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Abstract. Marine heatwaves (MHWs) are becoming more common with

record events occurring around the world, and unprecedented biological im-

pacts including mass mortality and habitat shifts. However, little is known

about the statistical characteristics of MHWs due to the lack of long term

in situ observations. Using two historical datasets spanning 1953 (and 1992)

to 2016 we use a seasonally-varying climatology and temperature anomalies

to identify and characterize MHW events down to 100 m depth in coastal

waters off southeastern Australia. We show that MHWs regularly extend the

full depth of the water column, with a maximum intensity below the surface.

Extreme temperatures at depth are driven by local downwelling favorable

winds that mix the water column and reduce the stratification. These results

show the importance of considering sub-surface hydrography, and that sea

surface temperature is insufficient to fully understand MHWs which are hav-

ing disastrous ecological consequences in coastal regions globally.

Keypoints:

• We present the 1st sub-surface analysis of coastal MHWs (marine heat-

waves) using a 60+ year dataset

• MHWs regularly extend to the sea floor, mostly during weak stratifica-

tion driven by downwelling winds

• MHWs are most intense at depth, indicating a pressing need for more

sub-surface temperature records
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1. Introduction

Marine heatwaves (MHWs), defined as ”discrete prolonged anomalously warm water

events” [Hobday et al., 2016], are having disastrous effects on the ocean ecosystems around

the world. Over the last 30 years, extremely hot sea surface temperatures (SSTs) have

become more common in 1/3rd of the world’s coastal areas [Lima and Wethey , 2012]. In

response to the unusual thermal stress, marine communities have to either acclimatize or

track more suitable habitat further poleward or deeper. This includes not only shallow

communities, but also benthic species, some coral communities and seaweed below the

surface mixed layer (SML). Increasingly habitat forming species are dying, and are not

able to recover after the MHW has subsided [Wernberg et al., 2016]. Unfortunately,

little is known about temperature extremes at depth due to the lack of long-term in situ

measurements.

Around Australia, the most severe MHW event in 140 years occurred during the Austral

summer (2010/2011) off Western Australia, lasting over a month, with anomalies up to 5

oC above the climatological mean [Pearce and Feng , 2013]. It led to large seagrass, fish

and invertebrate mortality [Pearce and Feng , 2013; Thomson et al., 2015] and a poleward

shift of tropical species [Wernberg et al., 2013]. A survey 2 years later showed a 43% loss

of kelp forests along the coast (28-34 oS) with a community-wide shift toward warm water

seaweeds and fish [Wernberg et al., 2016].

On different occasions, MHWs also affected ecosystems on the Great Barrier Reef on

the east coast of Australia, where declines in coral cover, fish diversity and habitat were

observed and attributed to extreme temperatures (Johnson [2014] and references herein).
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Further south, Verges et al. [2016] showed evidence of tropicalization of fish communities

in temperate regions, in particular fish herbivory consuming kelp, leading to a decline of

the kelp habitat. In cold temperature regions (Tasmania), increasing ocean temperatures

and the extension of the southward flowing East Australian Current led to a poleward

range extention of many species of fish [Last et al., 2011] and habitat destroying sea urchin

[Ling et al., 2009], leading to a massive loss of kelp [Johnson et al., 2011].

MHWs can be driven by atmospheric conditions, with an increase in air temperature,

weak wind stress and an overall decreased upward air-sea heat flux [Bond et al., 2015;

Chen et al., 2015]. They have also been linked to mesoscale ocean circulation advect-

ing heat and temperature extremes, superimposed on interranual climate variability. For

instance, for the 2011 Western Australia event, it was shown that the Leeuwin current

contributed to 2/3 of the ocean temperature changes, while heat fluxes explained the

remaining 1/3 [Benthuysen et al., 2014]. The anomalous warm-water transport of the

Leeuwin current was linked with near record La Nina conditions [Feng et al., 2013]. The

boundary current along the east coast, the East Australian Current, also influences tem-

perature extremes. Oliver et al. [2014] showed a projected hotspot corresponding to the

East Australian Current separation region in response to increased eddy activity. These

anomalously warm temperatures are projected to increase by up to 4oC over 50 years,

with a maximum increase located 500 km south of the maximum increase in mean SST

[Oliver et al., 2014]. This different spatial pattern between the increase of mean and

extreme temperature shows that in situ ocean warming is not the only driver for the

intensification of MHWs, and that ocean dynamics should be considered when trying to
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understand these extreme events.

Despite the devastating ecological impacts of MHWs, few studies have investigated

temperature extremes below the surface. Satellite SST has revealed the spatial extent

of MHWs at reasonable spatial and temporal resolution (O(km, day), Scannell et al.

[2016]). However SST may do little to inform the impact on benthic or pelagic marine

communities that live below the surface. Using temperature data from Argo floats, Feng

et al. [2013] showed that the temperature anomalies in the deep ocean were constrained

to the SML during the 2011 MHW event. However, in situ measurements on the shelf

showed a consistent temperature increase over depth down to 200 m. Furthermore Pearce

and Feng [2013] showed several occasions when temperature extremes were well-mixed to

the seafloor at 100 m depth (see Fig. 5 in Pearce and Feng [2013]). Since temperature

extremes can affect shelf areas far deeper than the SML, more research on the vertical

structure of MHWs is needed particularly in coastal regions.

More specifically, some of the key questions that remain unclear are: Do MHWs extend

to sea bed on continental shelves, and if yes, how often? Are temperature anomalies more

intense at depth or at the surface? Is SST a good proxy for the MHW duration and

intensity? Should we expect similar characteristics and seasonality below the SML?

In this study we use 2 long-term independent in situ dataset on the southeastern (SE)

Australian continental shelf off Sydney (34 oS). The region is strongly influenced by the

East Australian Current eddy field [Schaeffer et al., 2013, 2014b], and identified as an

ocean warming hotspot [Cai et al., 2005; Wu et al., 2012; Sen Gupta et al., 2015; Oliver

et al., 2014]. These temperature measurements enable us to generate a daily climatology,
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which we use to identify and investigate temperature extremes throughout the water

column. We discuss our results in the context of forcing mechanisms, intensity and the

urgent need for sub surface temperature observations.

2. Datasets and methods

2.1. In situ temperature observations

Around Australia, long-term sampling of the ocean temperature has been conducted

at 3 sites, since the 1940-50s [Thompson et al., 2009] including Port Hacking off Sydney

(PH100, depth of ∼110 m, 34oS, subtropical zone). Historical bottle sampling spanned

the period 1953-2009, with weekly to monthly observations nominally at depths of 0, 10,

20, 30, 40, 50, 75 and 100 m, with some variation in depth over time (Fig. 1b). In

2009, in the framework of the Integrated Marine Observing System (IMOS), PH100 was

chosen as a national reference station (NRS), together with 9 other sites around Australia

[Lynch et al., 2014]. Since then, biogeochemical samples were combined with monthly

CTD casts from the surface to 100 m. In addition, a mooring was installed (34.12oS,

151.22oE) in October 2009, instrumented with 10 AQUA logger 520T that measure water

temperature every 5 min at 8 m intervals from the sea floor to approximately 17 m from

the surface. PH100 is the only site in the country where a mooring with good vertical

resolution matches the location of long-term samplings.

A second coastal mooring is located 26 km to the north of the PH100 site, maintained

by Sydney Water Corporation since November 1990 in 65 m of water, called the Ocean

Reference Station (ORS065, 33.90oS, 151.32oE, Fig. 1a). It is located less than 3 km

from the shore and initially included a surface expression and real-time capability (prior

to 2006). Hourly temperature time-series were obtained from 2 thermistors just below the
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water line, 12 thermistors (Aanderaa in water depth > 22.7 m) at nominal depths of 6.5,

10.5, 14.5, 22.7, 26.1, 29.5, 32.9, 36.3, 39.7, 43.1, 46.5 and 49.9 m, and 2 current meters

(InterOcean S4) at 17 and 53 m. After May 2006, the mooring was reconfigured and 13

AQUATEC temperature loggers were installed at 4 m intervals from around 1 m above

sea floor to 16 m from the surface, including a CTD (Conductivity-Temperature-Depth)

moored 11 m above see floor and a pressure sensor at the uppermost thermistor. Data

were recorded every 5 min but all high-frequency moored measurements were averaged

daily (including PH100).

Finally, we use local wind measurements from the Kurnell meteorological station

(34.00oS, 151.21oE), recorded every 30 min since 1990, provided by the Australian Bureau

of Meteorology. Wind stress (computed following Schaeffer et al. [2014]) was daily aver-

aged, and low-passed using a Butterworth filter with a cut-off frequency of 24 h, before

calculating an upwelling index as UI =
τy
ρ0|f |

, where τy is the along-shelf wind stress

(based on a 25 degree angle corresponding to the coastline rotation), ρ0 = 1025 kg m−3,

the seawater density and f is the local Coriolis parameter.

2.2. Method: MHW definition and identification

Using the long-term in situ temperature datasets, we can investigate daily temperature

anomalies below the ocean surface, by referencing a seasonally-varying climatology. We

identify MHW events using the hierarchical approach defined by Hobday et al. [2016]

in which time-series of temperature anomalies are calculated by subtracting a long-term

(ideally 30 year) daily climatology of the 90th percentile temperature. A MHW event is

defined when the warm temperature anomaly lasts for at least 5 days. Two events with a

gap of 2 days or less are considered to be part of the the same event. We then investigate
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various characteristics of the MHW, including their duration and intensity, defined as the

temperature anomaly from the mean climatology. A few analysis were also perfomed for

events longer than 10 days only, and the sensitivity of the duration threshold is discussed

in last section.

To compute the daily temperature climatology we use all available data at each site,

provided that 1) the samples were within <10 km from the site (based on a minimum

length scale of variability in the region of 14km, Schaeffer et al. [2016a]) and 2) they were

obtained in similar water depths (<110 m at PH100). Each vertical profile (from bottle

samples, CTD casts or moorings) is linearly interpolated over depth at 1 m resolution,

using pressure measurements when available, or nominal depths otherwise. Temperature

data from the mooring array are used when data return exceeds 70% through the water

column. In addition, gaps of ≥2 neighbouring thermistors are not interpolated. For

each day of the year, the climatological mean and high percentile threshold (90th) are

determined from a moving average over a window of +/- 5 days. Daily climatological

time-series are then smoothed with a 31-day moving window following the procedure

described in Hobday et al. [2016].

The identification of MHWs requires continuous daily temperature time-series, thus we

only use periods when moorings were installed. At ORS065 we use data from 1992-2016

to compute both the climatology and warm temperature anomalies for depths 17-53 m

(0-53 m until 2006). However the detection of MHWs at PH100 was limited to depths

25-100 m and starting in 2010 when the mooring was installed, while the climatology

was computed from the bottle temperature observations between 1953-2016 (including

mooring measurements, Fig. 1b). MHW events were identified independently at 5 m
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depth intervals, as well as for the shallowest and deepest time-series at ORS065, at 1 and

53 m.

3. Results

3.1. MHW characteristics

A total of 38-50 MHW events were identified in 20-53 m of water at ORS065 over the

period 1992-2016, and 24-27 events in 1-15 m when the mooring had a surface expression

(1992-2006). Due to the shorter period available with daily temperature observations at

PH100 (2010-2016), only 15-27 events were identified between 25 and 100 m depth. When

averaging per year without considering days when observations are missing (more gaps in

ORS065 dataset), we find an average of 17 -27 MHWs days per year, consistent at both

sites (Fig. 2a).

The mean temperature anomaly is a maximum of 2.55 oC at 50 m depth at both sites,

decreasing to 1.8 oC towards the surface at ORS065 and towards the ocean floor at PH100

(2.1 oC at 100 m depth, Fig. 2b). The greatest temperature anomaly over all events was

5.7-6oC at depth at both sites. On average, MHWs lasted between 8-11 and 9-12 days

at PH100 and ORS065 respectively (Fig. 2c). However the variability was greater at

ORS065 (higher standard deviations) due to the longer time-series over which MHWs are

detected. The longest event at PH100 occurred in September 2015 for 24 days at 30 m

depth, with a previous event of a week just 4 days before. The event was identified over

the whole water column, but was of longer duration at the surface. Taking into account

times back to 1992 at ORS065, July 2001 was characterized by the longest event, lasting

more than a month at all depths, up to 52 days close to the bottom.
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3.2. Depth extent of MHWs

More than half of the MHW events identified at 20 m depth at ORS065 were also

observed at the deepest temperature record (53 m depth in water depth of 60-65m). At

PH100, only a third of the events occurring at 25 m were observed to reach the near

bottom (depths >85 m), due to the midshelf location and greater depth. These events

were longer than shallow events, with a mean duration of 16 days compared to 8 days at

20 m at ORS065, 9 days compared to 8 days at 25 m at PH100 (not shown). In addition,

the events spanned all seasons (Fig. 3a,d). However, the vertical profiles of temperature

show a more homogeneous water column during the deep events compared to the shallow

ones. Events constrained to the SML often correspond to temperature profiles marked by

an intense thermocline (dashed lines in Fig. 3a,d). This is confirmed when extracting a

stratification index (temperature difference between depths of 20 and 53 m at ORS065,

25 and 80 m at PH100) during each event identified at each depth (Fig. 3b,e). MHWs

at depth tend to occur when the stratification is weak. The mean stratification during

the deepest MHWs is 0.9 oC at ORS065 and 1.5 oC at PH100, compared to an average of

3.2oC and 5 oC during shallow events (Fig. 3b,e).

Since deep MHW events occur during weak stratification but are not seasonal (they also

occur during summer, Fig. 3a,d), we expect vertical mixing to drive the weak stratifica-

tion and enable MHWs to extend deeper than the SML. Figures 3c,f show the averaged

wind conditions during the MHWs, as well as during the onset or decline of the events.

In the region, wind direction is usually from the south [Rossi et al., 2014; Wood et al.,

2012], downwelling favorable, as shown by the negative averaged upwelling index (UI) over

the whole time period, shown as reference (black dots in Fig. 3c,f). We also calculate
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a composite UI during the events, i.e. we identify the upwelling index over the whole

event (average), and at their start and end (by depth) and create a composite UI from all

the events at every depth, from which we calculate the mean and standard deviation of

the UI. Fig. 3c,f show that the composite UI is more negative (indicating downwelling)

during MHWs, especially during the onset of the events. Moreover, the deeper MHWs

are associated with a more negative UI (indicated by the slope of the UI onset curve,

being more negative with depth). This suggests that local downwelling favorable winds

enhance vertical mixing and enable the warming of deeper waters, driving extreme tem-

perature anomalies. In contrast, wind conditions at the end of MHWs are weaker and

more upwelling-favorable than the reference, suggesting that upwelling can suppress the

warm water event. An example of the effect of wind forcing on the temperature anomaly

over time is presented in Fig. S1, showing strong upwelling winds before and after the

MHW, but downwelling-favorable wind stress at the onset of the event.

3.3. Variability of intensity

The intensity of MHWs is one of the key characteristics impacting the local marine

environment. Despite exhibiting high variability, there is a strong seasonal signal in

intensity of the warm temperature anomalies during the events (Fig. 4a,b). This is

consistent with the climatological annual cycle [Wood et al., 2016], with the greatest

intensities occurring in summer, in particular January-February, with a high variability

between events, ranging 1.6-4.9 oC. This contrasts with winter conditions (June-August),

when the greatest mean MHW intensity observed is < 2.3 oC.

Monthly composite values at each depth highlight the vertical variability of this sea-

sonal cycle. In contrast to the absolute temperature during MHWs (Fig. S2), the most
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pronounced seasonal cycle of their intensity (referred to the climatology) occurs at depth

rather than at the surface (Fig.4c,d). More precisely, MHWs occur at the greatest in-

tensities at depths of 30-70 m at both sites, with the warmest temperature anomalies

exceeding 4 oC on average in February (Fig.4c,d). This sub-surface maximum is located

just below the maximum variance of temperature (Fig. 4e,f), matching the location of

the thermocline. Because of the strong vertical gradient in temperature, when the water

mass above the thermocline is downwelled to greater depth, the temperature anomaly

is a maximum. Similarly, we expect cold events to be the most intense just above the

thermocline (not shown).

4. Discussion and conclusions

We have examined MHWs at two sites on the continental shelf of SE Australia using

long-term (7 years and 25 years) in situ temperature measurements down to 100 m deep,

based on a climatology spanning 1953-2016 and 1992-2016, respectively. We found that

MHWs below the surface occur all year long, with an average intensity of 1.8-2.5 oC and

duration of 8-12 days. For the first time to our knowledge, we show that MHWs regularly

extend to the bottom of the water column, and are driven by downwelling favorable winds

during periods of weak stratification. It should be noted that we find similar results when

focusing only on events longer than 10 days (compared to a threshold of 5 days defined

by Hobday et al. [2016], see Figs. 2b, 3c,f and 4a,b), but we expect large scale processes

(such as anomalous air-sea heat fluxes and ocean advection) to be a major driver of long

record events, in agreement with the findings of Chen et al. [2015]; Bond et al. [2015];

Benthuysen et al. [2014] in other regions.
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In addition to changes in regional oceanography (e.g. Oliver et al. [2014]), we show that

understanding how coastal wind forcing may change in the future is of great importance

for MHWs. Future projections along the SE coast of Australia suggest a decrease of down-

welling favorable winds (Sen Gupta et al. [2016], Fig S5). This might lead to shallower

MHWs, while local persistent upwelling [Loureno et al., 2016] or intrusive bottom uplift

[Benthuysen et al., 2016] could provide respite from ocean warming and new habitat for

some species.

Coastal margins are where a significant part of the global productivity occurs [Pomeroy ,

1974] thus this is where maximum ecosystem damage will occur due to the relative shallow

depths (< 200 m). The intensity of MHWs, or how much warmer the ocean is compared

to a seasonally-varying average, is of particular interest since most organisms have a

preferable temperature range and physiological thermal threshold [O’Connor et al., 2007].

We found that extreme temperature anomalies are greatest at the end of summer and

that the intensity of MHWs is greatest at depth, just below the maximum variance of

temperature (thermocline). This sub surface intensity maximum is in agreement with

previously observed heat damage to benthic species, such as coral, kelp and seagrass

[Poloczanska et al., 2007; Wernberg et al., 2013; Marzinelli et al., 2015; Thomson et al.,

2015]. In addition, we can expect an influence of these extreme temperature anomalies on

phytoplankton growth, as the deep chlorophyll-a maximum is often observed around the

depth of greatest MHW intensity (e.g. Schaeffer et al. [2016b]) and the time-scale required

for phytoplankton to double their size is of the same order as the duration of MHW events

(days, Denman et al. [2003]). While the direct effect of temperature on phytoplankton

productivity is still under debate, most studies agree on a significant thermal influence
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when no other factor is limiting (e.g. nutrients and light) [Huertas et al., 2011; Edwards

et al., 2016].

Our study highlights an urgent need for long-term sustainable sub-surface temperature

observations. While satellite SST is incontestably a very valuable tool for studying large

scale temperature extremes, we showed that the surface information does not represent

the deeper signature of MHWs. Some events even only occur at depth and would not

be detected using surface temperature time-series (e.g. Fig. S1). Moreover, gaps in

the spatial and temporal coverage (due to clouds) can lead to an underestimation of the

intensity and duration of the MHW events. For example it was shown that satellite SST

underestimated the peak of the massive coral bleaching that occurred in 2016 on the

Great Barrier Reef (Greg Steinberg, pers. com., February 2017). Understanding MHWs

is a necessary step for better management of our ecosystems [Johnson, 2014] and we show

that their depth extent also matters.

Finally, our findings emphasize the need to take into account regional dynamics in

coastal regions. While additonal long-term in situ observations are not available to explore

the spatial extent of deep MHWs, we expect the intensity of MHWs to be maximum in

summer below the surface in all seasonally-stratified oceans. We also show that local

wind stress, which is a major driver of coastal circulation in continental shelf and coastal

regions [Lentz , 2008; Gong and Glenn, 2010], should be taken into account to understand

the onset and decline of MHWs where upwelling-downwelling processes occur. Therefore

we believe our conclusions are relevant for coastal regions globally.
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Figure 1. Temperature measurements at ORS065 (a), PH100 (b). The inset shows the location

of the two sites, 25 km apart on the east coast of Australia at ∼34oS. A local map is available in

Roughan et al. [2015].
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Figure 2. Characteristics of MHW events over depth: a) mean MHW days per year (”no

gaps” refers to the mean calculated based only on days when data was available, for example

if 20 MHW days were detected over a year with only 200 days of good data, i.e. 10%, it is

equivalent to 36 MHW days over the year), b) mean intensity and maximum over all events,

c) mean duration. Shadings show the standard deviation over events. Dashed lines in b) show

means for longer events (>10 days).
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Figure 3. a,d) Vertical profile of temperature: mean and standard deviation over the whole time-
series (black line and shading) and instantaneous profile at the peak of each MHW event identified at
sub-surface (20 m at ORS065 and 25 m at PH100), colored by month (referred to austral summer and
winter). Dashed lines are overlaid by solid lines from the sub-surface until the maximum depth where
the MHW was identified. Bold lines show the events that reached the bottom boundary layers (within
15 m of the bottom). b,e) Mean stratification for every event identified at every depth, colored by
duration of the event. The black line shows the average over all events for each depth. c,f) Composite
of the upwelling index calculated from the wind stress during every event at every depth. Means and
standard deviations are computed from all MHW events, based on their start day (red), end day (yellow)
and whole duration (blue). Black dot and line at the top of the panel indicate the mean and standard
deviations over the whole time-series independent of MHWs. For all panels, first row is for ORS065 and
second for PH100 site. Dashed lines in c) and f) show composites for longer events (>10 days).
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Figure 4. Mean intensity of MHW events as a function of their start month at ORS065 (a)

and PH100 (b). Colors show the depth of the event, solid lines link the composite values for each

depth and month. Diamonds refer to long events (>10 days). Composite mean intensity during

MHWs binned by depth and month at ORS065 (c) and PH100 (d). White cells show depths and

months with no events. Temperature variance over the climatological period binned by depth

and months at ORS065 (e) and PH100 (f).
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