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Marine heatwaves (MHWS) are prolonged extreme oceanic warm water events. Globally,
the frequency and intensity of MHWSs have been increasing in recent years, and
it is expected that this trend is reflected in the Kerguelen Plateau region. MHWs
can negatively impact the structure of marine biodiversity, marine ecosystems, and
commercial fisheries. Considering that the KP is a hot-spot for marine biodiversity,
characterizing MHWSs and their drivers for this region is important, but has not been
performed. Here, we characterize MHWs in the KP region between January 1994 and
December 2016 using a combination of remotely sensed observations and output from
a publicly available model hindcast simulation. We describe a strong MHW event that
starts during the 2011/2012 austral summer and persists through winter, dissipating in
late 2012. During the winter months, the anomalous temperature signal deepens from
the surface to a depth of at least 150 m. We show that downwelling-favorable winds
occur in the region during these months. At the end of 2012, as the MHW dissipates,
upwelling-favorable winds prevail. We also show that the ocean temperature on the KP
is significantly correlated with key modes of climate variability. Over the KP, temperature
at both the ocean surface and at a depth of 150 m correlates significantly with the Indian
Ocean Dipole. To the south of the KP, temperature variations are significantly correlated
with the El Nifio Southern Oscillation, and to both the north and south of the KP, with the
Southern Annular Mode. These results suggest there may be potential predictability in
ocean temperatures, and their extremes, in the KP region. Strong MHWS, like the eventin
2012, may be detrimental to the unique ecosystem of this region, including economically
relevant species, such as the Patagonian Toothfish.

Keywords: climate extremes, ocean extremes, anomalous temperatures, ocean warming, Patagonian
toothfish, hot-spot

1. INTRODUCTION

The Kerguelen Plateau (KP) is the largest submarine plateau in the Southern Ocean, acting
as the largest topographic barrier to the eastward flowing Antarctic Circumpolar Current
(ACC; van Wijk et al,, 2010). Relative to the rest of the Southern Ocean, which can be
characterized as a high-nutrient, low chlorophyll region (Boyd, 2002), the KP is a region of high
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FIGURE 1 | Mean SST (1994-2016) in (A) OFAM, (B) NOAA-OI observation-based product, and (C) the difference between model and observations; (D-F) same as
in (A-C) but for SST standard deviation; (G-1) same as in (A-C) but for sea level standard deviation in (G) OFAM and (H) AVISO satellite altimetry.

To the south and west of the KP, the MHWs are less frequent
than in the eastern side of the KP (Figures 3A,D). However,
according to the model, these less frequent MHWs are longer-
lasting, with a mean duration of longer than 35 days (Figure 3E).
The long duration of MHW: s at this location relates to the semi-
stationarity of the flow in this portion of the KP (van Wijk et al.,
2010). MHW frequency and duration are related metrics, as the
more frequent the MHW:s are, the shorter they tend to be, and
vice-versa. This interplay between MHW frequency and duration
is clear in the model output, where more frequent and shorter
MHWs occur to the northeast of the KP, while less frequent and
longer MHW:s occur to the southwest of the KP (Figures 3D,E).
In the observations, however, these patterns are not as clear, with
MHWs lasting, on average, ~10 days across the whole domain
(Figure 3B).

Globally, modeled MHWSs have been described to be less
frequent, longer-lasting, and weaker than observed MHWs (Pilo
et al.,, 2019). To the north of the KP, in contrast to the results

in Pilo et al. (2019), modeled MHWSs are more intense than
observed MHWs. To the west of the KP and on the plateau
itself, however, results corroborate with those from the global
analysis. The higher frequency of modeled MHWSs might relate
to the difference between the thickness of the model’s surface
level, and the thickness of the surface layer represented in
observation-based products (Pilo et al., 2019). While OFAM’s
surface represents the top 2.5 m of the water column, the NOAA-
OI product represents just the top 0.5 m of the ocean. Therefore,
the NOAA-OI product is expected to be more varying, and have
more numerous intermittent MHWs, than OFAM.

The overall pattern of MHW distribution and intensity are in
agreement between the model and the observations (Figure 3).
These results suggest that MHWs on the eastern KP are
mainly driven by warm-core ocean eddies, while MHWSs on the
western KP are driven by less-transient, and possibly larger-
scale, processes. The MHWs that occur over the KP (i.e., in
waters shallower than 3,000 m) belong to the latter group. As
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characterizing MHWs over the KP is the key focus of this study,
we further investigate the occurrence of the plateau-wide MHW's
over the 23-years record.

In the observations, between January 1994 and December
2016, the SST on the KP exceeds its 90th percentile in the austral
summers of 1997, 2003-2004, and 2009-2013 (Figure 4A, when
the black line exceeds the green line). Amongst these events, the
strongest and most persistent anomalous warming over the KP
occurs between December 2011 and December 2012 (Figure 4B).
This warming period peaks during the winter of 2012, with up
to 2°C above climatology over the KP (Figure 4C). Because of
high SST variability, this warming event is intermittent at a given
location (i.e., 76°E, 53°S, magenta dot in Figure 4D). However, a
map of cumulative SST anomaly (SSTA) between December 2011
and June 2013 indicates that the MHW extends over the whole
KP (Figure 4D).

In the model output, the simulated SST exceeds its 90th
percentile in the summers of 2003, 2006, and 2009-2013
(Figure 4E). The strongest events seen in the observations
(Figure 4A), between 2009 and 2013, are well-represented in
the model output. In addition, the strongest event seen in the

observations (December 2011-December 2012) is also well-
simulated (Figures 4F-H). The model simulates the anomalously
warm SST over the winter of 2012, peaking in August 2012
(Figure 4F). The map of cumulative SSTA between December
2011 and June 2013 indicates that the simulated MHW also
extends over the whole KP. The modeled MHW peaks to the
east of the KP, but still covers the entire plateau and surrounding
slopes limited by the 3,000 m isobath (Figure 4H).

Six of the seven summers under MHW conditions in the
model output coincide with summers under MHW conditions
identified in the observation-based product (Figures 4A,E). This
result gives us confidence that the model is simulating the MHW' s
forced by local to regional-scale processes, such as changes in the
wind patterns or changes in the air-ocean heat flux. In addition,
both the persistence of the anomalous warming over the 2012
winter, and the spatial pattern of stronger SSTA, are simulated in
the model output. Therefore, we use the model to investigate the
penetration of the strong MHW event of 2012 from the ocean’s
surface to the ocean’s subsurface.

The pattern of extremely hot temperatures over the KP region
changes with depth and in time during 2012 (Figure 5A). Early
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FIGURE 5 | (A) Monthly average of extreme temperatures (i.e., above the 90th percentile relative to climatology) for alternated months of 2012 at the surface (top),
100 m (middle), and 200 m (bottom) depths in OFAM; (B) Temperature anomaly, relative to climatology, at the western green dot in the last panel of (A), from surface
to 250 m depths; (C) as in (B), but for the eastern pink dot in the last panel of (A); the black box indicates the year 2012.

in 2012, temperatures exceeding the 90th percentile threshold
spread over the northern part of the KP at the surface level, but
not at 100 m depths. At the surface, the extreme signature persists
until September, dissipating in November. At 100 m depths, the
extreme signature emerges in July, persisting until the end of
the year. At 200 m depths, there is an extreme signature in the
northern part of the KP that seems to be unrelated to the pattern
seen at the surface. Later in the year, extreme hot anomalies
spread over the whole KP. In a given location, the 2012 MHW is
seen as temperature anomalies of up to 2°C above climatology,
spreading from the surface to ~150 m depths (Figures 5B,C).
Compared to other years, the positive anomaly values in 2012
were more persistent, more intense, and penetrated deeper. This
positive anomaly in 2012 was even more persistent over the
plateau (Figure 5C) than to the west of the plateau (Figure 5B).

We show that, in 2012, the KP was under MHW conditions
that persisted from summer through winter, with anomalously
warm waters penetrating down to 150 m depths. Considering
the large spatial and temporal distribution of the MHW, and its
presence in both the observations and in the free-running model,
we hypothesize that this anomalous event and its deepening in
the water column are forced by a large scale atmospheric pattern.
Next, we investigate the action of the wind field as a deepening
mechanism for this strong MHW event.

In 2012, the wind stress curl (WSC) over the KP varies
between 1.2 x 1077 and —1.5 x 107 N/m? (Figure 6A). The
maximum WSC over the KP, which would result in downwelling,
occurs in July (Figure 6B). The minimum WSC over the
KP, associated with upwelling, occurs in October/November
(Figure 6C). The values of WSC in these months are the
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minimum for the whole time period analyzed in this study.
Comparing these results with Figure5, the month with
deepest penetration of anomalously warm waters, coincides with
the month of strongest wind-driven downwelling (i.e., July
2012). Therefore, this wind-driven Ekman pumping could be
responsible for the penetration and persistence of the 2012
MHW through the winter months. In November 2012, the WSC
changes, with upwelling conditions becoming dominant over the
KP. These upwelling conditions lead to the dissipation of the
MHW at depth over the following months, as seen in the SST
time-series in Figures 4B,C.

The wind conditions over the KP may also be modulated
by remote large-scale forcing changes via atmospheric
teleconnections. Thus, we now investigate the possible
contribution from large-scale climate modes to the changes
temperature over the plateau. For this analysis, we calculate the
correlation between ocean temperature at the surface and at 150
m depths over the KP with the indices of four large-scale climate
modes (Figure 7).

At the surface, in both model and observations, IOD, ENSO,
and SAM are significantly correlated with ocean temperature

over several portions the KP (Figures 7A-L). The highest
correlation, as expected, happens between KP waters and the
SAM, with clear patterns to the north and to the south of the KP
(Figures 7J,K). SAM is the dominant mode of variability across
the Southern Hemisphere mid to high latitudes. Nevertheless,
ENSO has a significant positive correlation with surface waters
to the south of the KP (Figures 7D,E). ENSO is the dominant
global mode of interannual climate variability, albeit dynamically
centered across the tropical Pacific atmosphere-ocean. The
correlation between the IOD and surface temperatures differs
between the model and the observations. In the observations,
there is a positive correlation between this index and waters
shallower than 3,000 m depths (Figure 7A), with some significant
correlation evident in the center of the KP. However, in the
model, significant values are only found to the north of the KP,
associated with the ACC (Figure 7B). This latter pattern, and also
the pattern of correlation between surface temperature and the
PDO, are not coherent.

At 150 m depths, all investigated climate modes are
significantly  correlated with the ocean’s temperature
(Figures 7C,ELL). Correlations between ocean temperature and

Frontiers in Marine Science | www.frontiersin.org

January 2021 | Volume 7 | Article 531297


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Suetal.

MHWs in the Kerguelen Plateau

85°E

65°E  75°E

-0.2

degrees of freedom; the gray line indicates the 3,000 m isobath.

0

FIGURE 7 | Maps of point-wise correlation coefficients between SST from NOAA-OI (left), temperature at the surface in OFAM (center), and temperature at 150 m in
OFAM (right) and indices (single time series) of the following climate modes: (A-C) IOD, (D-F) ENSO, (G-l) PDO, and (J-L) SAM, between Jan 1994 and Dec 2016;
the stippling (black dots) indicates regions where the correlations are statistically significant at the 95% confidence level, taking account of the effective number of

0.1 0.2

ENSO, PDO, SAM are similar at this depth, with positive values
in the northern part of the plateau, and negative values in the
southern part of the plateau (Figures 7ELL). There is also a
significant correlation between the deep waters over almost the
entire KP and the IOD (Figure 7A).

We show that the strong 2012 MHW event on the KP
penetrates to a depth of 200 m during winter. This depth
penetration is likely linked to the wind pattern found over the
KP for those months, which favored downwelling. In November,
when the MHW dissipates, the wind pattern favors upwelling.

As we show here, Gille et al. (2014) also find that cold SSTs
correlate with winds favoring upwelling over the KP. The effect
of the regional wind circulation has been linked to the deepening
of MHWs before, although in a study region that was coastal.
Schaeffer and Roughan (2017) show that downwelling-favorable
winds reduce the ocean stratification off eastern Australia, mixing
the water column and aiding the deepening of anomalously hot
SST. Downwelling-favorable winds have also been linked to the
persistence of the 2013/2014 MHW along the North American
west coast and its role in toxic algal blooms (McCabe et al,
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2016). In addition to the wind-stress, other mechanisms may
have played a role in the 2012 MHW deepening include ocean
eddies, and Rossby waves. Specifically, stationary Rossby waves
have been linked to strong vertical velocities over the KP, and
to high anthropogenic carbon sequestration at this location as a
result (Langlais et al., 2017).

The significant correlation between climate modes and SST
over the KP suggests that MHWs in the region may also be
influenced by remote oceanographic drivers. The influence of
remote drivers manifests via either atmospheric or oceanic
teleconnections, which can act to modulate the local circulation
(Holbrook et al., 2019). Examples of atmospheric teleconnections
here are atmospheric bridges or atmospheric Rossby waves, and
an example of an oceanic teleconnection are oceanic Rossby
waves. Climate modes are important remote MHW drivers
in many regions of the ocean (Holbrook et al, 2019, and
literature therein). In the broader KP region (i.e., 40-60°S, 50—
90°E), the positive phase of the SAM, the negative phase of the
Atlantic Nifio index, and the positive phase of the Northern
Atlantic Oscillation have been shown to be significantly related
to increased MHW occurrence (Holbrook et al., 2019). It is
relevant to note that Holbrook et al. (2019), however, only show
the dominant climate modes in each oceanic region, and that
the other modes identified in our results could well be the
second or third significant modes at these locations. Here, we
further show that the IOD is significantly correlated with waters
over the plateau itself, while ENSO is correlated with waters to
the south of the plateau, and SAM with waters to the north
of the plateau. Despite this short duration, the 2012 IOD was
intense, impacting tropical and subtropical ocean temperatures.
Therefore, it is likely that the 2012 MHW in the KP region was
influenced by this unusual IOD phase. The correlation between
SST over the KP and climate modes suggests that there may be
potential predictability for MHWs in this region. Furthermore,
considering that the IOD is the dominant mode over the KP itself,
it may be a reasonable metric for shallow water variability over
the plateau.

4. CONCLUSIONS

We show that strong MHWSs can occur in the KP region and
that a significant MHW occurred in the region during 2012.
More than that, MHWSs over the KP can persist over winter
months and can penetrate into the subsurface of the ocean. Many
Southern Ocean species are dependent on the regular interannual
temperature cycle that exists in this region and are likely to
be impacted by the gradual long term change that is projected
by anthropogenic climate change (Constable et al., 2014). It is
also likely that many species will be impacted much sooner
by ocean temperature extremes that occur during MHW s (e.g.,
Smale et al., 2019). In turn, as the climate warms, MHWs are
projected to become more intense and occur more frequently
(Oliver et al., 2018). As such, the characterization of MHW s
in the KP region are key to understanding the environmental

changes likely to be seen across a warming KP. The knowledge of
environmental changes can then be used to investigate potential
impacts on the populations of marine species (Goedegebuure
et al., 2018). These investigations are especially important to
understand the future population trajectories of threatened
species which use the KP region for both food and as a breeding
habitat, and for commercially exploited species that occur on
the KP.
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