG
and highlights areas of potential pollutants aggregation or feeding grounds for marine
megafauna.

1 Introduction

Fronts are regions where water masses having different origins and physical prop-
erties (e.g. temperature, salinity, nutrient concentration) meet. They are ubiquitous in
open ocean and coastal regions. The properties of fronts associated with boundary cur-
rents such as the East Australian Current, Gulf Stream and Kuroshio Current have been
documented for decades (Barkley, 1970; Palter, 2015; Ridgway & Hill, 2009). Recent mod-
elling and observations suggest that fine-scaler features such as mesoscale (50 to 100 km,
a week to month; McGillicuddy (2016)), submesoscale (≈ 1 km, few days; Thomas et al.
(2008)), down to local sub-meter scale (> 1m , hours-day; Cowles et al. (1998)) play a
key role in structuring the distribution of tracers. For example, submesoscale structures
are associated with strong vertical velocities, increased phytoplankton abundance, changes
in phytoplankton community composition, and estimated carbon export as documented
by Mangolte et al. (2023) and in the work reviewed by Lévy et al. (2012) and Mahadevan
(2016).

Home to about 1.6 million people in Auckland city alone, T̄ıpaka Moana Te Moana
Nui a Toi Hauraki Gulf (HG) is also under the stewardship of 19 iwi (Māori tribes) au-
thorities recognized by the Auckland Council (Council, 2021). The HG is an enclosed
mass of water in the Auckland region (Aotearoa New Zealand), connected to the ocean
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by 3 channels: the Jellicoe, Cradock and Colville channels, respectively between the is-
lands of Hauturu-ō-Toi (Little Barrier), Aotea (Great Barrier) and the Coromandel Penin-
sula (fig.1). The dominant oceanic current in the region is the East Auckland Current
(EAuC), which originates from the East Australian Current (Stevens et al., 2021), and
flows north-west (NW) to south-east (SE) following the east coast of Aotearoa New Zealand.
Because of the shape of the coast, winds with a component along the NW-SE axis have
a strong impact on HG frontal structure (Zeldis et al., 2004). Said winds contribute to
the seasonal succession of the plankton communities by switching from westerlies dom-
inance in spring to easterlies in late summer (Zeldis et al., 2004; Zeldis & Willis, 2015).
This is reflected by larger diatoms in spring replaced with dinoflagellates and nanoflag-
ellates in late summer (Chang et al., 2003). However, while the general circulation in HG
is generally understood, there is no description of the frontal patterns at the submesoscale,
nor is there observation of fronts effect on biology in the Gulf.

Figure 1. Map of T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf.

Our aim is to identify the typical spatial patterns in frontal distribution in rela-
tions to seasons and inter-annual variability related to El Niño Southern Oscillation (ENSO),
which has been suggested to be a key driver in the atmospheric and marine conditions
in HG (Zeldis et al., 2004). Our main hypothesis are a significant difference in location
of chlorophyll fronts between spring-summer and autumn-winter (Chang et al., 2003),
as well as fronts being more intense and closer to shore during NW winds (Zeldis et al.,
2004).
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Fronts are most commonly studied using satellite sea surface temperature because
it has been widely publicly accessible since at least the 1970’s (Smith et al., 1970). Con-
sequently, a number of front detection methods from satellite imaging rely primarily on
temperature (Cayula & Cornillon, 1992; Mauzole et al., 2020), or are adapted from tem-
perature (Liu & Levine, 2016; Miller, 2004). As we focus on the effect of fronts on the
biology of the HG, like the plankton shift observed by Chang et al. (2003), we chose to
use ocean color as a proxy for chlorophyll and abundance of phytoplankton in the wa-
ter. Ocean colour fronts, by contrast to temperature fronts, do not only occur when two
water mass of different optical properties meet, but are also generated by phytoplank-
ton blooms on the front’s edge (active fronts), characterised by higher chlorophyll con-
centration (Belkin & O’Reilly, 2009; Lévy et al., 2018).

We characterised the distribution of < 10 km fronts in HG region and investigated
their temporal variability. To do so, we used Ocean and Land Colour Instrument (OLCI)
at 300m spatial resolution, and optimised the Belkin and O’Reilly Algorithm (BOA, Belkin
and O’Reilly (2009)) for our study area (fig.1). We then segregated data from 2016-2022
(the period for which the 300m product is available) depending on the corresponding sea-
son, dominant wind direction from a local weather station or ENSO phase. Maps were
then statistically compared using the method from Levine et al. (2009). This allowed us
to identify the factors that significantly contribute to HG frontal dynamic and to high-
light areas where chlorophyll fronts are likely to occur.

We find that almost all selected factors (winds, season, ENSO) affect the distribu-
tion of fronts, with most of the frontal patterns being traced back to wind effect and bathymetry.
The observed ocean color patterns also match know geographical segments of the Gulf,
and notorious feeding grounds.

2 Methods

Overview

We compiled 6.5 years of OLCI 300m resolution maps to assess the role of wind
direction, seasonality and ENSO in T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf
(HG, figure 1). Using an OLCI dataset at very high resolution downloaded from Coper-
nicus Marine Services (Copernicus, 2016), we calculated maps of chlorophyll gradient in
order to identify area where chlorophyll fronts are more likely. We then isolated the high-
est values by using a 90th percentile moving window and extracted pixel lines showing
the fronts positions. Afterwards, these lines where compiled over a period of 6.5 years
based on winds, seasonality and ENSO to characterise the fronts patterns in HG. A panel
depiction of our analysis is presented in figure 2.

We relied on the following assumptions. The first of which is that chlorophyll is
a better proxy than temperature for regions of biological interest (Lévy et al., 2018). The
second is that said fronts (i.e. chlorophyll) can be detected using the Belkin and O’Reilly
Algorithm (BOA), showing potential relation with the seafloor topography (Belkin &
O’Reilly, 2009). Third, the variability of submesoscale structure allow for extra produc-
tivity (Lévy et al., 2012) which will change the position and/or type of plankton on an
temporal basis (Chang et al., 2003). Fourth, said variability contribution to front pat-
terns can be analysed based on a single season/wind/ENSO phase.

2.1 High resolution ocean colour data from OLCI

The data used in this study are Ocean and Land Colour Instrument (OLCI) im-
ages taken from the mission Sentinel 3-A and B, and provided by Copernicus under prod-
uct ID 009 103 (Copernicus, 2016). This data product combines ocean color, chlorophyll
concentration and turbidity measured by sensors on satellites Sentinel-3A and 3B (Colella
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(a) Raw CHL from (Copernicus, 2016) (b) Land and cloud proximity exclusion

(c) Sobel gradient (d) Selected front areas in red

(e) Morphological thining to lines (f) Overlap of the front lines with the CHL

Figure 2. Panel showing the process followed by the pyBOA.
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et al., 2022; Copernicus, 2016) and is available at 300 m spatial resolution starting from
May 25th 2016.

2.2 Front detection

Before using the pyBOA, we applied a log function of the chlorophyll (CHL) val-
ues and removed all values superior to 30mg.m−3 as per Copernicus recommendation
(EUMETSAT, 2021).

Chlorophyll fronts do not only occur when water masses of different optical prop-
erties meet, but are also the result of phytoplankton blooms on the front’s edge. Both
results in high chlorophyll zone although the second occurrence appears as like a localised
chlorophyll maximum (see fig.4 in Belkin and O’Reilly (2009)) rather than gradient like
as describe for temperature fronts (Cayula & Cornillon, 1992). These important blooms
are likely triggered by the above mentioned vertical mixing (Lévy et al., 2012; Mahade-
van, 2016), and contribute to the creation of three water-masses of different chlorophyll
concentration at fronts, one on each side and one at the front itself (see fig.4 in Belkin
and O’Reilly (2009)). This structure, different from the one expected for temperature
fronts (two population, one on each side), make the usual edge detection like Cayula and
Cornillon (1992) less effective. For that reason, we adapted the algorithm from Belkin
and O’Reilly (2009), which is designed to detect these 3-population structures, to our
study site.

This fit-for-purpose version of the BOA algorithm (i.e. pyBOA as it was built in
python 3.9) (Belkin & O’Reilly, 2009; Galuardi, 2012; Lin et al., 2019) has a number of
modifications and additions. The first modification from the original BOA algorithm is
the identification of local extrema. While the original algorithm (Belkin & O’Reilly, 2009;
Lin et al., 2019) uses a slicing method on the 5∗5 window, effectively masking 8 out of
the 25 values, in this study we use an approach similar to Galuardi (2012) by assessing
whether the center of each window is equal to the max/min of the window itself. In ad-
dition, we included a cloud and land proximity filter to avoid artefacts created by empty
cell vicinity, and we defined a rolling window front threshold allowing to detect nearshore
as well as offshore. This means that the pixels near land are removed and the thresh-
old is similar (here 90th percentile) but not equal (near shore vs far from shore). Finally,
we included a delineation process to go from identified pixels groups to lines following
the gradient.

In practice, we extracted the local CHL extrema in each 5∗5 pixels window before
applying a median filter on a 3∗3 pixels window. Following the median filter, a Sobel edge
detection method is used, corrected to take into account the distance distortion using
the Haversine formula. Clouds and land vicinity are masked by marking as NaN all val-
ues that are 4 pixels (≈ 1.2 km) within land or cloud vicinity. The front categorisation
thresholds are then defined on the result of the Sobel gradient using a 64∗64 pixels rolling
window, in which the values above the 90th percentile are flagged as on a front (simi-
lar to Lehahn et al. (2007)). Experimenting with other window sizes (e.g. 16∗16 and 32∗32)
suggested that this the optimal size window for our study region as it maximize delin-
eation and minimize artefacts. The flags are then cleaned using two iteration of morpho-
logical thinning (from group to line keeping the central shape), spur removal (get rid of
terminal pixels) and artefact removal with features less than 7 pixels long considered arte-
facts, with a cross-shaped dilation and holes removal in-between both iteration. The re-
moval of features smaller than 7 pixels mitigates the impact of artefacts from the smaller
kernel of the pyBOA (3∗3).
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2.3 Group segregation by wind direction, season, and ENSO phase

Upon detection, the fronts are saved in binary form with 1 being the front cate-
gory and 0 the non-front. Different groups are then formed based on one of the subse-
quent criteria: dominant wind direction (8 groups), season (four groups), ENSO oscil-
lation phase (three groups). The dominant wind direction was calculated on a daily ba-
sis using the hourly data of the Mokohinau islands station (fig.1) from Meteorological
Service of New Zealand Ltd and separated between the four cardinals (North, South, East,
West) and four sub-components (North-West, NW; South-West, SW; South-East, SE;
North-East, NE). September-November were classified as Spring; December-February
as Summer; March-May as Autumn; June-August as Winter. The Southern Oscillation
Index (SOI) provided by NOAA (2022) was used to determine the state of the ENSO
oscillation like so: SOI < −0.5, El Niño; −0.5 ≤ SOI ≤ 0.5, Neutral; 0.5 < SOI, La
Niña. Upon segregation, each binary file is passed through a 5∗5 Gaussian kernel account-
ing for finer-scale variability (e.g. tides; Hu et al. (2016)) and detection errors, and the
resulting map is normalized in order to keep the front category value equal to 1. The
results are aggregated using the Pfronts from equation 1 to produce single factor frontal
probability maps (see figure 3).

Figure 3. Probability map in T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf.

2.4 Compilation of probability maps

We pooled data from 2442 days following Pfront from equation 1:

Pfronti =

∑n
1 front categoryi∑n

1 non− empty valuesi
(1)

Where i a given pixel and n the number of days considered.
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2.5 Statistical analysis

The analyses mentioned in section 2.4 result in one probability map showing the
probability of detecting fronts over 2442 days (fig.3), as well as probability maps based
on individual environmental variables (fig.4, 5, 6), with each corresponding group (wind,
season, ENSO). See subdivisions details in table 1.

Table 1. Number of fronts pixels, valid pixels, and front to valid ration for each factor. The

grey lines correspond to the lines with non-significant p-values on the t-test.

Group Factor n days Fronts Valid Ratio (F/V )

Wind North 7 268 1.51·105 1.78 10−3

Wind North-East 97 9975 2.84·106 3.51·10−3

Wind East 312 3.65·104 1.12·107 3.25·10−3

Wind South-East 305 6.83·104 1.45·107 4.70·10−3

Wind South 271 9.48·104 1.81·107 5.24·10−3

Wind South-West 536 1.40·105 3.31·107 4.21·10−3

Wind West 558 1.02·105 2.29·107 4.48·10−3

Wind North-West 154 2.76·104 6.19·106 4.46·10−3

Season Spring 637 1.41·105 3.14·107 4.50·10−3

Season Summer 572 1.56·105 3.36·107 4.65·10−3

Season Autumn 589 1.25·105 2.89·107 4.34·10−3

Season Winter 644 9.93·104 2.50·107 3.97·10−3

SOI El Niño 581 1.24·105 2.87·107 4.32·10−3

SOI La Niña 883 1.80·105 4.16·107 4.32·10−3

To compare maps, we used the statistical approach described by Levine et al. (2009).
The idea behind this approach (jackknife) is that by removing one factor (e.g. winter
if we are considering a seasonal study), it is possible to evaluate the impact of said fac-
tor on the overall map. For each factor, we created a jackknife map by removing the days
associated with that factor from the full dataset (front and valid pixels alike) as seen in
Eq.2:

Jackknifefactor =
Frontdata − Frontfactor
V aliddata − V alidfactor

(2)

Where Frontdata is the probability of observing a front for a pixel in the full dataset,
Frontfactor the probability of observing a front for a pixel in the factor group, V aliddata
the number of non-empty observation for one pixel in the full dataset, V alidfactor the
number of non-empty observation for one pixel in the factor group. Each Jackknifefactor
is then transformed into a δfactor = Jackknifefactor−Pfrontdata

map (where Pfrontdata

is Pfront for the full dataset). The ENSO calculation was done differently as the SOI in-
cludes a Neutral factor that in this analysis we consider as the norm. Hence, the Jackknifefactor
step was passed and all ENSO factors where treated using a simple delta of probabil-
ity like so: δfactor = Pfrontfactor

− PfrontNeutral
.

This process created n = 12 jackknife maps (four seasons, 8 wind orientations)
and n = 14 δfactor maps (adding two SOI) of identical dimensions (285∗318 pixels), trans-
formed into single column table of 90’630 lines for statistical analysis.

The resulting maps are paired with the complete dataset then compared using a
Student t-test with the null hypothesis being the absence of difference between the full
dataset and one jackknife map. As the maps of HG contain a large number of pixels (90’630
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pixels), the δfactor maps were assumed to follow a normal distribution. The results from
each t-test (Student t, degree of freedom and p-value) are summarized in table 2. Gen-
eral statistics where also generated including the mean, standard error and 75% confi-
dence interval limits (table 2).

This approach is based on a pixel-by-pixel analysis and only give information on
the general contribution of a variable (Levine et al., 2009). To visualise how each fac-
tor impacted the spatial distribution of fronts, we showed spatial changes by selectively
isolating the values of every δfactor outside of the 75% confidence interval. Because of
how these δ variables are constructed, the minimum δ values correspond to the areas where
the Jackknifefactor values are the highest (i.e., where each factor has maximum impact),
and vice versa. Hence, the value of δ are multiplied by −1 to facilitate interpretation.
For example in figure 5d, a high value of −δ in the area of Kawau means there is a higher
frontal presence there in Summer.

3 Results

3.1 General frontal probability

T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf (HG) channels and near-shore
regions (fig.3) are characterised by higher frontal probabilities with hotspots north of Aotea
(36◦ South, 175.45◦ East; average value ≈ 0.05), around Cape Colville (36.5◦S-175.25◦E;
average value ≈ 0.035), North of Kawau (36.4◦S-174.7◦E; average value ≈ 0.05), West
of Whanganui (36.75◦S-175.45◦E; average value ≈ 0.035), north of Waiheke, and in the
Firth of Tames (37.2◦S-175.4◦E; average value ≈ 0.045). Three lines of high probabil-
ities stand out, one between Kawau and Waiheke (average value ≈ 0.035), the second
originating from Cape Colville to Kawau (average value ≈ 0.03), and lastly a more faint
one between Cape Colville and Waiheke (average value ≈ 0.025). These sets of fronts
effectively structure the gulf in 3 sections, one being the Firth of Thames, another in the
triangle Waiheke-Kawau-Cape Colville usually referred to as the inner gulf (Gaskin, 2021)
and the last one North of the line Kawau-Cape Colville usually identified as outer gulf
(Gaskin, 2021).

3.2 Factor differences

3.3 Spatio-temporal variability

All results presented in figures 4, 5 and 6 are paired showing the probability of a
factor (e.g. spring, fig.5a) and the associated −δ (e.g. spring, fig.5b).

3.3.1 Wind direction

Out of the 8 wind directions considered for the analysis, only 4 are detailed here.
The first two are North-West (NW, fig.4a-4b) and South-East (SE, fig.4c-4d) as these
are expected to promote upwelling (NW) and downwelling (SE) (Zeldis et al., 2004). The
other wind origins we considered are West (fig.4e-4f) and East (fig.4g-4h) as they both
have components close to the NW-SE axis, and are more frequent than meridional winds
(tab.1). Among the winds considered, the maxima in frontal probability are: 0.1511 for
NW; 0.1850 for SE; 0.1127 for westerlies; and 0.1261 for easterlies.

Dominant NW winds (fig.4a-4b) correspond to increases in frontal probability in
the center of the inner and outer Gulf, as well as across the Jellicoe and Cradock chan-
nels. North of Aotea and north of Kawau are two areas that shows important patches
of decreased probability. This wind origin is evaluated non-significant by the Student t-
test result (tab.2) and the values of the jackknife are of smaller magnitude compared to
other wind origins with higher occurrences. For example, NW winds −δ range from -0.0045
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to 0.0029 while westerlies −δ range from -0.0069 to 0.015. When SE winds dominate (fig.4c-
4d), frontal probability increases along the 40m isobath, off of Colville Cape toward Kawau,
across the Cradock channel and north of Te-Hauturu. Small patches of decreased prob-
ability are present off the coast of Pakiri and in the center of the inner-Gulf. The im-
pact of SE winds is identified as significant, with a mean of 0.0179 and a σ of 0.007. West-
erlies (fig.4e-4f) create important decreases along the 40m and 70m isobath and a strong
increase from Pakiri into the inner Gulf by the Jellicoe channel. Westerlies are signif-
icant as well in the t-test with a mean of 0.0181 and a σ of 0.0074. Easterlies winds (fig.4g-
4h) show increased probability on a line between Kawau and Cape Colville, and between
the 70m and 100m isobath north of Te-Hauturu-o-toi. Areas of decreased probability are
noticeable by Pakiri, in the Cradock channel and north of the Mokohinau islands. East-
erlies are significant on the t-test, with a mean of 0.0181 and a σ of 0.007.

3.3.2 Seasons

Maxima in frontal probability are: 0.1069 in spring; 0.2112 for summer; 0.1282 dur-
ing autumn; and 0.1317 in winter. In spring frontal probability decreases inside the in-
ner Gulf as well as along the 100m isobath compared to other seasons (fig 5a-5b). Lo-
cal increases are observed in four areas of the outer Gulf: Jellicoe and Cradock channels,
north of Waiheke and Cape Colville. General increase is visible offshore past the 100m
isobath. This season is significant in the t-test with a mean of 0.0174 and a σ of 0.0075.
In summer (fig 5c-5d) frontal probability is patchy on the 70m isobath and beyond, with
numerous patches of increases and decreases probability. Probability increases around
Kawau, north Waiheke and Cape Colville show greater intensity than in spring. Sum-
mer is also significant in the t-test with a mean of 0.0175 and a σ of 0.007. In Autumn
(fig 5e-5f) high front probability areas shift to follow the 40m isobath and flow from Kawau
out to the Colville channel. Out of the Gulf, high probabilities are mostly present be-
tween the 70 and 100m isobath. Past the 100m isobath, important decrease start to show-
up, as well as in the Cradock channel and near Pakiri. This season is however non-significant
in the Student t-test result (tab.2). Winter (fig 5g-5h) is characterised by massive de-
crease in frontal probability all over the study area, and it is especially noticeable around
Kawau, north of Waiheke, Whanganui and Cape Colville. We also observe a more sub-
tle general decrease past the 100m isobath. Two increases strands can be seen in the in-
ner Gulf and between the 70 and 100m isobath (like in autumn). Winter turns out sig-
nificant in the t-test with a mean of 0.0191 and a σ of 0.0077.

3.3.3 ENSO

Maxima in frontal probability are: 0.1187 for El Niño periods, and 0.1271 during
La Niña events.

During El Niño periods (figures 6a-6b), lines of increased probability can be seen
at the 40m isobath separating the Firth of Thames and the inner Gulf, and east of Kawau
separating the inner Gulf and outer Gulf. Additionally, increases are visible between the
north of Pakiri’s coast and the Mokohinau islands, and north-west of Aotea. There are
noticeable decreases in the center of the inner Gulf and on Pakiri’s coastline.

During La Niña events (figures 6c-6d), higher values of frontal probabilities along
the 40m isobath remained, clearly separating the Firth of Thames and the inner Gulf.
However, the eastern line from Kawau disapear, promoting mixing between the inner and
outer Gulf. The line of fronts previously observed between the north of Pakiri’s coast
and the Mokohinau islands moved towards 70m isobath, and a second increase proba-
bility line appear parallel to the first, north of the Mokohinau islands.

Both El Niño and La Niña events are significant under the t-test, with a respec-
tive mean of 0.0176 and 0.0179, with associated σ equal to 0.0085 and 0.0082 respectively.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4. Probability maps and values of −δ outside of the 75th percentile confidence interval

based on wind orientation, top to bottom: North-West (a, b), South-East (c, d), West (e, f), East

(g,h). Probabilities are on the left column (a, c, e, g) and δ on the right. Dashed line indicate 40,

70, 100 and 200m depth. The title of each sub-figure indicate the factor, n the number of days

and the min and max values. Wind orientation arrow displayed in δ maps top-right corner.–12–
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5. Probability maps and values of −δ outside of the 75th percentile confidence interval

during seasons, top to bottom: spring (a, b), summer (c, d), autumn (e, f), winter (g, h). Proba-

bilities are on the left column (a, c, e, g) and δ on the right. Dashed line indicate 40, 70, 100 and

200m depth. The title of each sub-figure indicate the factor, n the number of days and the min

and max values. Note the change of scale in δ.–13–
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(a) (b)

(c) (d)

Figure 6. Probability maps and values of −δ outside of the 75th percentile confidence interval

during ENSO phases, top to bottom: El Niño (a, b), La Niña (c, d). Probabilities are on the left

column (a, c) and δ on the right. Dashed line indicate 40, 70, 100 and 200m depth. The title of

each sub-figure indicate the factor, n the number of days and the min and max values. Note the

change of scale in δ.
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4 Discussion

Frontal probabilities in T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf (HG) are
highest along the coast and in the middle of the outer-Gulf between Kawau, Waiheke
and the Colville Cape (figure 3). Our results indicate that the distribution of fine-scale
fronts is modulated by winds, season and ENSO phases. Our most important observa-
tions are:

• Fronts along the 40 and 70m isobath separate the Gulf in 3 segments.
• Most winds directions have a significant impact on the position of fronts, especially
SW, West and East.

• Seasonal shifts of wind direction (east in summer-autumn, west in winter-spring)
result in frontal movements across the Gulf

• The ENSO cycle changes the separation between the inner and outer Gulf, ”clos-
ing” during El Niño and ”opening” during La Niña

Across all studied parameters (wind, season, ENSO), fronts probability patches in
HG overlap with the 70m and 40m isobath. The distribution of fronts tends to separate
HG in three distinct sub-regions, being outer-Gulf, inner-Gulf, and Firth of Thames. More
precisely, the Firth of Thames to inner Gulf separation is enforced by fronts following
the 40m isobath, while fronts between Kawau and Cape Colville following the 70m iso-
bath might inhibit the mixing of waters from the inner and outer gulf. This separation
is accentuated during El Niño periods and attenuated during La Niña.

To correctly interpret the observe patterns, we need to account for the intricacies
of using ocean colour. Isolating the sediment from chlorophyll is a key element of OLCI
dataset processing, yet Blondeau-Patissier et al. (2014) showed that none of the current
algorithms are able to properly remove the sediment signal, which will in turn impact
the front detection results using OLCI. The only processing in removing the sediment
signal was done prior to download by the OC4ME algorithm from Copernicus (EUMETSAT,
2021). We also removed values of CHL above 30mg.m−3, considering that OC4ME tend
to overestimate values above 30 (EUMETSAT, 2021). Hence, it is likely that at least some
of the coastal fronts results from gradients in sediment concentration (for example, as-
sociated with increase rainfall and river outflows) rather that gradients in chlorophyll,
especially in the Firth of Thames (O’Callaghan & Stevens, 2017). However, these regions
highlighted at hotspots of frontal activities, would still represent regions where water masses
of different optical properties converge. If in one of the sides of the front the ocean colour
signal is heavily dominated by sediments, we expect that the waters therein would likely
have very different biological properties compared to the clearer waters brought nearby
by the frontal circulation, even if this difference is not measured in terms of chlorophyll.
Very high values of probability directly next to the shore are due to the sensibility of the
algorithm which enables us to detect fronts in the highly dynamic coastal environment.

Because of our work hypothesis being that biologically important fronts are char-
acterised by strong chlorophyll gradient as depicted by Lévy et al. (2018), we chose to
use a gradient-based front detection algorithm as the core calculation of the pyBOA. The
original BOA was developed by Belkin and O’Reilly (2009), and later used by Lin et al.
(2019) and Galuardi (2012), precisely to deal with strong chlorophyll gradients created
by the slope-shelf effect (Belkin & O’Reilly, 2009). The presence of the shelf and slope
nearby highly influence the circulation in HG (Stevens et al., 2021; Zeldis et al., 2004).
Our results are consistent with this view showing an overlap of fronts with the 100m iso-
bath, in addition to others more related to the bathymetry than the shelf (40, 70m). This
shelf effect is documented in other parts of Aotearoa New Zealand such as around the
Otago shelf (Hopkins et al., 2010).
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The frontal probabilities movements also relate to changes in wind direction through-
out the seasons, with westerlies in winter and spring, switching to easterlies in summer
and autumn. This cycle explain the nearshore-offshore oscillation seen in figure 5 and
are also related to phyto and zooplankton changes (Chang et al., 2003; Jillett, 1971; Sharples,
1997). The oscillation observed in HG are similar to the observation of Hopkins et al.
(2010), showing the South Tropical Front close to shore in summer-autumn and further
offshore during winter-spring. This similarity in behavior may originate from the sim-
ilarity of bathymetry, both areas having strong shelf break (Hopkins et al., 2010; Zeldis
et al., 2004). In addition, the switch to easterlies in La Niña periods (Zeldis et al., 2004)
explains why some of the fronts observed seems pushed into the Gulf by comparison to
Neutral ENSO phase.

The effect of tides on the movement of fronts are not studied in this article. How-
ever, this study by Hu et al. (2016) suggests that tides are important factor in fine-scale
structure movement, sometimes moving sediment fronts up to 10 km based on the cur-
rent. While this approach was not feasible here due to data availability (one image per
day), we suspect the tides have potentially shift the position of fronts across the Gulf.
Multiple images throughout the day on a similar resolution would allow future descrip-
tion of the tidal effect in our study area.

Fronts are associated with enhanced productivity (Lévy et al., 2018; McGillicuddy,
2016) regardless of the scale considered. This boosted productivity and altered condi-
tions are important feeding grounds used by megafauna (Braun et al., 2019; Snyder et
al., 2017) and the fishing industry alike (Watson et al., 2018). Spatial shifts in frontal
distribution associated to changes in seasons may therefore displace hotspots of produc-
tivity across the HG, potentially driving the movement of aggregations of seabirds (Gaskin,
2021) or overwintering cetaceans (Gostischa et al., 2021; Izadi et al., 2022). In addition,
seasonal variations of frontal locations can impact the dispersal of planktonic larvae from
sessile species with different spawning times (Michie, 2023). For example, crayfish mat-
ing period in winter (Kelly, 2001; MacDiarmid, 1989) matches with increase frontal prob-
ability in the inner Gulf contributing to their dispersion or retention.

On a larger scale, looking at the effect of the ENSO phases, it appears that the shift
from one phase to another (e.g. El Niño to La Niña) has major impact of seabirds (Gaskin,
2021). The most notable effect observed by Gaskin (2021) was a drop in birds weight
after each shift from El Niño to La Niña. This is hypothesized to be linked with shifts
in their zooplanktonic and fish prey quality and distribution. Spatial shifts in frontal dis-
tribution might be a potential driver of the distribution of prey items for local megafauna.

5 Conclusion

This study compiled a first map of frontal probabilities for the HG by improving
an existing algorithm in order to detect fine-scale fronts from OLCI. We successfully used
a gradient approach to reliably identify fronts and characterise the frontal patterns both
spatially and temporally. We show that the fronts in HG follow specific seasonal and ENSO
patterns, governed by the bathymetry and winds. In addition, the segmentation of the
Gulf in 3 different sub-basins is proven coherent from a frontal perspective.

Acronyms

BOA Belkin and O’Reilly Algorithm

CHL Chlorophyll-a

EAuC East Auckland Current

ENSO El Niño Southern Oscillation

OLCI Ocean-Land Color Instrument
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SOI Southern Oscillation Index

HG T̄ıpaka Moana Te Moana Nui a Toi Hauraki Gulf

6 Open Research

The wind data used in this article were provided by Meteorological Service of New
Zealand Ltd, covering the stations of Mokohinau. The satellite data used for the detec-
tion are provided by Copernicus Marine Services (Copernicus, 2016). All maps presented
here made using python 3.9 package cartopy (Met Office, 2010 - 2015). The pyBOA 1.0.0
is freely available: https://doi.org/10.5281/zenodo.8135921. This version of the al-
gorithm was build using python 3.9 with Anaconda3 2022.05.
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Figure 2.



(a) Raw CHL from (Copernicus, 2016) (b) Land and cloud proximity exclusion

(c) Sobel gradient (d) Selected front areas in red

(e) Morphological thining to lines (f) Overlap of the front lines with the CHL
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