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Marine heatwaves (MHWs) are extreme ocean temperature events that can

have wide-ranging and pervasive e�ects on marine species and ecosystems.

However, studies of MHW characteristics and drivers primarily focus on

open-ocean environments, rather than the nearshore coastal ocean (<10 km

from coast, <50 m depth). This is despite coastal waters sustaining significant

commercial, recreational, and customary fisheries and aquaculture activities

that are highly susceptible to the impacts of MHWs. The two longest (>50 year)

daily in situ ocean temperature records in the Southern Hemisphere are used

to investigate the variability, drivers, and trends of MHWs in shallow water

marine ecosystems (SWMEs). Located at the northern and southern limits of

New Zealand, both locations experience an average of two to three MHWs

annually, with MHWs at the exposed coastline site generally being of longer

duration but less intense than those observed within the semi-enclosed harbor

site. Observed MHWs have timescales similar to synoptic weather systems

(9–13 days) and are most intense during Austral summer with little seasonality

in frequency or duration. An investigation of MHWs co-occurring in nearshore

coastal and o�shore waters suggests that MHWs in semi-enclosedwaters (e.g.,

harbors, estuaries) aremore closely coupled with local atmospheric conditions

and less likely to have a co-occurring o�shore MHW than those occurring on

exposed coastlines. Composite analysis using a reanalysis product elucidates

specific atmospheric drivers and suggests that atmospheric pressure systems,

wind speed and latent heat fluxes are important contributing factors to

the generation and decline of MHWs in SWMEs. Investigation of long-term

trends in MHW properties revealed an increase in MHW duration and annual

MHW days at the southern site and decrease in maximum intensity at the

northern site. This is consistent with broad-scale warming trends previously

documented at these coastal stations, with di�erences related to changes in

large-scale circulation patterns around New Zealand. Our results highlight the

importance of in situ data for the analysis of MHW events in the nearshore
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coastal ocean, and the role of local atmospheric forcing in modulating the

occurrence of MHWs in SWMEs, which can cause decoupling of temperature

dynamics with the surrounding shelf sea.

KEYWORDS

marine heatwave, extreme event, shallow water marine ecosystem, coastal

oceanography, New Zealand, estuary, harbor, ocean warming

1. Introduction

Marine heatwaves (MHWs) are a “prolonged discrete

anomalously warm water event,” where ocean temperatures are

well above normal for an extended period of time (Hobday et al.,

2016). The extreme ocean temperatures during these events

can have many negative ecological effects including declines in

marine species abundance and diversity, interruption of trophic

flows, disease outbreak, and species displacement (Morton,

2018; Salinger et al., 2019, 2020; Thomsen et al., 2019). At a

global scale, MHWs have increased in frequency, duration, and

intensity over the past century (Oliver et al., 2018a,b), with

these changes projected to continue over the twenty-first century

(Oliver et al., 2019). As a consequence, there is potential for

ecosystem impacts from individual MHW events to become

more frequent, far reaching and pervasive, which would have

a direct impact on ecosystem services (Smale et al., 2019) and

the blue economy (Techera and Winter, 2019). For countries

that already have, or plan to develop, a substantial coastal

marine aquaculture industry, there is strong motivation to

understand the mechanisms that generate MHWs and modulate

their properties in order to support seasonal MHW forecasts

(Jacox et al., 2022).

There is now an established global body of literature focused

on the drivers and dynamics of MHWs (Oliver et al., 2018a;

Elzahaby and Schaeffer, 2019; Holbrook et al., 2019; Jacox et al.,

2019; Amaya et al., 2020; Gupta et al., 2020; Elzahaby et al.,

2021; Perez et al., 2021). These studies document a diverse

range of local and large-scale ocean-atmosphere processes, as

well as geographic factors, that contribute to the generation and

evolution of MHWs (Holbrook et al., 2019). Key local processes

that can generate and control MHWs include advection of

heat by ocean currents and changes in air-sea heat fluxes,

while rates of vertical mixing of the upper ocean, which can

be suppressed by a reduction in local winds, can also play a

role. Large-scale drivers include the major modes of climate

variability (e.g., ENSO, SAM, PDO; Holbrook et al., 2019), along

with teleconnections through internal processes such as Rossby

waves that can lead to adjustment of the thermocline and heat

transport in ocean boundary currents (Li et al., 2020, 2022).

However, many recent studies of MHW drivers and trends

focus on the “open-ocean” (reviewed in Holbrook et al., 2019)

and utilize the OISSTv2 satellite product that, despite having

a spatial resolution of ∼28 km (0.25◦ lat-lon), has a coarser

effective spatial resolution due to the 100–200 km error in

the correlation scales used in the optimal interpolation scheme

(Banzon et al., 2016). These factors limit the applicability of

the widely used OISSTv2 products for studying the drivers

and dynamics of MHWs in coastal waters, as local variability

in temperature across features of the inner continental shelf,

including embayments, harbors, and estuaries, is likely to be

poorly resolved or may be aliased from variability over the wider

shelf (Schlegel et al., 2017b). This also highlights the need for

long-term in situ temperature data for assessing the drivers and

dynamics of MHWs in coastal waters (Schlegel et al., 2017b).

Local atmospheric forcing is known to play an important

role in the generation and evolution of MHWs in coastal waters.

For example, Schaeffer and Roughan (2017) demonstrate local

downwelling favorable winds can lead to extreme subsurface

temperature anomalies in coastal regions through mixing of

the water column and reducing local stratification. Work by

Schlegel et al. (2017a) using in situ coastal data records found

that the coastal MHWs detected were typically associated

with onshore or alongshore winds and anomalously high air

temperature, with direct atmospheric forcing of coastal MHWs

singled out as a driver that requires further investigation.

Local wind relaxation events in upwelling zones have also

recently been found to establish short-lived MHWs in coastal

regions (Pietri et al., 2021). Further, it is apparent that

the drivers of MHW occurrence can vary considerably with

distance from the coastline. For example, Schlegel et al. (2017b)

demonstrated that along the South African coast there is

often a decoupling of MHW occurrence between the coastal

and shelf waters, and that controls other than mesoscale

forcing were likely contributing to the coastal MHWs. This

highlights the need for closer consideration of the complex

local-scale processes that can modulate MHW properties and

event occurrence.

Research to date on MHWs in coastal waters has tended

to focus on the characteristics and dynamics of these events

on the mid- to inner-shelf (100–15 m depth; e.g., Pearce and

Feng, 2013; Schaeffer and Roughan, 2017; Manta et al., 2018;

Schlegel et al., 2021; Reyes et al., 2022) rather than shallow

water marine ecosystems (SWMEs, <15 m depth), such as
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rocky reefs, harbors, and estuarine environments. SWMEs are

important ecologically, economically, and culturally (Costanza

et al., 1997; Bennett et al., 2015; Martin et al., 2020) and act

as important feeding and breeding grounds for sessile and

mobile marine species (Thrush et al., 2013; Araújo et al.,

2016). Despite the ecological and societal importance of these

nearshore systems, the nature of MHWs in SWMEs remain

poorly understood, and we are aware of only one recent

study (Mazzini and Pianca, 2022) that investigated MHWs

in a large (11,601 km2) mid-latitude estuary bordering the

North Atlantic. In part, this gap exists due to the lack of

sufficient long-term coastal temperature data sets (Schlegel et al.,

2017b; Mazzini and Pianca, 2022; Tassone et al., 2022). A

consequence of this knowledge gap is that it also remains poorly

understood whether key drivers of MHWs identified in the

open-ocean (e.g., Holbrook et al., 2019) are equally important

for generating and controlling the evolution of MHWs in

SWMEs. SWMEs have the added complexity, compared to

the open-ocean, of typically being vertically mixed by wind,

wave and tidal energy (Simpson and Sharples, 2012) and

having increased sensitivity to changes in local atmospheric

conditions due to their limited water depth (Schlegel et al.,

2017b; Hu, 2021). Indeed, a recent study has emphasized

large-scale atmospheric forcing, through air-sea heat fluxes,

as likely being an important factor in generating estuarine

MHWs (Mazzini and Pianca, 2022). These factors may also

contribute toward a decoupling of extreme temperature events

in the nearshore from the offshore (Schlegel et al., 2017b). With

MHWs being the target of several theorized (Jacox et al., 2019),

experimental (Boschetti et al., 2021) and operational forecast

systems (Moana Project, 2021), an improved understanding

of the drivers and physical processes influencing MHWs in

SWMEs is timely and has important implications for the

continued improvement of these predictive tools (de Burgh-Day

et al., 2022).

To help fill these knowledge gaps, here we utilize two

of the longest (>50 year) daily in situ ocean temperature

(T) records from the Southern Hemisphere, to investigate the

characteristics of MHWs in SWMEs and to understand the

drivers and physical processes that control their evolution.

The data comes from two coastal stations, Leigh Marine

Laboratory (Leigh) and Portobello Marine Laboratory (PML),

located near the northern and southern extremes of New

Zealand (Figure 1). At these locations in situ T measurements

have been collected at 9 a.m. daily since 1967 (Leigh)

and 1953 (PML) (Shears and Bowen, 2017). The MHWs

detected in the coastal in situ T records are compared to

meteorological conditions from an atmospheric reanalysis

and to MHWs detected in the surrounding shelf seas in

a remotely sensed SST product, to determine the extent to

which their evolution is forced by, and coupled with, local

atmospheric and oceanic conditions. Key questions that we wish

to answer are:

• What are the mean, seasonal, and inter-annual

characteristics of MHWs at these two contrasting

shallow-water coastal stations?

• What contribution do local atmospheric and oceanic

processes play in controlling the evolution of MHWs at

these coastal stations?

• How have MHW characteristics at these coastal stations

changed over the last half-century?

The manuscript is structured as follows. Data sets and

analysis techniques are outlined in Section 2, with the MHW

characteristics and outcomes of our analyses presented in

Section 3. Relationships between MHWs and local atmospheric

and oceanic drivers, together with possible drivers of interannual

variability and long-term trends in MHW characteristics

are identified in Section 4. The Section 5 summarizes our

main findings.

2. Methods

2.1. Coastal in situ sea surface
temperature data

In this study, we use long-term daily sea surface temperature

(T) records from two New Zealand coastal stations: Leigh

Marine Laboratory (Leigh, 36◦16.12’S 174◦48.01’E) and

Portobello Marine Laboratory (PML, 45◦49.68’S 170◦38.39’E).

Sea temperature measurements at Leigh and PML have been

recorded daily at 9 a.m. since 1967 and 1953 respectively in

<2 m of water using manual thermometers and, in the case of

Leigh since 2011, using an automatic data logger (Bowen et al.,

2017; Shears and Bowen, 2017). The Leigh and PML stations

are located near the northern and southern extremes of New

Zealand, separated by 9◦ of latitude (Figure 1). Leigh is an

open coastal station based on the edge of an inner shelf rocky

reef located within the Hauraki Gulf on the northeast coast

of the North Island, New Zealand with typical water depths

between 10 and 25 m (Ballantine and Gordon, 1979). The

surrounding continental shelf is relatively broad with the shelf

break located 50–60 km offshore (Manighetti and Carter, 1999).

Circulation on the shelf is largely wind-forced but can also

experience occasional intrusions of subtropical water related to

the East Auckland Current (EAuC), a poleward flowing western

boundary current (WBC) that flows southward adjacent to the

region (Zeldis et al., 2004). PML is a coastal station situated

within the semi-enclosed Otago Harbor which has a mean depth

of 4.5 m and is located on the southeast coastline of the South

Island, New Zealand (Otago Regional Council and Dunedin

City Council, 1991). PML is located 8 km from the entrance and

25 km inshore of the continental shelf break (Gorman et al.,

2013). Circulation on the surrounding shelf is affected by an

equatorward flowing WBC, known locally as the Southland

Frontiers inClimate 03 frontiersin.org

https://doi.org/10.3389/fclim.2022.1012022
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Cook et al. 10.3389/fclim.2022.1012022

FIGURE 1

Map of New Zealand (A) and the two study sites (B,C) with local bathymetry displayed. The two study sites around Leigh Marine Laboratory

(Leigh) and Portobello Marine Laboratory (PML) are outlined in green in (A). Also displayed in red are the East Auckland Current (EAuC) and

Southland Current (SC). The coastal station at Leigh (B) and PML (C) are identified by a blue and red diamond, respectively. Contours are

displayed in (B,C) for the 100, 200, 500, and 1,000 m isobath.

Current (Sutton, 2003), which transports a combination of

warmer subtropical shelf-water and cooler offshore subantarctic

waters northeastward.

2.2. Satellite-derived sea surface
temperature product

This study also uses a satellite-derived sea surface

temperature (SST) product from the European Space Agency

Climate Change Initiative (hereafter CCI SST). This product

consists of daily 0.05◦ lat-lon SST fields spanning 1982–2020

from the ESA SST CCI and Copernicus Sentinel-3 (C3S)

analyses (Good et al., 2019). This is a reprocessed temperature

product that provides gap-free maps of daily average satellite

derived SST through an optimal interpolation procedure with

an effective spatial resolution of∼20 km (Merchant et al., 2019).

2.3. QA/QC and gap filling of in situ

temperature datasets

Since 2011 the Leigh in situ temperature data has been

sampled ∼200 m from the original sampling site but still at

9 a.m. local time. The sampling also changed from manual

thermometer readings to an automated data logger (Nick Shears,

pers. comm, 2021). Comparisons were made at the time of

the changeover (2011) to ensure consistency in observations

but despite best efforts, these data have not been recoverable.

Therefore, we have also compared three 9-year periods of

satellite-derived SST (ESA CCI) and in situ T observations to see

if there has been any bias introduced into the time series due to a

change in observational method (Supplementary Figure 1). We

found no significant change in the difference between in situ T

and satellite-derived SST observed during the first two periods

(1992–2000: mean = −0.29◦C, σ = 0.521◦C and 2002–2010:

mean = −0.32◦C, σ = 0.45◦C) prior to the change in sampling,

and a third period (2012–2020: mean = −0.30◦C, σ = 0.38◦C)

after this change.

For the most part the two in situ timeseries are largely

complete, with 2.51 and 1.91% of values in the Leigh and

PML datasets missing, respectively. The gaps that do exist in

both datasets are generally on the scale of ≤ 6 days; however,

the largest gap is 159 days (Supplementary Figure 2). These

gaps were filled using a combination of two methods. Firstly,

linear interpolation was used to fill short gaps (≤10 days) in

the record. Secondly, the CCI SST data were used to fill the

longer gaps (3 at Leigh, 6 at PML, >10 days). CCI SST data

were obtained for a 1.5◦ × 1.5◦ box around each site, then a

spatial decorrelation was performed between the in situ T and

remotely sensed CCI SST data for each grid cell. The grid cell

that maximized R and was >15 km from the coast was selected

at each site. When comparing the in situ and remotely sensed

data, there is a seasonally-varying difference with the shallow

study sites generally cooler (warmer) than the nearby coastal

ocean during winter (summer). This difference likely arises

due to differences in water column depth. To account for this

difference, a seasonally-varying offset term was also used. This

term was obtained by creating a climatology of the difference

between the in situ and satellite SST estimates for each day of

year (doy) over the period 1982–2010 and then smoothing this

with a 31 day moving window. The following expression was

then used for infilling the in situ data:

Tin situ(t) = SSToffshore(t)+ OFFSETclim(doy) (1)

where Tin situ is the estimated missing in situ T-

value, SSToffshore(t) is the offshore satellite SST value and
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FIGURE 2

A detected event from the PML record showing the sea temperature climatology (blue), threshold (green), and temperature (black). The event is

highlighted in red with the three MHW phases (pre-conditioning, onset, and decline) illustrated in black.

OFFSETclim(doy) is the offset term to account for the difference

between the coastal in situ T and satellite-derived SST

estimates.

2.4. Detection and characterization of
events

Here we define MHWs following Hobday et al. (2016), as

a period when water temperatures are greater than the 90th

percentile of a seasonally-varying climatology for a period of

at least 5 days. The climatology is calculated over the 29-year

period 1982–2010. AlthoughWMOguidelines for climatological

standard normals recommend a 30-year climatology (World

Meteorological Organization, 2017), we elected to use 1982–

2010 as it is one year short of the recommended record

length and a number of recent studies have used similar

or identical periods (Golubeva et al., 2021; Kajtar et al.,

2021). MHWs were detected in the in situ T and CCI SST

data using a MATLAB implementation of the Hobday et al.

(2016) definition (Zhao and Marin, 2019). MHWs detected

using in situ data uses a climatology based on the in situ

data. Similarly, MHWs detected using remotely sensed data

uses a climatology based on the remotely sensed data. From

this we obtain several metrics to describe the characteristics,

variability and trends ofMHWs at the coastal stations (Figure 2).

Event metrics include several intensities (mean, maximum, and

cumulative) and duration. From these metrics, events have

also been categorized according to their severity S defined by

Hobday et al. (2018) as:

S =
Tpeak − Tclim

doy

T
p90
doy

− Tclim
doy

(2)

where Tpeak is the maximum MHW intensity, Tclim
doy

is the

climatological T-value for doy and T
p90
doy

is the 90th percentile

climatological T-value for doy. There are four MHW categories:

weak (1 ≤ S < 2), moderate (2 ≤ S < 3), strong

(3 ≤ S < 4), and extreme (4 ≤ S; Hobday et al.,

2018).

Following Oliver et al. (2018a) and Behrens et al. (2022),

time series of MHW metrics at the coastal stations were

annualized by taking the mean value of the metric for each event

in a calendar year. This step is necessary to meet the constraints

of statistical tests used for trend analysis (see Section 2.7) and

provides the annual frequency of MHWs and the total number

of MHW days per year.

2.5. Assessing co-occurrence of MHWs at
coastal stations and the surrounding shelf

An investigation into the co-occurrence of MHWs detected

at the in situ coastal stations and those occurring in the

surrounding shelf waters was performed following Schlegel et al.

(2017b), in order to better understand the coupling between

extreme temperature events in nearshore coastal waters (<15

m) compared to offshore waters. To do so, we compared the

in situ data with CCI SST data over the continental shelf

offshore of the Leigh and Portobello Marine Laboratories.

MHWs were detected using the same methods described above

over the period 1982–2020 within 0.05◦ oceanic grid cells over a

1.5◦ × 1.5◦ region surrounding each coastal station (Figure 1).

Co-occurrence is defined as any overlap in time between events

detected at a coastal station and at an offshore analysis grid cell.

To find the proportion of co-occurring events, the number of

coastal station MHWs with a co-occurring offshore MHW was

divided by the total number of MHWs detected at the coastal
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station. For MHWs that were found to co-occur between the

coastal station and offshore grid cells, the mean lag or lead in

days between the start of the nearshore and offshore MHW at

each CCI grid cell was determined. Lags were only calculated

between nearshore events and the first co-occurring offshore

MHW. For example, if a nearshore MHW co-occurred with

two offshore MHWs, only the lag/lead between the nearshore

and first of the two offshore MHWs was calculated. Likewise, if

an offshore event co-occurred with two nearshore events, only

the lag/lead between the offshore and first of the two nearshore

MHWs was calculated. Here, a positive lag value indicates

that the nearshore event lags the offshore event, whereas a

negative lag indicates the nearshore event leads the offshore

event. We calculated 95% confidence intervals on the lag/lead

values at each CCI grid cell using a bias corrected and accelerated

percentile method (DiCiccio and Efron, 1996) as implemented

in MATLAB 2021a, with cases where the confidence intervals on

the lag/lead overlapped with zero considered non-significant.

2.6. Local atmospheric drivers

To investigate the importance of local atmospheric forcing

and mechanisms during the generation and decline of MHWs at

the two coastal stations, we follow the approach of Gupta et al.

(2020) and examine anomalies of wind speed (10 m), total cloud

cover, air temperature (2 m), mean sea level pressure (MSLP),

net short wave radiation (SWR), net long wave (LWR) radiation,

sensible (SEN) and latent (LAT) heat fluxes. These sum to net

air-sea heat flux, NET = SWR + LWR + SEN + LAT.

We use data from the ERA5 atmospheric reanalysis

(Hersbach et al., 2020), which was chosen as it spans the

duration of both the Leigh and PML records (1953–present),

has relatively high spatio-temporal resolution (hourly outputs

at 0.25◦) compared to several other atmospheric reanalysis of

similar temporal span such as NCEP/DOE reanalyses (Kalnay

et al., 1996; Kanamitsu et al., 2002) or JRA-55 (Kobayashi et al.,

2015), and has been used in other recent studies of MHW

drivers in the coastal zone (Karnauskas, 2020; Schlegel et al.,

2021). Data were extracted for the nearest ERA5 grid cell to

each coastal station that did not intersect with land, which

were Leigh: 174◦45’E, 36◦0’S and PML: 170◦45’E, 45◦30’S. Grid

cells not intersecting with land were chosen as we are studying

turbulent heat exchanges over water which are not meaningfully

represented in land-based grid cells. Prior to analysis, six-hourly

values [12 a.m., 6 a.m., 12 p.m., and 6 p.m. local standard time

(NZST)] for each variable were obtained for the period spanning

1953–2020 then averaged to obtain daily time series. Daily

anomaly time series were calculated by subtracting from the

daily mean of each variable from the 30-year daily climatology

spanning the period 1982–2010. Climatologies were computed

from the mean value of each variable for each day of the

year and then applying a 31 day moving window average to

smooth the resulting climatology. It should be noted that the

sign convention for fluxes is positive toward the ocean surface

so an anomalously positive value corresponds to the flux being

anomalously high in the downwards direction. The anomaly

time series were averaged over the pre-conditioning (7 days pre-

event), onset and decline phase (Figure 2) of MHWs at each

coastal station and then normalized by dividing by the standard

deviation of the relevant property (Gupta et al., 2020).

2.7. Quantification of MHW trends

Analysing long-term trends in MHW metrics presents

several challenges due to their non-parametric nature. For

example, the frequency of events can be highly sporadic with

several events occurring in one given year and an absence of

events in another, sometimes for several years at a time. There

is also the challenge of the metrics studied not being normally

distributed andMHWduration has, by definition, a lower bound

of 5 days. All of the intensities (max, mean, and cumulative)

are non-zero bounded as they are either bounded by the 90th

percentile climatology values (max and mean) or a multiple

of duration that is bounded at 5 days (cumulative). Therefore,

standard approaches such as linear regression are not suitable, as

assumptions of these tests are not satisfied (Poole and O’Farrell,

1971; Oliver et al., 2018a).

Long-term trends in MHW metrics were assessed using a

two-sample Kolmogorov-Smirnov (K-S) test. This approach was

selected as it makes few assumptions about the distribution of

the data analyzed (Massey, 1951) and has been recently applied

in global and regional analyses of trends in MHWs (e.g., Oliver

et al., 2018a,b; Behrens et al., 2022). The two-sample K-S test

evaluates the difference between the continuous distribution

functions of two sample distributions and allows for data that

is not normally distributed. In this study, samples from the

two periods 1967–1986 and 2001–2020 were compared for six

annualized MHW metrics: duration, MHW days, frequency

and the maximum, mean, and cumulative intensity. These

windows were chosen to capture the first and last 20 years of

the concurrent in situ records from Leigh and PML. An α-

value of <0.05 was used to identify significant differences in

MHWmetrics between the two time windows. This analysis was

performed on the annualized time series of MHW metrics, as

well as four seasonal subsets, representing Austral spring (SON),

summer (DJF), autumn (MAM), and winter (JJA).

3. Results

3.1. Detected MHW events and their
metrics

There were 132 MHW events detected at Leigh (1967–

2020) and 152 at PML (1953–2020), with 134 of the PML

events occurring during the same time period (1967–2020) as
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FIGURE 3

Sea surface temperature (black) at Leigh and PML with climatology (blue), 90th percentile climatology (green) and detected MHW events (red

highlight). Cumulative total of MHW events is displayed below both time-series with detected events illustrated as red vertical lines. Figures were

produced using code modified from Zhao and Marin (2019).
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TABLE 1 Summary MHW statistics for Leigh and PML including the duration, maximum intensity (imax), mean intensity (imean), cumulative intensity

(icum), and severity.

Site Statistic Duration imax imean icum Severity

Leigh

Maximum 65 3.45 2.29 111.28 3.15

Mean 12.96 1.81 1.43 19.62 1.75

Median 7.5 1.70 1.39 10.29 1.63

Minimum 5 0.94 0.87 5.13 1.08

Std. dev. 12.02 0.52 0.31 21.29 0.39

PML

Maximum 40 5.63 3.73 98.33 3.53

Mean 8.65 2.49 1.98 17.41 1.81

Median 7 2.40 1.94 13.71 1.73

Minimum 5 1.35 1.14 6.31 1.21

Std. dev. 5.22 0.71 0.48 13.02 0.40

TABLE 2 Count of detected MHW events at Leigh and PML which are

sorted by severity of event, where severity is defined by Hobday et al.

(2018).

Number of events in each category

Site Moderate Strong Severe Extreme

Leigh 100 31 1 0

PML 117 33 2 0

the Leigh T record (Figure 3). Summary statistics of all events

at each location are provided in Table 1. Leigh experienced an

average of 2.44 events annually, with 18 of the 54 years analyzed

having zero events and 1999 alone experiencing 10 events.

Events had a mean duration of 12.96 days, with the longest

event spanning 65 days. On average, Leigh was in a MHW

state for 32 days each year, with 1999 experiencing 197 MHW

days. PML experienced a similar number of events annually,

with an average of 2.24 events per year. Similar to Leigh,

the most events experienced in 1 year was 10 events, which

occurred in 2018. Over the 68 year timeseries at PML, 16

years had no MHW events. PML events had a mean duration

of 8.65 days and the average number of annual MHW days

was 22 days, with waters in 2018 experiencing 91 days in a

MHW state.

MHWs at Leigh are characterized as longer in duration but

are generally of weaker intensity than those at PML (Section

2.4, Table 2). At Leigh, the average maximum intensity of

events was 1.81◦C and the strongest MHW detected had a

maximum intensity of 3.45◦C. The average mean intensity

of events was 1.43◦C and the average cumulative intensity

was 19.62◦C days. At PML the average maximum intensity of

events was 2.49◦C, with the strongest MHW detected having

a maximum intensity of 5.63◦C. The average mean intensity

of events was 1.98◦C and the average cumulative intensity was

17.41◦C days. Leigh and PML experience a comparable number

of moderate and strong MHWs and there are three severe

MHWs detected, one at Leigh in early 1974 and two at PML

during mid-1980 and late 2017. Neither site experienced an

extreme MHW.

There was some seasonality in occurrence (Figures 4a,g),

with MHWs occurring slightly more frequently (28–32%)

during the summer than winter (18–22%). There was clearer

seasonality in both maximum and mean intensities of MHWs

for both locations, with more intense MHWs occurring during

Austral summer (Figures 4c,d,i,j). There was no clear seasonality

in the duration, cumulative intensity or severity of events for

either location (Figures 4b,e,f,h,k,l). Of interest, the longest

MHW recorded at PML, which lasted 40-days, occurred in the

middle of Austral winter 2013.

3.2. Interannual variability and trends

There is clear interannual variability in the occurrence and

characteristics of MHWs at both coastal stations (Figure 5).

Both locations experienced high MHW prevalence (≥7 events)

during 1971, 1999, and 2019. Leigh also experienced a high

number of MHWs in 1970, 1973, and 1978, whereas PML

experienced a high number of MHWs in 2017. Both locations

experienced only one MHW during the 4-year periods of 1964–

1967 and 1991–1994. MHWs that occurred at Leigh during

1972, 1974, and 2016 stand out as having a much longer mean

duration than over events observed at this location, as do events

at PML during 1974 and 2013. At both coastal stations, the

number of MHW days per year peaks in the early 1970’s,

2000s, and late 2010’s. It is also apparent that this interannual

variability in MHW frequency and number of MHW days

per year follows the interannual SST variability at both sites

(Figures 5a,h), with years of a greater MHW frequency or days

tending to coincide with the “warm” years (Figure 5, highlighted

by gray bars).

Our assessment also reveals contrasting trends in MHW

metrics at the two coastal stations over the period 1967–

1986 and 2001–2020 (Figure 5, Table 3). There has been a

Frontiers inClimate 08 frontiersin.org

https://doi.org/10.3389/fclim.2022.1012022
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Cook et al. 10.3389/fclim.2022.1012022

FIGURE 4

MHW metrics from detected events at Leigh (a–f) and PML (g–l) sorted by month. (a,g) Are histograms of event numbers for each month with

box plots (b–f,h–l) of event duration, intensities (mean, maximum, and cumulative) and severity also displayed. Seasonality in mean (c,i) and

maximum (d,j) intensity is observed but no clear patterns are observed for duration (b,h), cumulative intensity (e,k), and severity (f,l).
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FIGURE 5

Annual mean sea temperature at Leigh (a) and PML (h) along with annualized MHW metrics of event frequency, duration, number of MHW days,

and intensities (maximum, mean, and cumulative) of MHW events at Leigh (b–g) and PML (i–n). Red lines highlight the two time slices used for

Kolmogorov-Smirnov tests and the mean value for each of the two periods. Periods of increased MHW frequency and days which coincide with

“warm” years are highlighted with gray bars. Significant results are in bold.

reduction in the frequency of MHWs at Leigh (Figure 5b)

and an increase in frequency at PML (Figure 5h), although

neither change is statistically significant (p < 0.05). A

negative trend in MHW intensity is observed at both sites.

Leigh had a significant decrease in maximum intensity

(−0.40◦C, Figure 5d) and a non-significant decrease in

both mean intensity and cumulative intensity (Figures 5e,f).

PML had significant increases in both the annual mean

duration of events (+1.26 days) and number of MHW days

(+19.54 days, Figures 5h,i). This coastal station also experienced

a non-significant decrease in maximum and mean intensity

(Figures 5j,k).

An examination of long-term trends computed from

seasonal subsets of these data yielded two significant changes;

a decrease in maximum intensity at Leigh during spring

(−0.31◦C) and decrease in the number of summer MHW days

at PML (−4.57 days, Table 3). While not significant, both sites

had almost exclusively negative trends in maximum and mean

intensity as well as positive trends in frequency and duration of

events across all seasons.
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TABLE 3 Trends in annual MHW statistics at Leigh and PML (significant trends in bold).

Change in MHWmetric

Site Season Frequency Duration MHW days imax imean icum

Leigh

Annual 0.10 0.18 −7.86 −0.41 −0.19 −2.86

Summer 0.15 −5.07 −11.68 −0.43 −0.20 −13.91

Autumn 0.15 4.01 7.10 −0.24 −0.11 4.01

Winter 0.15 4.86 5.34 −0.26 −0.15 4.07

Spring −0.35 2.57 −2.34 −0.35 −0.16 3.90

PML

Annual 1.65 1.26 19.54 −0.25 −0.21 0.14

Summer 0.05 −3.68 −4.57 −0.15 −0.07 −9.93

Autumn 0.65 1.35 5.23 −0.01 0.03 2.77

Winter 0.55 6.12 7.41 −0.03 −0.06 8.72

Spring 0.40 0.45 2.32 −0.16 −0.17 0.18

These trends have been evaluated for annualized metrics over the whole year and for seasonal subsets (summer, autumn, winter, and spring). Metrics including duration, maximum

intensity (imax), mean intensity (imean), and cumulative intensity (icum).

3.3. Co-occurrence of coastal and
o�shore MHWs

Recent work has highlighted that there can be a decoupling

of events in the nearshore and offshore (Schlegel et al., 2017b),

which motivated our investigation of co-occurrence at the two

study sites and the shelf surrounding them. There is a relatively

high co-occurrence ratio (0.65–0.73) over the coastal and shelf

waters surrounding the relatively exposed coastal station at

Leigh (Figure 6a). The co-occurrence ratio decreases to ∼0.45–

0.50 at a distance of 60 km northeast and offshore of Leigh,

with this rate of decrease appearing to be stronger in the cross-

shore compared to the along-shore direction. Across the whole

study site, the mean lag between all co-occurring events was

−0.34 days [95% CI: −0.39, −0.29]. On the shelf around Leigh

there are mean lags of ±2 days between co-occurring events;

however, at the majority (93%) of CCI SST grid cells the lags

were not significant (Figure 6c), indicating that MHWs at this

coastal station generally develop simultaneously with those over

the inner- to mid-shelf.

At PML, co-occurrence ratios between MHWs at the harbor

site and the surrounding shelf waters are considerably lower

than at Leigh, with ratios falling from 0.55 to 0.65 in the coastal

waters to well below 0.35 as distance offshore increases. There

is a prominent difference in the decline in co-occurrence ratios

in the along-shore and cross-shore directions. Co-occurrence

ratios decrease rapidly in the cross-shore direction to 0.25–

0.3 over a distance of ∼30 km, whilst ratios in the along-

shore remain at 0.4–0.5 over the same distance (Figure 6C). For

all co-occurring events in the study area, the mean lag time

was −0.52 days [95% CI: −0.56, −0.48]. The lag-lead between

nearshore and offshore MHWs was found to be non-significant

for 78% of the grid cells examined over the shelf surrounding

PML (Figure 6D); however, some significant results are present

in waters southwest of the Otago Peninsula (170.7 E, −45.8 S),

with MHWs in the harbor at PML generally leading offshore

events by 1–2 days.

3.4. Local atmospheric drivers

We examined the influence of local atmospheric drivers,

including the impact of atmospheric pressure systems, wind

speeds, air-sea heat fluxes, and atmospheric temperatures, on

the evolution of MHWs detected at Leigh and PML (Figure 7),

following the approach of Gupta et al. (2020). To assist with

interpretation, mean monthly values of atmospheric variables

have been presented in Supplementary Figure 3. Generally,

Leigh experiences increased wind speeds during winter and both

study sites show little seasonality in air pressure or long-wave

radiation fluxes. Both locations experience greater insolation

and higher air temperatures during summer months with PML

having reduced latent and sensible heat loss during winter. It

was found that the pre-conditioning phase of MHWs at Leigh

and PML are associated with anomalously high mean sea level

pressure (MSLP), reduced cloud cover, reduced wind speeds,

enhanced downwards shortwave radiation, reduced upward

longwave radiation, reduced sensible and latent heat loss and

elevated air temperature (Figures 7a,d). Of these atmospheric

variables, air temperatures, wind speed, and atmospheric

pressure were the most anomalous during the pre-conditioning

phase. During the onset phase of MHWs at both locations,

there is a tendency for these anomalies to be sustained or

intensify, with increases in air temperature and a reduction

in latent heat loss being the most apparent (Figures 7b,e).

During the decline phase, there was a marked change

toward anomalously low MSLP at both stations (Figures 7c,f).

Anomalies observed in other atmospheric variables generally

decreased in magnitude relative to those observed during the

onset phase, although at both Leigh and PML, wind speeds
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A C

B D

FIGURE 6

Maps of MHW co-occurrence ratios (fraction of MHWs at study site that a co-occurring MHW at coastal grid cell) between MHWs detected at

coastal stations and MHWs at grid cells in the coastal ocean for (A) Leigh and (B) PML. The significant mean lag between MHWs detected at the

coastal stations and in the coastal ocean are shown in (C,D). Blue (red) indicates that for co-occurring events, MHWs in the harbor precede

(follow) events in the coastal ocean. Also shown is the regional bathymetry with the coastal stations located at the blue (Leigh) and red (PML)

diamonds on the maps.

remained anomalously low and air temperatures anomalously

high during the MHW decline phase. To assess the sensitivity

of these results to variations in MHW duration and severity,

the above analysis was repeated considering (i) MHWs that

had a duration of 14 days or less (Supplementary Figure 4),

(ii) events that had a duration longer than 14 days in

duration (Supplementary Figure 5), and (iii) for the ten most

severe MHWs at both sites (Supplementary Figure 6). The

general pattern and magnitude of atmospheric anomalies

for all MHW phases at both study sites were markedly

similar when comparing between events grouped by duration

and severity and all events at each site (Figure 7), with

atmospheric anomalies showing some intensification when

considering MHWs longer than 14 days and the most

severe events.

4. Discussion

We have investigated MHWs detected in two SWMEs

around New Zealand using multi-decadal (54 and 68 years)

daily, in situ ocean temperature measurements, the longest

of their kind in the Southern Hemisphere. We found that

most MHWs in the SWMEs were associated with anomalously

high atmospheric pressure and low wind speeds, together with

increased shortwave heat flux and reduced turbulent heat loss.
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FIGURE 7

Notched box and whisker plots of normalized atmospheric anomalies averaged over the specified phase for each MHW detected at Leigh and

PML. The pre-conditioning phase (A,D) is 7 days before the start of a MHW, onset (B,E) is from the start of the event to the peak intensity date,

and decline (C,F) is from the peak intensity date to end of event. Outliers are shown as red crosses.

This is in agreement with the findings of Holbrook et al. (2019),

Gupta et al. (2020), and Schlegel et al. (2021) based on MHWs

detected in open-ocean and shelf-sea regions. However, we also

show that MHWs in the SWMEs can occur in the absence

of extreme events detected in satellite-derived SST products

in the surrounding shelf-sea, emphasizing the importance of

in situ temperature measurements for investigating MHWs in

SWMEs.

4.1. Characteristics and seasonality of
MHWs in SWMEs

We found that MHWs observed in the harbor environment

(PML) generally have a higher mean and maximum intensity

than those at the open coast site (Leigh; Table 1). Part of the

reason for this difference is that the harbor site experiences

considerably higher mean annual day-to-day temperature
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variability (σ = 0.568◦C) than the open coast (σ = 0.361◦C).

A consequence of the enhanced magnitude of temperature

variability is that a larger temperature anomaly will be required

at the harbor site to exceed the 90th percentile of previous

temperatures at the location and “trigger” a MHW event based

on the Hobday et al. (2016) MHW definition. The elevated

mean and maximum intensity of MHWs at the harbor site are

also likely to be attributable to the relatively shallow nature of

the surrounding water body that would facilitate a faster and

stronger response to atmospheric conditions (Panin and Foken,

2005; Deser et al., 2010). The harbor that encloses the PML

site has a mean depth of 4.5 m (Otago Regional Council and

Dunedin City Council, 1991), whilst waters surrounding Leigh

are typically between 15 and 25 m (Ballantine and Gordon,

1979). As a consequence, the shallower waters in the harbor

at PML would be expected to warm and cool more strongly

if subjected to the same amount of radiative heat gain/loss as

those at the open-coast site at Leigh. An increased sensitivity

of harbor T to the overlying atmosphere compared to the open

coastal site may also help explain why MHWs are generally

of shorter duration (8.65 days) in the harbor than those at

the Leigh (12.96 days), with MHWs potentially being set up

and shut down more rapidly by synoptic weather patterns

(Rodrigues et al., 2019). The weekly to fortnightly MHW

duration timescale observed here, together with the mean and

maximum intensities observed in this study, provide realistic

boundary conditions for laboratory experiments investigating

the impact of MHWs on a range of coastal marine animals

and plants (Pegado et al., 2020; He et al., 2021; Strano et al.,

2022). However, it should be noted that although the mean

duration of events is on the fortnightly timescale, back-to-

back MHWs can occur and cause heat stress on organisms

for longer than this timescale (for example, a 10 day MHW

followed by a few days respite, then a 20 day MHW immediately

after giving near-continuous 30 days of heat stress; Figure 3).

This result could be considered in future experimental designs

investigating effects of MHWs on organisms and could be done

by simulating repeated MHWs with some respite periods over

a month or more, similar to He et al. (2021) and Zhao et al.

(2022).

Also of interest is the relatively low number of severe (3 ≤

S < 4) and lack of extreme (4 ≤ S) MHWs detected in the

timeseries from both sites. Several studies have cataloged the

most extreme MHW events detected (Holbrook et al., 2020) or

performed case studies of individual events (Salinger et al., 2020;

Wei et al., 2021) but few investigate the number of events by

category on a broad scale. A recent cataloge of MHW events

around Australia and the Tasman Sea found that a large portion

of the Tasman Sea, isolated parts of the eastern Indian Ocean

and, importantly, the coastal ocean along the Great Australian

Bight experienced, on average, at least one severe MHW day per

year and between zero to one extreme MHW days per year for

2001–2020 (Kajtar et al., 2021). Although no count of events by

category at each location was provided, the results of Kajtar et al.

(2021) show that some areas had upward of four years and as

many as 10 years with at least one severe MHW day. This is in

stark contrast to the present study, where we found only one

severe event at Leigh and two severe events at PML in records

that extend over more than 50 years. A possible explanation

is that due to the shallow nature of the two sites studied they

are less effective heat reservoirs than the open ocean and heat

usually dissipates through evaporative heat transfer too quickly

before the severe MHW threshold is met (Panin and Foken,

2005). This means thatMHW “remergence” is not likely to occur

(as has been observed in large scale, multi-season events, e.g.,

Di Lorenzo and Mantua, 2016) and that there is little hysteresis

in the system e.g between discreet events, seasons, and years.

Alternatively, the temperature anomaly required to categorize a

MHW as extreme is relatively high for both sites. At no point

is the temperature anomaly greater than the 5.6◦C (Leigh) or

7.1◦C (PML) anomaly which classifies extremeMHWs (Hobday

et al., 2018) at these sites. The Gupta et al. (2020) global analysis

of the most extreme events found that ∼1% (6%) of the most

extreme event detected at each grid cells globally achieved a

SST anomaly of 7◦C (5◦C), helping to explain why both the

harbor and open coast sites would experience few to no extreme

MHWs.

MHWs detected at Leigh and PML both show marked

seasonality in the mean and maximum intensity of MHWs, as

well as the monthly frequency of events (Figure 4), whilst other

MHW metrics (duration, cumulative intensity, and severity)

show no clear seasonality. This is somewhat consistent with

previous work that has strong seasonality in MHW properties

in the open-ocean (Oliver et al., 2018b; Gupta et al., 2020).

Recent work by Gupta et al. (2020) found that MHWs tended to

have greater maximum intensity, and severity, during summer

months, suggesting this was likely due to shallow mixed layer

depths, which allows for greater temperature increases for a

set amount of heat input (Elzahaby et al., 2022). A seasonally

varying mixed layer depth may not necessarily explain the

seasonality in MHW intensity observed in the present study, as

both locations considered in this study are SWMEs (≤15 m),

it seems reasonable to assume they are relatively well mixed

across all seasons by tides, wind, and waves (Simpson and

Sharples, 2012), with the mixed-layer depth set by the water

column depth. An alternative explanation for this seasonality in

MHW metrics is the seasonality in the magnitude of anomalies

in atmospheric variables such as air-sea heat fluxes (Liu et al.,

2011) and wind speed (Bell and Goring, 1998) that are discussed

in Section 4.2. The longest MHW detected at PML occurred

in the middle of Austral winter 2013. This is of interest as

although winter MHW events generally have a lower absolute

T-value than those in summer, winter events can still negatively

affect SWMEs (Atkinson et al., 2020) and the impacts of

long-duration events such as this during winter are not well

understood.
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4.2. Role of local atmospheric processes
in generating MHWs in SWMEs

The large number of MHWs detected in daily T records

from two SWMEs allowed us to explore the extent of their

coupling with MHWs occurring in the surrounding shelf-sea,

which is important for understanding both their drivers and

the potential applicability of MHW monitoring and prediction

systems (Jacox et al., 2019; Boschetti et al., 2021). Consistent with

a previous analysis of coastal MHWs (Schlegel et al., 2017b),

not all of the MHWs identified at the open-coast or harbor

site were associated with MHW conditions in the surrounding

shelf-sea.

We found MHWs at the exposed coastal site at Leigh

(Figure 1) often co-occurred with MHWs in the surrounding

Hauraki Gulf, which spans 4,000 km2, with co-occurrence rates

of 65–73% depending on location over the shelf (Figure 6a).

A recent study (Mazzini and Pianca, 2022) of MHWs in a

large, mid-latitude estuary has reported similarly high rates of

MHW co-occurrence across an area of 12,000 km2, suggesting

that MHWs often develop simultaneously throughout semi-

enclosed coastal water bodies. The fact MHWs were often

not limited to the coastal site at Leigh also emphasizes the

potential applicability of real-time MHW monitoring at this

location for the wider Hauraki Gulf in general (O’Callaghan

et al., 2019). Whilst we found the average lag-lead time

(±2 days) between co-occurring events was relatively short,

the majority (92%) of the lag-leads tested were not significant

(Figure 6c). This is also consistent with the recent study of

estuarine MHWs by Mazzini and Pianca (2022), with the high

rate of co-occurrence and non-significant lags suggestive that

MHWs across the Hauraki Gulf are more closely associated

with local air-sea heat fluxes rather than local oceanic heat

advection (Mazzini and Pianca, 2022). Indeed, advective MHWs

would be anticipated to affect the mid-shelf of the Hauraki

Gulf several days or more prior to impacting T at the

coastal station, with 5–10 days being the observed transport

timescale for subtropical water from the shelf edge to the

inner-Hauraki Gulf (Sharples, 1997). On the other hand,

MHWs more closely associated with local air-sea heat fluxes

(Schlegel et al., 2021) and/or reduced wind-driven vertical

mixing (Gao et al., 2020) would be expected to occur near-

simultaneously over a broad (100s km) region, consistent with

the patterns observed here, within part of a shelf sea, and as also

recently highlighted in a large estuary by Mazzini and Pianca

(2022).

In contrast to the exposed coast site (Leigh), MHWs detected

in the semi-enclosed harbor (PML) appear to be more strongly

decoupled from MHWs occurring in the surrounding shelf-sea,

with rates of MHWs co-occurring in the harbor and mid- to

inner-shelf (<100 m) lying between 55 and 65% (Figure 6b).

The absence of an offshore MHW in ∼40% of the MHWS

detected at this location highlights a key role likely played

by local atmospheric forcing in generating MHWs in semi-

enclosed harbors. Also notable is that the remaining 55%

of MHWs at this location, which occurred in the presence

of an offshore MHW, led MHWs in the surrounding shelf

sea by a significant margin of 1–2 days. The observation

that the harbor environment typically responds first to the

conditions generating the MHW provides further evidence that

atmospheric forcing is an important contributing factor for

MHW generation at this location. Indeed, a relatively shallow,

well-mixed harbor would be expected to respond more rapidly

to atmospheric conditions (air-sea heat flux, wind events, etc.;

Jacobs et al., 1997; Deser et al., 2010) that are known to generate

MHWs in coastal water (Schlegel et al., 2017b) compared to

deeper, seasonally-stratified waters over the shelf. The relatively

short average duration (9–13 days; Table 1) ofMHWs at both the

exposed coast and harbor sites is also notable, as it aligns more

closely with the approximately weekly timescales associated

with synoptic scale weather features (Wallace and Hobbs, 2006)

rather than the 70–100 day timescales associated with mesoscale

variability in boundary currents (Lee et al., 1996; Stanton and

Sutton, 2003; Archer et al., 2017). Synoptic weather has a

demonstrated effect on sea level pressure around New Zealand,

with Sturman et al. (1999) noting that there is an approximately

weekly cycle in prevailing synoptic weather systems and the

associated atmospheric pressure (depressions and anticyclones)

over NewZealand, which is consistent with themean duration of

MHWs at our two study sites (9–13 days; Table 1). Kidson (2000)

also found that atmospheric pressure fields over New Zealand

are often dominated by particular synoptic weather types (e.g.,

blocking highs) over periods of ∼15 days, again consistent with

the mean duration of MHWs observed in this study. These

results therefore emphasize atmospheric forcing as a key factor

in either generating, or tipping the system over into, MHWs

in SWMEs.

Using a statistical assessment of local atmospheric

conditions during the detected MHWs (Figure 7), we also

considered the role of specific local atmospheric drivers and

associated mechanisms, such as air-sea heat fluxes and wind

speed, in controlling the generation and decay of these events

in SWMEs. We found that during the pre-event and onset

phase, MHWs in SWMEs were associated with anomalously

high atmospheric pressure, consistent with previous studies

on open-ocean MHWs (Holbrook et al., 2019; Gupta et al.,

2020). The anomalies observed in other variables are consistent

with that expected from an atmospheric high pressure system;

increased air temperature as a result of sinking air and adiabatic

warming and reduced wind speeds (Ahrens, 2014) that leads

to reduced latent heat flux from the ocean (Fairall et al., 2003).

In the open-ocean and stratified parts of shelf-seas, reduced

wind speeds associated with high pressure systems would

also be anticipated to reduce vertical entrainment of cooler
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subsurface waters toward the surface (Simpson and Sharples,

2012), which has been identified as being an important factor

in the generation and evolution of some MHWs (Fewings and

Brown, 2019; Salinger et al., 2019; Darmaraki et al., 2020; Chen

et al., 2021); however, the two SWMEs studied here are relatively

shallow (4.5–15 m) and are likely to be vertically well-mixed

(Taylor, 1981; Hunter and Tyler, 1987) such that the impact of

reduced entrainment is likely to be negligible. Of these factors,

the latent heat flux seems to be of most importance due to it

being the most anomalous component of the air-sea heat flux

budget. Similar results were also apparent when repeating this

analysis for MHWs grouped by event duration and severity

(Supplementary Figures 4–6), suggesting that the atmospheric

anomalies identified are a robust feature generally associated

with MHWs in SWMEs.

The pattern of atmospheric anomalies observed during

the decline phase was more complex. We found a shift from

anomalously high to low atmospheric pressure, together with

a reduction in wind speed, air temperature, and latent heat

flux anomalies; however, the direction of the air-sea heat fluxes

and wind speed anomalies remained conducive to warming.

Therefore, it is not entirely clear what the primary drivers of

the decline phase at these locations are. Vogt et al. (2022)

found that the decline phase was associated with increased heat

loss to the atmosphere due to increased latent heat loss and

while we found a decrease in this property during the decline,

there was still anomalous latent heat loss to the atmosphere. A

case study of two Mediterranean MHWs also found increased

latent heat loss to be associated with the decline phase, but also

implicated anomalously high wind speed and sensible cooling

with increased vertical diffusion (Darmaraki et al., 2020). This is

in contrast to the persistent low wind speed and generally non-

anomalous air-sea heat fluxes found in our results. The role of

advection in dissipating MHWs in the two SWME investigated

here was not directly considered in our analysis. That said, one

could hypothesize that there is a role played by advection in

dissipating these events as was found by Schlegel et al. (2021).

The open-coast site will experience unrestricted advection from

the greater shelf, while the harbor site has a residence time of

1.5–3 tidal cycles (Heath, 1976), so it seems reasonable to infer

that cold-water intrusions could contribute to MHW decline at

these locations as well.

Our results suggest that atmospheric high pressure systems,

through their associated air-sea heat fluxes, are an important

factor contributing to the generation of MHWs in SWMEs.

However, as extreme events, several factors rather than one

alone, often add together to cause MHWs (e.g., Holbrook

et al., 2019; Elzahaby et al., 2021), with only the atmospheric

mechanisms investigated here. Variability in regional ocean

heat content on interannual to decadal timescales has been

identified as an important pre-conditioner for MHWs in the

New Zealand region (Behrens et al., 2019), and the role of

blocking high pressure systems identified here may simply be in

pushing SSTs in an ocean state “primed” for MHWs over a local

threshold. Indeed, whilst this study has foundMHWs in SWMEs

typically co-occur with high atmospheric pressure systems, it

remains unclear how successfully this atmospheric factor alone

can predict MHW occurrence, even with the ability to reliably

predict the arrival and position of high-pressure systems up to

a week in advance (American Meteorological Society, 2021),

which is a topic left for future research.

Inter-annual variability in MHWs

A unique aspect of this study is the availability of daily

in situ records that span over half a century at both sites,

which facilitated an investigation of inter-annual variability and

trends of MHWs in these two environments. Several years with

increased MHW frequency, duration, and intensity have been

identified at both sites in the early 1970s and 1980s, late 1990s

and late (Figure 5). Analyses of the characteristics and drivers

of recent extreme MHWs have been completed for events that

occurred during austral summer 2017/2018 (Salinger et al.,

2019) and 2018/2019 (Salinger et al., 2020), which overlaps

with the recent peaks in frequency and MHW days reported in

Section 3.2. Particularly strong MHWs that may merit further

case-study investigation are those that occurred during 1974,

1999, and 2016, which are evident from peaks in at least 3 of

the annualized MHW metrics considered in this study (e.g.,

frequency, duration, intensity; Figure 5). It is also apparent

that MHWs at both sites tend to occur during the “warmer”

years, when the interannual SST is elevated (Figures 5a,h). The

magnitude of interannual variability in SST at these sites has

been shown to be greater than the long-term trends (Shears and

Bowen, 2017), and a similar pattern is evident in the MHW

metrics documented here (Figure 5, Table 3). As a result, it

seems likely that interannual changes in temperature and MHW

occurrence will dominate over the long-term trend at these sites

for some time.

There are several factors that may contribute to the

observed interannual variability in SST and MHW metrics.

Large-scale climate drivers including the El Niño-Southern

Oscillation (ENSO) and Southern Annular Mode (SAM) have

a demonstrated effect on SST anomalies around New Zealand

(Sutton and Roemmich, 2001; Kidson and Renwick, 2002;

Hopkins et al., 2010; Bowen et al., 2017; Shears and Bowen,

2017; Holbrook et al., 2019; Sutton and Bowen, 2019). A cursory

evaluation of the annual Southern Oscillation Index (SOI)

reveals that for both sites studied here, two thirds of MHWs

(66 and 69%) occurred in years with a positive SOI, which

correlates with La Niña conditions (Supplementary Figure 6).

This is consistent with Holbrook et al. (2019) who also found

La Niña conditions lead to an increase in SST anomalies around

New Zealand and a ∼30% increase in MHW days in the eastern

Tasman Sea. ENSO may drive variability in MHW metrics
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through changes in air-sea heat fluxes (Fauchereau et al., 2003;

Holbrook et al., 2019). Two record breaking MHWs around

NZ during summer 2017/18 and 2018/19 have previously been

attributed to the compound effect of anomalously low wind

speed and vertical mixing associated with positive ENSO and

SAM conditions (Salinger et al., 2019, 2020). However, ENSO

variability in SSTs around New Zealand may also arise due

to changes in vertical advection of heat into the upper ocean

associated with adjustments in the depth of the thermocline

forced by Rossby waves triggered by large-scale wind forcing

in the South Pacific (Bowen et al., 2017). Recently, Behrens

et al. (2019) and Li et al. (2020) have shown that such a Rossby

wave mechanism is important for pre-conditioning the ocean

by increasing the upper ocean heat content, making it easier

for the ocean to be ‘tipped’ into a MHW state through either

atmospheric or advective forcing. This is important to note

as there is likely to be some forecasting ability of years when

MHWs will be more prevalent based on large-scale South Pacific

wind forcing.

Whilst we have briefly considered relationships between

interannual variability in MHWs metrics and the SOI, recent

work by Chiswell (2021) highlights that other modes of

atmospheric variability can also be important for generating

MHW events around New Zealand. Chiswell (2021) found that

MHWs occurring in the Tasman Sea, west of New Zealand, co-

occur with events in the Atlantic, Indian, and Eastern-Pacific

Oceans, due to stalling of a global wavenumber-4 atmospheric

wave (Senapati et al., 2021) and argue that understanding this

mode of variability is key to increasing MHW prediction skill.

While an investigation into the contribution of a wavenumber-

4 pattern to MHWs detected here is beyond the scope of

this research, we expect an association given the dominance

of atmospheric high pressure signal at both sites during the

pre-event and onset phases of MHWs.

Long-term trends in MHWs

There was considerable spatial and seasonal variability in the

magnitude of long-term trends in the characteristics of MHWs

at both coastal stations (Table 3). At the southern site (PML)

we found a significant increase in the mean annual duration

and number of MHW days per year. In contrast, we found no

evidence of a long-term increase in MHW characteristics at the

northern site (Leigh); rather, there was a significant decrease

in the maximum intensity of MHWs. This spatial variability in

the direction of the mean annual long-term trends in MHW

characteristics between the two coastal stations, located at the

northern and southern limits of New Zealand, is consistent with

analyses of long-term change in SST at these locations over

the last half century, which show an increase in temperature

at PML and no evidence of annual warming at Leigh (Shears

and Bowen, 2017). It is also apparent that seasonal variation

in the magnitude and occurrence of warming at PML and

Leigh (Shears and Bowen, 2017) is manifested in seasonality

of the MHW trends. For example, at PML the largest changes

in annual mean duration and number of MHW days per year

are seen during austral winter (Table 3), when the SST warming

trend at this coastal station is strongest (Shears and Bowen,

2017). Similarly, at Leigh, long-term decreases in the maximum

intensity of MHWs are strongest during austral spring and

summer, during which time the long-term SST trend at this

location is negative or neutral (Shears and Bowen, 2017). The

spatial variability in long-term MHW trends at the two coastal

stations is consistent with regional-scale trends in warming over

the satellite era (1982–present), which show warming in coastal

waters around most of the South Island and very weak warming

along the northeast coast of the North Island (Shears and

Bowen, 2017; Sutton and Bowen, 2019). These differing spatial

trends in coastal SST around New Zealand have previously been

attributed to changes in circulation associated with the spin-up

of the South Pacific subtropical gyre under increased wind stress

curl (Shears and Bowen, 2017). If there is continued spin-up

of the gyre as predicted by Oliver and Holbrook (2014) then it

seems plausible that coastal waters of southern New Zealand will

experience a continuation of the MHW trends reported here.

While we have not found significant positive MHW trends in

northeastern New Zealand, we may yet see greater impacts of

MHWs here as warming may still occur via other mechanisms

(Shears and Bowen, 2017).

Previous studies have reported globally-averaged increases

in the frequency, duration and intensity of MHWs over the

past century and satellite-era (Oliver et al., 2018a,b; Plecha and

Soares, 2020; Qiu et al., 2021), with projections indicating that

these trends will continue well into the twenty-first century

(Plecha and Soares, 2020; Qiu et al., 2021). Positive globally-

averaged annual and seasonal trends in MHW metrics have

also recently been reported in studies of coastal MHWs (Hu,

2021; Kajtar et al., 2021; Marin et al., 2021; Thoral et al., 2022).

However, considerable spatial variability in the magnitude and

occurrence of trends in MHW properties is also apparent along

the coastlines of many countries in these studies (e.g., Figures

1, 3 in Oliver et al., 2018a and Figure 4 in Marin et al., 2021.

The contrasting trends in MHW characteristics reported here,

from two in situ coastal stations in New Zealand, highlight

that increases in exposure of marine ecosystems to temperature

extremes over the past century (e.g., Oliver et al., 2018a; Marin

et al., 2021; Thoral et al., 2022 have not been ubiquitous, and that

global and regionally-averaged trends can be strongly modified

by complex warming patterns inshore of boundary currents

(e.g., Shears and Bowen, 2017).

5. Conclusions

We have utilized the two longest (>50 year) daily in

situ ocean temperature records available in the Southern

Hemisphere to investigate MHWs in SWMEs, including on an
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open coastline and within a semi-enclosed harbor. These time

series, collected at the northern and southern limits of New

Zealand, captured amulti-decadal record ofMHWs and enabled

a statistical analysis of their characteristics, atmospheric drivers

and long-term trends.

We found that MHWs in SWMEs generally occur over

timescales consistent with large-scale atmospheric synoptic

systems (9–13 days) and become more intense during the

summer months. Consistent with a previous study on MHW

co-occurrence, we found that a number of MHWs in SWMEs

occur in the absence of MHWs in the surrounding shelf-

sea, with this effect most apparent in semi-enclosed coastal

waters, where the thermodynamics become more strongly

coupled with the atmosphere than the surrounding ocean. Our

results support a recent study which suggests that atmospheric

heat flux is a dominant driver of estuarine MHWs, and

further suggests that specific “weather-related” factors which

may act as predictors of MHW events in SWMEs are similar

to those in the open ocean, including the occurrence of

blocking high pressure systems, low wind speed and reduced

latent heat fluxes. At a synoptic timescale, numerical weather

forecasting systems can reliably predict the arrival and position

of high-pressure systems up to seven days in advance, which

could support short-term coastal MHW forecasting. However,

it remains unclear how successfully coastal MHWs can be

predicted based on local atmospheric information alone, with

the background upper ocean heat content also known to

play an important role in preconditioning the ocean toward

MHW occurrence.

The direction and seasonality of long-term trends in

MHW properties reported here are consistent with those of

long-term SST trends reported at the two coastal stations,

suggesting that future trends in MHW properties at these

locations will likely mirror projected SST trends. The differing

magnitude and direction of long-term trends in MHW

properties at these two coastal stations highlights the need for

region-specific analysis of MHW risk around New Zealand,

due to the heterogeneous impacts such trends may cause

to nationally significant marine ecosystems, industry, and

coastal communities.
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