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Marine heatwaves can have devastating ecological and economic impacts and understanding what drives their onset is crucial to achieving improved prediction. A key knowledge gap exists around the subsurface structure and temporal evolution of MHW events in continental shelf regions, where impacts are most significant. Here, we use a realistic, high-resolution ocean model to identify marine heatwaves using upper ocean heat content (UOHC) as a diagnostic metric. We show that, embedded in the inter-annual variability of UOHC across the Tasman Sea, regional UOHC around New Zealand varies at short temporal and spatial scales associated with local circulation which drives the onset of extreme events with median duration of 5–20 days. Then, using a novel application of Adjoint Sensitivity Analysis, we diagnose the regional drivers of extreme UOHC events and their 3-dimensional structure. We compute the sensitivity of UOHC to changes in the ocean state and atmospheric forcing over the onset of MHW events using ensembles of between 34 and 64 MHW events across 4 contrasting regions over a 25-year period. The results reveal that changes in regional UOHC on short (5-day) timescales are largely driven by local ocean circulation rather than surface heat fluxes. Where the circulation is dominated by boundary currents, advection of temperature in the mixed layer dominates the onset of extreme UOHC events. Higher magnitude MHW events are typically associated with shallower mixed layer and thermocline depths, with higher sensitivity to temperature changes in the upper 50–80 m. On the west coast, where boundary currents are weak, UOHC extremes are sensitive to density changes in the upper 1,000 m and likely caused by downwelling winds. Our results highlight the importance of understanding the different temporal and spatial scales of UOHC variability. Understanding the local circulation associated with heat content extremes is an important step toward accurate MHW predictability in economically significant shelf seas.
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1. Introduction


1.1. Marine heatwaves

Marine heatwaves (MHWs) refer to extended periods of anomalously warm ocean temperatures and can have devastating impacts on marine biodiversity and ecosystems and major economic impacts on regional fisheries. MHWs have already become more frequent, more intense and longer-lasting in the past few decades, and this trend is expected to accelerate under further global warming (Frölicher et al., 2018; Oliver et al., 2018a,b; Darmaraki et al., 2019b). It is clear that MHWs can be driven by a number of processes occurring over various temporal and spatial scales which determine their predictability (e.g., Jacox et al., 2019). Understanding the physical processes that give rise to MHWs is key to predicting the likelihood, severity and timing of these events. Ocean heat content varies across temporal and spatial scales, driven by climate variations and local processes (Holbrook et al., 2019). In coastal regions, understanding this variability and the influence of both climate- and local-scale processes in driving ocean heat content extremes is key to predicting MHWs.

Enhanced oceanic heat content on regional- and basin-scales can act as a preconditioner to increased likelihood of MHWs (e.g., Behrens et al., 2019). A global assessment of MHWs found coherent relationships between MHWs and dominant climate modes, except in Western Boundary Current regions where the energetic and non-linear nature of these current regions make ocean-climate relationships complex (Holbrook et al., 2019). In the southwest Pacific, Bowen et al. (2017) find that SST around New Zealand (NZ) is connected to regional processes over a wide area of the South Pacific. They show that the temperature and upper ocean heat content are highly correlated on the west and east coasts of NZ on interannual timescales despite marked differences in current regions. Sutton and Bowen (2019) show that significant interannual variability in upper ocean temperature is coherent over a large area of the Tasman Sea north of the Subtropical Front. MHWs off Western Australia have been associated with large-scale subsurface temperature anomalies extending from the western Pacific into the tropical eastern Indian Ocean (Ryan et al., 2021). SW Pacific SST anomalies due to El Niño events contribute to triggering MHWs off southeast Queensland (Heidemann and Ribbe, 2019), and NE Pacific MHWs have been associated with widespread warm SST anomalies (Scannell et al., 2020). How these large scale temperature anomalies influence shelf and coastal MHWs is complex and likely region- and case-specific.

Embedded in the large-scale variations in ocean heat content, regional and coastal MHWs at smaller spatial scales have been shown to be driven by shifts in warm ocean currents and eddy activity. UOHC anomalies in the East Australian Current (EAC) southern extension have been shown to be associated with the poleward penetration of the EAC, modulated by both a weaker, more stable EAC and incoming westward-propagating Rossby waves (Li et al., 2020, 2022). Indeed, increased poleward transport in the EAC southern extension is found to be the dominant driver of MHWs off eastern Tasmania (Oliver et al., 2017, 2018b). MHWs over the Northwest Atlantic continental shelf and slope were shown to be driven by a combination of atmospheric and oceanic drivers, specifically warm core rings shed by the Gulf Stream (Perez et al., 2021). Analysis of coastal MHW events around southern Africa found that MHWs were predominantly caused by warm Agulhas Current water forced onto the continental shelf and warm atmospheric temperatures combined with onshore winds (Schlegel et al., 2017). They found that fine-scale warm core eddies were commonly associated with MHW events. Kerry et al. (2022) show that oceanic eddies are the dominant drivers of UOHC variability at intra-annual scales around NZ. On the northeast US continental shelf, both large scale atmospheric forcing, and local along- and cross-shelf ocean advection cause extreme warm ocean temperatures (Chen et al., 2015). For coastal MHWs on the southeast Australian continental shelf, Schaeffer and Roughan (2017) show that anomalously warm temperatures at depth are driven by local downwelling favorable winds that mix the water column and reduce the stratification. Clearly an understanding of the local processes at play is key to predicting regional and coastal MHWs.

While MHWs are typically characterized by SST anomalies (due to data availability), clearly an understanding of subsurface temperature and ocean heat content is crucial to understanding MHWs and their ecological impacts. Schaeffer and Roughan (2017) show that SST is insufficient to fully understand MHWs which (in 100 m water depth off southeastern Australia) often extend the full depth of the water column, with a maximum intensity and duration below the surface. Elzahaby and Schaeffer (2019) showed that MHWs in the Tasman Sea can extend to depths of more than 1,200 m, with greater temperature anomalies at depth than their surface signal. They show that these events occur predominantly within warm-core mesoscale eddies, which typically extend below 1,000 m (Rykova et al., 2017; Kerry and Roughan, 2020). Off Western Australia, MHWs driven by the poleward advection of warm water in the Leeuwin Current are distinctively deeper than atmospherically-driven events (Benthuysen et al., 2014; Ryan et al., 2021). In the Mediterranean Sea, subsurface MHWs are typically of higher intensity and severity relative to surface MHWs, probably due to their longer durations (Darmaraki et al., 2019a). Perez et al. (2021) show that meanders of the Gulf Stream onto the Northwest Atlantic continental shelf and slope resulted in large temperature anomalies that extend below 300 m depth and can persist on the shelf for several months. Penetration of subsurface temperature anomalies through the mixed layer depth can occur through a variety of processes and it is possible for these anomalous temperatures to remain from one season to the next, even after the signal of a MHW has dissipated from the surface (Scannell et al., 2020; Jackson et al., 2021). While mixed layer heat budgets are often used to diagnose MHW drivers (e.g., Elzahaby et al., 2021, 2022), it is clear that MHWs often extend below the mixed layer and the influence of salinity and subsurface water mass properties are important (e.g., Ryan et al., 2021) but often overlooked (Holbrook et al., 2020). For these reasons a more thorough understanding of the sub-surface structure of MHWs and UOHC anomalies as well as the temporal evolution of their onset and decay is required.



1.2. The New Zealand oceanic region

Here, we use the NZ region as a case study to reveal the dominate drivers of regional MHWs. NZ is located in the southwest Pacific, a known ocean warming hotspot and a region of large-scale coherent ocean heat content and thermocline variability (Bowen et al., 2017). Embedded in the large scale context, NZ experiences complex boundary current circulation (Figure 1a, Stevens et al., 2021) likely to influence how the large scale temperature extremes are experienced in its shelf and coastal waters.
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FIGURE 1
 Depth-integrated currents from 0 to 200 m with schematic of New Zealand's major currents (a), mean UOHC with 90th percentile thermocline depth contours (b), standard deviation of UOHC (c), standard deviation of UOHC low-pass filtered at inter-annual periods (d) and standard deviation of UOHC band-pass filtered from 60 to 250 days (e), computed from the MOANA Ocean Hindcast. The four regions chosen for MHW analysis are labeled on (b), 1. Bay of Plenty, 2. Kaikoura, 3. Stewart Plateau and Snares Shelf 4. Hokitika. The 100, 400, and 1,000 m depth contours are shown on (c–e). EAUC, East Auckland Current; NCE, North Cape Eddy; ECC, East Cape Current; ECE, East Cape Eddy; WE, Wairarapa Eddy; WCC, Wairarapa Coastal Current; SC, Southland Current; FC, Fiordland Current; WC, Westland Current.


In the north, the eddy-dominated East Australian Current (EAC) eastern extension (Oke et al., 2019a,b) feeds the inflow of the East Auckland Current (EAUC) at the northern tip of NZ (Tilburg et al., 2001; Oke et al., 2019b) (Figure 1a). The EAUC continues down the east coast of the North Island and, off the East Cape, continues south along the shelf break and becomes known as the East Cape Current (ECC) (Chiswell and Roemmich, 1998). Associated with the EAUC and the ECC is a sequence of semi-permanent warm-core eddies along the east coast of the NZ's North Island, (e.g., Roemmich and Sutton, 1998; Tilburg et al., 2001; Fernandez et al., 2018; Stevens et al., 2021) the North Cape Eddy (NCE), the East Cape Eddy (ECE), the Wairarapa Eddy (WE). This region displays high mesoscale eddy variability, with a ratio of eddy kinetic energy (EKE) to mean kinetic energy (MKE) that exceeds one (Kerry et al., 2022).

Along the southwest coast of NZ, the Subtropical Front in the southern Tasman Sea feeds both a northward- flowing current (the Westland Current, WC) and a southward-flowing current (the Fiordland Current, FC) along the west coast of the South Island (Heath, 1982; Ridgway and Dunn, 2003; Chiswell et al., 2015) (Figure 1a). The FC provides a pathway for the flow of subtropical water out of the Tasman Sea, while the WC is believed to be primarily driven by the prevailing southwest winds (Stanton, 1976; Heath, 1982). The Subtropical Front follows a convoluted path south of NZ before turning to flow adjacent to the east coast of the South Island (Chandler et al., 2021) as the northward-flowing Southland Current (SC) (Sutton, 2003; Hopkins et al., 2010). Flow on the west coast (associated with the FC, the WC and the largely quiescent flows on the west coast of the North Island) and on the southeast coast (associated with the SC) are largely coherent with MKE exceeding EKE (Kerry et al., 2022).

The spatial structures of variability of UOHC around NZ at both inter-annual and intra-annual timescales revealed by Kerry et al. (2022) provide invaluable context for understanding the drivers of ocean heat content variability. They show that, at inter-annual periods, ocean heat content displays large scale correlations over the NZ oceanic region (consistent with other studies), while at intra-annual periods, local boundary currents and mesoscale eddies drive UOHC changes. While the background oceanic heat content in the Tasman Sea is a useful indicator and measure of the likelihood of MHWs on interannual to decadal timescales (Behrens et al., 2019), the onset of MHW events in shelf waters on timescales of days to weeks is likely driven by local processes.



1.3. Study approach

To investigate the onset of MHW events around NZ we use the adjoint of a realistic ocean model to directly diagnose the dynamical drivers of UOHC extremes. Defining a single quantity of interest (which may be an integral over some chosen region and time period), the adjoint model allows us to perform sensitivity analysis by simultaneously calculating the sensitivities to every model variable and forcing at locations and times (backwards in time over the length of the adjoint simulation period). Adjoint Sensitivity Analysis uses the (linearized) model dynamics to reveal causal relationships between model state variables and forcings, and has been used to diagnose the drivers of shelf and boundary current circulation (Moore et al., 2009; Veneziani et al., 2009; Zhang et al., 2009, 2012), the intensity and evolution of eddies (Zhan et al., 2018), ocean heat content (Jones et al., 2018; Hahn-Woernle et al., 2020), internal tide generation (Powell et al., 2012), and acoustic ray travel-times in the context of synoptic integrals of the ocean state (Powell et al., 2013). In this work, we reveal sensitivities of UOHC to changes in the ocean state and atmospheric forcing over the 5 days leading up to extreme UOHC events, allowing us to quantify the relative dominance of MHW drivers. This is a novel approach to understanding MHWs that addresses key knowledge gaps around the temporal evolution and depth structure of the onset of extreme UOHC events.

First we use a realistic, 25-year forward simulation of the ocean circulation around NZ to characterize MHW events in 4 contrasting coastal regions (Section 3). Our results highlight the importance of understanding the different temporal and spatial scales of UOHC variability. We show that, embedded in the inter-annual variability of UOHC across the Tasman Sea, ocean heat content varies at short temporal and spatial scales associated with the local ocean circulation which drives the onset of extreme events with median durations of 5–20 days. Then, using Adjoint Sensitivity Analysis, we show that local circulation drives on the onset of MHW events (Section 4). In Section 5, we present ensembles of between 34 and 64 MHW events in 4 contrasting regions that reveal common flow structures associated with the onset of MHW events in each region. Our results highlight that understanding the prevailing 4-dimensional flow structure associated with heat content extremes is an important step toward accurate MHW predictability on intra-annual scales. A discussion is provided in Section 6 and conclusions are presented in Section 7.




2. Methods


2.1. Hydrodynamic model

The hydrodynamic model is configured using the Regional Ocean Modeling System (ROMS) version 3.9 to simulate the atmospherically-forced eddying ocean circulation around NZ. ROMS is a free-surface, hydrostatic, primitive equation ocean model solved on a curvilinear grid with a terrain-following vertical coordinate system (Shchepetkin and McWilliams, 2005). The Moana Ocean Hindcast configuration (Azevedo Correia de Souza et al., 2022) has a 5 km horizontal resolution and 50 vertical s-layers. Initial and boundary conditions are from the “Mercator Ocean Global Reanalysis” (GLORYS) 12v1 ocean reanalysis (Jean-Michel et al., 2021), developed by the Copernicus Marine Environment Monitoring Service (CMEMS). Atmospheric forcing fields from the Climate Forecast System Reanalysis (CFSR) provided by National Center for Atmospheric Research (NCAR) (https://climatedataguide.ucar.edu/climate-data/climate-forecast-system-reanalysis-cfsr) are used to compute the surface wind stress and surface net heat and freshwater fluxes using the bulk flux parameterization of Fairall et al. (1996). The model provides a realistic representation of the surface and subsurface variability around NZ, and represents NZ's major boundary currents (Kerry et al., 2022). A thorough description of the model configuration and validation is presented in Azevedo Correia de Souza et al. (2022).



2.2. Defining marine heatwaves

In general a MHW is described as a prolonged, discrete, anomalously warm water event. The most thorough and commonly adopted specific definition of a MHW is described by Hobday et al. (2016) who describe a MHW to be an anomalously warm event, with temperatures warmer than the 90th percentile based on a 30-year historical baseline period, that lasts for five or more days. The climatology is defined relative to the time of year, using all data within an 11-day window centered on the time of year. Gaps between events of 2 days or less with subsequent 5 day or more events are considered as a continuous event.

While MHW events have typically been characterized based on satellite derived sea surface temperature (SST) data (due to data coverage and availability), we know their sub-surface impact is important. Hence, given that we make use of 3-dimensional numerical model, we use upper ocean heat content (UOHC) to characterize MHW events. UOHC is a critical metric to understand heat transfer in and out of the upper ocean, and is particularly useful for studying the subsurface expression of MHWs.

The UOHC quantifies the heat carried in the upper ocean, and is given by
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where −zT is the depth of the upper layer and Cp is the specific heat of sea water in J(kgK)−1. To define upper ocean heat content we must first define the depth of the upper layer. For this work we choose to define the upper layer as the 90th percentile thermocline depth. Bowen et al. (2017) gives some justification for integrating over top 250 m for heat budgets in the NZ region (being the maximum mixed layer depth over the region). However, heat is transported below the mixed layer and we believe thermocline depth is a more appropriate metric. Given that we have 25 years of 3-dimensional temperature fields from the ocean hindcast, we are able to determine a more appropriate depth limit for the “upper ocean”.

From the 25-year hindcast, we compute the daily varying thermocline depth following the variable representative isotherm method, which was shown to be robust and is described in Fiedler (2010). The isotherm representing the thermocline is defined as thermocline temperature TT = TMLD−0.25[TMLD−T400m], where the temperature at the base of the mixed layer is estimated as TMLD = SST−0.8. As such, the thermocline is defined as the layer from the base of the mixed layer to the depth at which temperature has dropped halfway toward the temperature at 400 m, and the thermocline depth is the midpoint of that layer. The 90th percentile thermocline depth is less than 200 m for the coastal NZ region north of 43oS and between 200 and 300 m over the south-western coastal region. In the south, full depth mixing in winter means the 90th percentile thermocline depth extends to 400 m. Contours of the 90th percentile thermocline depth are shown in Figure 1b, and a full analysis of the thermocline depth and its variability over the region is presented in Kerry et al. (2022). Note that by definition thermocline depth is not computed for depths less than 400 m, and for these depths UOHC is computed for the full water-column.

We compared the heat content in the upper 250 m and the heat content above the 90th percentile thermocline depth. This comparison reveals that using a depth of 250 m means that the mean and variability in UOHC are biased by the latitudinal gradient, while the 90th percentile thermocline depth gives a truer representation of the spatially varying “Upper” OHC and is more appropriate as a circulation metric for marine heatwave work.

We choose four regions in which we investigate MHWs and their drivers (shown on Figures 1b–e). The regions are (clockwise from the top) 1. Bay of Plenty, 2. Kaikoura, 3. Stewart Plateau and Snares Shelf 4. Hokitika. These regions were chosen as they all experience different circulation regimes, provide representation across the spatial extent of NZ, and are of sites of commercial fishing. Characterization of MHW events across the region is presented in Section 3 below.



2.3. Adjoint sensitivity analysis
 
2.3.1. Method overview

For Adjoint Sensitivity Analysis, one defines a single measure of the circulation (hereafter referred to as a metric) that is a scalar function of the model state variables, J = Q(xf), where xf represents the background modeled state. This metric may be an integral over some chosen region and time period. Then, by forcing the adjoint model with the derivatives of J with respect to the model state, ∂J/∂xf, the adjoint moves backwards in time and simultaneously calculates the sensitivity of J to all of the model state variables and forcings over the time window of interest. This information quantifies how the circulation metric changes with changes to the ocean state and surface forcings at previous times.

This method is in contrast to typical “forward” perturbation experiments, in which a pair of forward model runs with and without the perturbation, will show the effect of the perturbation on all later model states. For example, the model input (e.g., net heat flux, temperature initial conditions) can be perturbed by a chosen finite amount at a particular set of locations and times, and the effects observed in various output fields (e.g., sea surface temperature, UOHC). With Adjoint Sensitivity Analysis, the impact on a chosen quantity of interest (circulation metric) can be directly diagnosed, rather than being inferred from a set of “forward” perturbation experiments. A single integration of the adjoint model will show how that circulation metric is affected by all earlier model states and all forcing. A very large ensemble of “forward” perturbation experiments would be required to quantify the sensitivity of a chosen metric to changes in the ocean state and surface forcings, and their relative dominance. Adjoint Sensitivity Analysis uses the linearized model equations, while “forward” perturbation experiments can use the non-linear model.

As the adjoint model linearizes about a trajectory generated by the forward model, the time window over which Adjoint Sensitivity Analysis is performed is limited to a length over which the linear assumption remains reasonable. In order to determine the limit of linearity, one must examine the growth of perturbations in both the tangent-linear and non-linear models. Typically the time interval over which the linear assumption remains valid depends both on model resolution and the circulation dynamics to be resolved, with increasing model resolution resulting in smaller time intervals over which the tangent-linear assumption is valid as smaller-scale, non-linear circulation features emerge (Moore et al., 2009). In a model of similar spatial resolution (4–8 km) and a region of similar dynamical regimes (the Philippine and South China Seas) to that of this study, Kerry (2014) generate an ensemble of realistic perturbations and compare the evolution of these perturbations in the non-linear model with the integration of the perturbations through the tangent-linear model. They determine that the tangent-linear assumption remains reasonably valid for realistic perturbations over 7 days for their model configuration. Based on this, Kerry (2014) and Kerry and Powell (2022) use windows of 7 days for 4-dimensional variational data assimilation experiments and Powell et al. (2013) perform adjoint sensitivity analysis in the region using 5-day windows to be well within the limit of linearity. Matthews et al. (2012) show that 4 days is the limit of linearity for a 4-km resolution model of the Hawaiian Islands, which Powell et al. (2012) use to perform Adjoint Sensitivity Analysis over 4-day windows. Zhang et al. (2009) provide a detailed description of the methodology employed to determine the appropriate time window over which the tangent-linear assumption remains valid (refer to their Section 3) and they determine 3 days to be reasonable for a 1-km resolution model to study circulation on the New Jersey Inner Shelf. In this study, we choose a time interval of 5 days over which to perform Adjoint Sensitivity Analysis. Given the model resolution and the dynamics of interest, we are confident that the linear assumption remains reasonably valid over this time window, and 5 days is a useful and appropriate time period over which to investigate the onset of MHW events (refer to Section 3).

For a more detailed account of Adjoint Sensitivity Analysis and examples of other studies, the reader is referred to Errico and Vukicevic (1991), Moore et al. (2009), Powell et al. (2012), Powell et al. (2013), and Hahn-Woernle et al. (2020). The adjoint model of ROMS (ADROMS) that we use is described in Moore et al. (2004). It should be noted that Adjoint Sensitivity Analysis is dependent only on the ocean model itself and does not require observations or data assimilation.



2.3.2. Circulation metrics

In this study we define the MHW events in each of four regions (Figures 1b–e) over the 25-year period, and use Adjoint Sensitivity Analysis to study the onset of each MHW event over the 5-days prior to the event. Because we are focussed on the MHW onset, we define the circulation metric, J, to be the spatially-integrated UOHC over the region over the first day of the MHW event. For each MHW event, a simulation is then run for 5 days with the last day corresponding to the first day of the MHW.
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where −zT is the depth of the upper layer and Cp (J(kgK)−1) is the specific heat of sea water. The forward model output was saved 3-hourly, and used to compute J and the adjoint forcing described below.



2.3.3. Adjoint forcing

The adjoint model is forced with the derivative of J with respect to the state variables. In each depth layer, J is a function of temperature and salinity. Using the product rule, the derivatives can be written as,
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and

[image: image]

Density is a function of temperature, salinity and pressure given by the Equation of State of seawater. Here, we use the simple polynomial equation of state proposed by Roquet et al. (2015) as the simplest, yet realistic, equation of state for seawater that was shown to simulate a reasonably realistic global circulation. The equation has a quadratic term in temperature (for cabbeling), a temperature-pressure product term (for thermobaricity), and a linear term in salinity, such that,
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where [image: image], and [image: image] depends only on depth. The dependent variables are temperature, T, absolute salinity, SA and depth, Z (negative down), and the constants are the sensitivity of thermal expansion to temperature, [image: image], the temperature at which surface thermal expansion is zero, [image: image], the sensitivity of thermal expansion to depth, [image: image] and the haline contraction constant, [image: image]. It follows that Equations (3) and (4) can be written as,
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and
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In Equation (6), the first term is small and negative, while the second term dominates and is positive.





3. Marine Heatwaves around New Zealand defined as UOHC extremes


3.1. Temporal and spatial scales of UOHC variability

UOHC variability at intra-annual scales is high over the north and east coasts of the North Island (Figure 1e) and is driven by mesoscale eddies (Kerry et al., 2022). UOHC varies predominantly at inter-annual periods along the west and south-east coasts (Figure 1d). Frequency spectra of the UOHC (not shown) shows that in Regions 1–3 there is significant energy at intra-annual periods, while in Region 4, UOHC varies predominantly at inter-annual periods.

At inter-annual periods, UOHC at a single point within each region shows large scale correlations with UOHC across the NZ region (Figures 2a–d), consistent with previous studies (Bowen et al., 2017; Behrens et al., 2019; Sutton and Bowen, 2019; de Burgh-Day et al., 2022). Correlations are significant (p < 0.05) over most of the model domain. UOHC at the 4 points, low-pass filtered at inter-annual periods, show temporal decorrelation scales of 3–5 years (not shown).


[image: Figure 2]
FIGURE 2
 Correlation of UOHC at a given point (shown by turquoise diamond) to UOHC across domain for inter-annual periods at zero-lag (a–d) and intra-annual periods at 30 day lead (e–h), 10 day lead (i–l), zero-lag (m–p), 10 day lag (q–t), and 30 day lag (u–x). The points are in regions (from left to right) 1. Bay of Plenty, 2. Kaikoura, 3. Stewart Plateau and Snares Shelf 4. Hokitika. The 400 m bathymetry contour is shown.


At intra-annual periods the spatial correlations of UOHC reveal the local circulation patterns (Figures 2m–p). In Region 1 (Bay of Plenty), significant correlations (p < 0.05) show an eddy type structure that moves into the region from the north (Figures 2e,i), with heat leaving the bay to the east (Figures 2q,u). In Region 2 (Kaikoura), significant correlations (p < 0.05) imply that heat enters from the east with a lead time of 30 days (Figures 2f,j) and then moves northward along the southeast coast of the North Island (Figures 2r,v). In Region 3 (Stewart Plateau and Snares Shelf region) significant correlations (p < 0.05) exist over a wider region of the southern and western continental shelf with a lead time of 10 days (Figure 2k), with heat then flowing into the Southland Current (Figures 2s,w). Similarly, at Hokitika significant correlations (p < 0.05) with a lead time of 10 days are seen over the continental shelf region on the west coast of NZ (Figure 2l). Positive correlations over this region persist for 10 days, but not for 30 days (Figure 2x).



3.2. Characterizing marine heatwave events

Based on UOHC computed daily from the 25-year hindcast, we define MHW events within each model grid cell over the 25-year period using the definition of Hobday et al. (2016), as described in Section 2.2. The total percentage time in a MHW, the number of MHWs and the median MHW duration are shown in Figures 3a–c. While the spatial variability across the region is similar when defining MHWs based on UOHC or SST, using UOHC gives more MHW events with longer durations (not shown). For this study we focus on the four regions and MHW events are characterized for a central point within each region (Figure 3b).
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FIGURE 3
 Characterization of MHWs based on UOHC (a–c). Regions for adjoint sensitivity analysis metrics are shown by the black lines: 1. Bay of Plenty, 2. Kaikoura, 3. Stewart Plateau and Snares Shelf 4. Hokitika. Violin plots showing distribution of MHW duration (d) and MHW magnitude (e). Minimum and maximum values are shown by the black diamonds and on (e) error bars showing one standard deviation either side of the median are shown in black. UOHC above the 90th percentile thermocline at central point inside regions 1–4 (f–i) (gray line) and the 90th percentile daily climatological UOHC computed with an 11-day window (black line). The red lines indicate where the UOHC exceeds the 90th percentile daily climatology and the orange regions represent MHW events based on the definition of Hobday et al. (2016), using UOHC rather than SST (that is when the red lines have duration of 5 or more days). The dark gray line shows the heat content low-passed filtered at inter-annual periods.


Over the four regions, we identify 64, 64, 52, and 34 MHWs, respectively, over the 25 years. The median (minimum/maximum) duration of MHWs in days is 8 (5/60), 10 (5/35), 9 (5/62), and 17.5 (5/148) days for regions 1–4, respectively (Figure 3d). MHW magnitude, as defined by the maximum UOHC anomaly (volume-integrated over the defined region, Figure 3e) is greatest in the Region 1 (Bay of Plenty), and similar in the other 3 regions, with considerably lower magnitude variability in Region 4 (Hokitika).

The time series of UOHC display variability at short time-scales (days to weeks) through to inter-annual time scales (Figures 3f–i). For the most part, MHW events often occur during periods when the heat content low-passed filtered at inter-annual periods exceeds the mean, but it is evident from the time series that this is not always the case, and that the short timescale variability is key to tipping the UOHC over the 90th percentile daily climatological value (shown by the red in Figures 3f–i). As such, this study now focuses on identifying and quantifying the processes at play over the onset of the MHW events, focusing on the short timescale processes.




4. Short-term drivers of UOHC extremes

We have shown that the evolution of UOHC on short timescales (days to weeks) appears to be key to initiating MHW events. This variability is embedded in the inter-annual variability, which can be a preconditioner to increasing the likelihood of MHW events, however it is also noted that MHW events can occur outside of these anomalously warm multi-year periods. It is therefore clear that understanding the processes occurring at short temporal and spatial scales is a key to predicting the occurrence of MHW events in regional seas. We now use Adjoint Sensitivity Analysis to focus on the short timescale processes at play over the onset of the MHW events.

We assess the relative sensitivity of UOHC to the prior ocean state and atmospheric forcing over the onset of MHW events. Employing Adjoint Sensitivity Analysis over 5 day periods with the last full day being the first day of the MHW, we investigate the drivers that initialize the MHW. There are 64, 64, 52, and 34 MHWs in Regions 1–4, respectively, so we run a total of 214 5-day adjoint simulations. We perform Adjoint Sensitivity Analysis on UOHC averaged over the given region and over the last day of the 5 day cycle. The cycles are limited to 5 days due to requirement of the linear assumption remaining valid over this length of time, and allow us to investigate the onset of each MHW event over the 5 days prior to the event.


4.1. Quantifying sensitivities to reveal the dominant drivers

The adjoint sensitivity results are able to reveal the magnitude and the spatial and temporal evolution of the influence that each state variable and forcing field has on the UOHC on the last day of the simulation window. To interpret the adjoint model results, we normalize the sensitivities by an estimate of the typical variability of the corresponding state variable or forcing field value over a 5-day period. The scaled sensitivity is then given by,

[image: image]

where [image: image] is the output of the adjoint model, Δxi is a perturbation to a model state variable or forcing variable (e.g., temperature, surface wind stress), Nt is the total number of modeled time steps and i is the index of the grid cell of interest. Presenting the scaled sensitivity is useful as the impact of the perturbation of different ocean state variables can be directly compared in units of Joules, and the impact different areas and times can be quantified by summing only over the sensitivities of certain grid cells and times. For example, in Figure 4 we present the scaled sensitivity to temperature over the 5-day window separated by depth (above the mixed layer depth, between the mixed layer and the thermocline, and below the thermocline). We use perturbations, Δxi, based on typical variability of each variable over 5-day periods; we compute the 5-day standard deviations for the 5 days leading up to each MHW event and average them in quadrature.
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FIGURE 4
 Domain-integrated scaled sensitivities to temperature (left column; a–d) and surface forcings (right column; e–h) over the 5-day adjoint simulations. Temperature sensitivities are for temperature outside of the region and separated by depth and surface heat flux sensitivities are separated into inside and outside of the region. The sensitivities are scaled by the 5-day standard deviations. The magnitudes indicate the amount by which J changes if variable is changed by 1 standard deviation everywhere in the domain for 4 days leading up to the MHW. The magnitudes of J can be compared to those in Figure 3e.


To investigate the dominant drivers of changes to UOHC at the beginning of each MHW event, we present the scaled sensitivities over the 5 day simulation period, with the last day being the first day of each MHW event. Figure 4 shows the mean and standard deviations for all MHW events in each of the four regions. Here, the magnitudes indicate the amount by which J changes if the variable is changed (increased) by one standard deviation everywhere in the summed region. The magnitudes of J can be compared to those in Figure 3e, where the value represents the anomaly above the daily climatology (0.7–2 × 1019 J), and the total volume integrated heat content values range from 2.6 to 5.4 × 1020 J (Figures 6a–d). It should be noted that temperature sensitivities (Figure 4, left panels) are always positive, meaning that positive perturbations in temperature result in an overall positive change (increase) in UOHC. Likewise, increases in surface heat flux always results in overall increases in UOHC, while positive perturbations to wind stress forcing can result in increases or decreases in overall UOHC (Figure 4, right panels).

For the model variables we compute the sensitivity to changes outside the chosen region, therefore representing how these changes influence UOHC inside the region (for example advection of temperature into the region). As we are interested in the full depth structure of heat transport the temperature sensitivities are computed separately for temperature in the mixed layer, between the mixed layer and the thermocline, and below the thermocline (Figures 4a–d). Scaled sensitivities to other state variables (salt, u, and v) are 1–2 orders of magnitudes smaller than those for temperature and are not shown. Sensitivities to surface heat fluxes are also separated into fluxes directly over the region, and fluxes outside the region (Figures 4e–h).

Changes to temperature in the mixed layer dominates for Region 1 (Bay of Plenty), Region 2 (Kaikoura) and Region 3 (Stewart Plateau/Snares shelf). In the mixed layer, sensitivities increase steadily over the 5 days indicating advection of heat, while below the thermocline the sensitivities remain fairly constant over the 4 days leading up to the first day of the MHW, indicating adjustments at depth on longer timescales. In Region 4 (Hokitika), where currents are typically weak, changes in temperature below the thermocline result in UOHC changes of similar magnitude to advection in the mixed layer. In each case the mixed layer depth and thermocline depth used is averaged over the 5 day adjoint simulation. Mean mixed layer depths (mixed layer depth standard deviation) over all MHW events for Regions 1–4 are 70 m (39 m), 88 m (70 m), 97 m (82 m), 58 m (39 m). Mean thermocline depths (thermocline depth standard deviation) for Regions 1–4 are 106 m (42 m), 115 m (61 m), 192 m (120 m), 104 m (64 m). The perturbations to temperature are shown in Figure 5e.
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FIGURE 5
 Sensitivity to temperature and salinity outside of the region scaled by the 5-day standard deviations for all MHWs for days 5, 3 and 1 prior to the first day of the MHW event for regions 1. Bay of Plenty (a), 2. Kaikoura (b), 3. Stewart Plateau and Snares Shelf (c), and 4. Hokitika (d). The perturbations used for scaling the sensitivities are shown in (e) for temperature and (f) for salinity.


Surface heat flux perturbations directly over the region have an increasing effect from days −5 to −1 on UOHC on the last day of the simulation window (day −1 to 0), while surface heat flux sensitivities outside of the region gradually decrease (similar to temperature advection in the mixed layer). Indeed the spatial structure of surface heat flux sensitivities follows that of temperature in the mixed layer, representing the advective flow structure. Likewise, for Regions 1–3 the spatial structure of the wind stress sensitivities are consistent with the near-surface advective flow structure indicating that the winds are mostly influencing the surface currents in these regions. In contrast, in Region 4 the wind stress sensitivities show are more widespread spatial influence, described in Section 5.4. Perturbations to net surface heat flux are of the order of 180–200 Wm−2 and perturbations to surface wind stress correspond to changes in wind speed of 6–8 ms−1.

The results show that changes in UOHC are most sensitive to temperature changes outside of the four regions rather than surface fluxes or wind forcing. Advection is described by the sensitivity to changes in advected water mass properties outside of the region over which UOHC is averaged. Sensitivity to advected temperature in the mixed layer is 2–3 orders of magnitude greater than sensitivity to surface heat flux (Figure 4). Since we use an ocean-only model, sensitivities to atmospheric forcing are relative to the imposed surface forcing, as opposed to a dynamic air-sea coupling. Our results show that changes in temperature (typical of 5-day variability) result in greater UOHC changes than changes to surface heat flux (given typical 5-day variability). Temperature changes in the ocean on 5-day timescales are driven by a variety of processes including advection by ocean currents and subduction due to density changes or wind forcing, while surface heat flux changes over 5-days do relatively little to influence UOHC. This result is given that the UOHC is computed for the 90th percentile thermocline depth; the spatial mean depths in Regions 1–4 are 170, 210, 400, and 200 m, respectively. If the depths were shallower, or SST was used as a metric, surface fluxes may be more impactful, e.g., (Elzahaby et al., 2022). Furthermore, the dominance of advection over surface forcings is given that this study focusses on processes that occur over short time scales (5 days). Indeed, surface heat flux and wind forcing changes are likely drivers of UOHC variability over large spatial and temporal scales, causing the inter-annual variability (Figures 2a–d) that acts as a preconditioner to the onset of MHW events (Figures 3f–i).



4.2. Subsurface structure of UOHC sensitivities

The subsurface structure of UOHC scaled sensitivities is further investigated in this section. Profiles of sensitivity to temperature and salinity outside of the region for day 5, 3, and 1 prior to the first day of the MHW event reveal the subsurface structure of the sensitivities (Figure 5). Across all regions, sensitivities to temperature outside of the region are positive over the depth range over which UOHC in computed (170– 400 m), while below this depth temperature and salinity have opposing influences representing sensitivities to density changes below the thermocline. As discussed above, this demonstrates two separate mechanisms that influence UOHC; (1) advection of temperature, which occurs predominantly in the upper ocean, and (2) adjustments due to changes in density structure, driving deeper convection. The perturbations to temperature and salinity are shown in Figures 5e,f, respectively.

In Region 1, sensitivities to temperature in the upper 200 m dominate with increases in temperature at these depths resulting in increased UOHC. Below the thermocline, cooler temperature and higher salinity results in increases in UOHC resulting from changes in the density structure below the thermocline. Increased density below 200 m, 5 and 3 days prior to the MHW event results increased UOHC. In Region 2, positive sensitivities to temperature exist in the upper 500 m with highest sensitivities in the upper 200 m (above the thermocline). Reduced density between 200 and 500 m results in higher UOHC, in contrast to Region 1. In Region 3, positive sensitivities to temperature exist over the upper 500 m, with increased in density at depth (below ~700 m) resulting in increased UOHC. In Region 4, the sensitivity profile to temperature is bimodal with positive sensitivities to temperature above 200 m and between 200 and 1,000 m for 5 and 3 days prior to the event, and salinity playing a small role down to 1,000 m. In each region, on day 1 (the first day of the MHW event), sensitivities to temperature exists in the upper 200 m and density changes at depth can have little influence.

The maximum volume-integrated heat content associated with each MHW event (describing the event's magnitude), is inversely related to the thermocline depth (Figures 6a–d). Composites of the high (red) and low (blue) magnitude MHW events show that high magnitude events in regions 1–3 are typically associated with higher sensitivities to temperature in the upper 50–80 m, while lower magnitude events have sensitivities spread over the upper ~150 m corresponding to the deeper mixed layer and thermocline (Figure 6). In Region 4, the high magnitude events also have greater sensitivities to temperature below the thermocline to 1,000 m depth, indicating the influence of density changes at depth on MHWs in this region.
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FIGURE 6
 MHW magnitude versus mean thermocline depth over each of the regions and over the 5 days (a–d). MHWs are clustered into mag>65th %tile and TD < 35th %tile (red) and mag <35th %tile and TD>65th %tile (blue). These clusters are used for the composite profiles (e–h). Profiles show the sensitivity to temperature outside of the region scaled by the 5-day standard deviations for composites of high and low magnitude MHWs down to 1500 m (top) and zoomed in to the upper 200 m (bottom), for days 5, 3 and 1 prior to the first day of the MHW event.





5. Flow structures associated with MHW onset

Given the dominant influence of changes in temperature in the mixed layer, and changes in temperature and salinity below 200 m, outside of the regions elucidated from the adjoint sensitivity results, we examine the flow structures associated with the onset of MHW events. As each of the four regions experience MHWs at different times and present different circulation dynamics, we consider each region separately. We consider ensembles of the background flow (Figures 7, 9, 11, 13) and adjoint sensitivities (Figures 8, 10, 12, 14) averaged over the 4 days leading up to all MHW events.
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FIGURE 7
 (Top): Ensemble means of SSH anomaly, SSH and SST anomaly averaged over the 4 days leading up to all 64 MHW events in the Bay of Plenty. (Middle): Ensemble means of depth-integrated heat transport averaged over the 4 days leading up to MHW events from 0 to 200, 200 to 500, and 500 to 1,000 m (Wm−1). (Bottom): Ensemble means of depth-integrated heat transport anomalies (Wm−1). Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 8
 Ensemble sensitivities for days 5, 3, and 1 leading up to all 64 MHW events in the Bay of Plenty. (Top to bottom): Mean scaled sensitivity to SSH, mean scaled sensitivity to temperature from 0 to 200 m, standard deviation of scaled sensitivity to temperature from 0 to 200 m, mean scaled sensitivity to temperature from 200 to 500 m and mean scaled sensitivity to temperature from 500 to 1,000 m. Sensitivities are scaled by the 5-day standard deviations for the days leading up to the MHWs, averaged in quadrature. Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 9
 (Top): Ensemble means of SSH anomaly, SSH and SST anomaly averaged over the 4 days leading up to all 64 MHW events in the Kaikoura region. (Middle): Ensemble means of depth-integrated heat transport averaged over the 4 days leading up to MHW events from 0 to 200, 200 to 500, and 500 to 1,000 m (Wm−1). (Bottom): Ensemble means of depth-integrated heat transport anomalies (Wm−1). Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 10
 Ensemble sensitivities for days 5, 3, and 1 leading up to all 64 MHW events in the Kaikoura region. (Top to bottom): Mean scaled sensitivity to SSH, mean scaled sensitivity to temperature from 0 to 200 m, standard deviation of scaled sensitivity to temperature from 0 to 200 m, mean scaled sensitivity to temperature from 200 to 500 m and mean scaled sensitivity to temperature from 500 to 1,000 m. Sensitivities are scaled by the 5-day standard deviations for the days leading up to the MHWs, averaged in quadrature. Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 11
 (Top): Ensemble means of SSH anomaly, SSH and SST anomaly averaged over the 4 days leading up to all 52 MHW events in the Stewart Plateau and Snares Shelf region. (Middle): Ensemble means of depth-integrated heat transport averaged over the 4 days leading up to MHW events from 0 to 200, 200 to 500, and 500 to 1,000 m (Wm−1). (Bottom): Ensemble means of depth-integrated heat transport anomalies (Wm−1). Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 12
 Ensemble sensitivities for days 5, 3, and 1 leading up to all 52 MHW events in the Stewart Plateau and Snares Shelf region. (Top to bottom): Mean scaled sensitivity to SSH, mean scaled sensitivity to temperature from 0 to 200 m, standard deviation of scaled sensitivity to temperature from 0 to 200 m, mean scaled sensitivity to temperature from 200 to 500 m and mean scaled sensitivity to temperature from 500 to 1,000 m. Sensitivities are scaled by the 5-day standard deviations for the days leading up to the MHWs, averaged in quadrature. Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 13
 (Top): Ensemble means of SSH anomaly, SSH and SST anomaly averaged over the 4 days leading up to all 34 MHW events in the Hokitika region. (Middle): Ensemble means of depth-integrated heat transport averaged over the 4 days leading up to MHW events from 0 to 200, 200 to 500, and 500 to 1,000 m (Wm−1). (Bottom): Ensemble means of depth-integrated heat transport anomalies (Wm−1). Gray lines show the 100 and 1,000 m bathymetry contours.
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FIGURE 14
 Ensemble sensitivities for days 5, 3, and 1 leading up to all 34 MHW events in the Hokitika region. (Top to bottom) Mean scaled sensitivity to SSH, mean scaled sensitivity to temperature from 0 to 200 m, standard deviation of scaled sensitivity to temperature from 0 to 200 m, mean scaled sensitivity to temperature from 200 to 500 m, mean scaled sensitivity to temperature from 500 to 1,000 m, and mean scaled sensitivity to surface meridional wind stress. Sensitivities are scaled by the 5-day standard deviations for the days leading up to the MHWs, averaged in quadrature. Gray lines show the 100 and 1,000 m bathymetry contours.


We show ensemble means of SSH anomaly, SSH, and SST anomaly (Figures 7, 9, 11, 13 top panels). To understand how the flow structures relate to the onset of MHW events, we compute the vertically-integrated heat transport for the 4 days leading up to each MHW event (for depths 0–200, 200–500, 500–1,000 m). Depth-integrated heat transport from a depth −z1 to −z2 is a vector given by
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where Cp is the specific heat of sea water (J(kgK)−1). The ensemble means of vertically-integrated heat transport (Figures 7, 9, 11, 13 middle panels) and vertically-integrated heat transport anomalies relative to the 25-year mean (Figures 7, 9, 11, 13 bottom panels), averaged, averaged over the 4 days leading up the MHW events, reveal the subsurface structure of the heat advection. For the adjoint sensitivities, we present the mean scaled sensitivity (Equation 8) to SSH, mean scaled sensitivity to temperature from 0 to 200 m, standard deviation of scaled sensitivity to temperature from 0 to 200 m, mean scaled sensitivity to temperature from 200 to 500 m and mean scaled sensitivity to temperature from 500 to 1,000 m for days 5, 3, 1 leading up to all MHW events. These are shown in Figures 8, 10, 12, 14 for each of the four regions. As previously the sensitivities are scaled by the 5-day standard deviations for the days leading up to the MHWs, averaged in quadrature, and then summed across the relevant depth-integral.


5.1. Region 1: Bay of plenty

For the Bay of Plenty, we see a negative SSH anomaly off the northern tip of the North Island, associated with less separation of the EAUC at North Cape, and an eddy dipole directly to the north of the Bay of Plenty, which pumps warm water into the Bay of Plenty region (Figure 7). The SSH sensitivities are consistent with the existence of this eddy dipole to the north of the region and the temperature sensitivities in the upper 200 m reveal that heat is advected into the Bay of Plenty from the north (Figure 8). This reinforces the idea that, rather than separating into the North Cape Eddy, the EAUC pumps warm water from the north into the Bay of Plenty. SST is higher than normal across the entire northern region when MHW events occur in the Bay of Plenty, consistent with Figure 3f where we see that the majority of MHWs occur over multi-year periods when UOHC is anomalously high. Importantly, our results show the importance of the EAUC flow and its associated eddies on initiation of MHWs within these multi-year periods. These results reveal the causal mechanism behind what was suggested by the correlation plots in Figure 2 and described in Section 3.1.

Warmer temperatures at depth (below 200 m) to the east of the Bay of Plenty region up to 5 days prior to the MHW result in increased UOHC in the Bay of Plenty, while cooler temperatures below 200 m to the west and north of the region result in higher UOHC. As salinity shows the opposite pattern (not shown), this is related to the influence of the density structure below the thermocline. The spatial structure of SSH sensitivities is also consistent with this inferred circulation pattern that drives the onset of UOHC extremes in the region.



5.2. Region 2: Kaikoura

For Kaikoura, MHW events are associated with a weaker than normal eastward flow as the East Cape Current (ECC) separates and flows eastward, and a stronger westward countercurrent along the Chatham Rise [also resulting in stronger heat transport in the Wairarapa Coastal Current (WCC)]. This flow scenario likely results in heat convergence in the Kaikoura region, causing UOHC extremes. SST is cooler than normal in the ECC and warmer than normal off the east coast of central NZ. Heat is advected into the region from the east in the upper 500 m and from the south, associated with the Southland Current (SC), in the upper 200 m (Figure 9). This advection of temperature from the east and south is demonstrated by the temperature sensitivities in the upper 200 m (Figure 10).

Between 200 and 500 m, and to a lesser extent below 500 m, cooler temperatures against the continental shelf, and warmer temperatures along the Chatham Rise over the 5 days prior to the MHW event result in higher UOHC in the region (Figure 10). As in Region 1, similar spatial structures of the SSH sensitivities and the sensitivities to temperature below 200 m emphasize the importance of the ocean density structure in driving increased heat transport from the east along the northern edge of the Chatham Rise.



5.3. Region 3: Stewart plateau and snares shelf

The current structure around the Stewart Plateau and Snares Shelf region is particularly complex. In the flow ensemble means (Figure 11), heat transport in the Fiordland Current is reinforced by a low sea level anomaly off the southwestern tip of NZ's South Island. This anomalously warm water hugs the continental shelf around the southern tip of NZ over the upper 200 m feeding warm water into Region 3. SST is broadly higher than normal across the southern region when MHW events occur in the Stewart Plateau and Snares Shelf region, consistent with Figure 3h where we see that the majority of MHWs occur over multi-year periods when UOHC is anomalously high.

The complexities in the current structure are revealed by the SSH sensitivities (Figure 12). Advection into the region from the north is revealed by the temperature sensitivities in the upper 200 m (Figure 12) which also reveal some heat is entering from the south of the region (via the Subantarctic Front). Sensitivities to temperature below 200 m relate to the influence of the density structure on UOHC (Figure 12), with salinity sensitivities at depth having the opposite sign (not shown). Temperature sensitivities below 200 m and sensitivities to SSH extend along the continental shelf on the west coast of the South Island, indicating the wide-spread influence of density structure below 200 m on UOHC in Region 3. This influence in more pronounced in Region 4 and is discussed in the following section.

The correlations with 30-, 10- and 0-day lead times for Region 3 (Figure 2) show no clear flow structure, indicating that the heating occurs due to large scale adjustments at depth on the west coast. The adjoint sensitivity results (Figures 4c, 12) and ensemble mean heat transports (Figure 11) reveal that advection in the Fiordland Current (FC) is important for UOHC in Region 3, and the lagged spatial correlations for UOHC (Figures 2s,w) reveal that heat from Region 3 is then advected in the Southland Current (SC).



5.4. Region 4: Hokitika

MHW events at Hokitika are associated with a broad onshore flow associated with the Subtropical Front that impinges on the west coast of the South Island and warmer than normal SST across the oceanic region west of the South Island (Figure 13). This broad scale SST anomaly when MHW events occur in the Hokitika region is consistent with Figure 3i where we see that almost all of MHWs occur over multi-year periods when UOHC is anomalously high. Anomalously high heat transport occurs over the (5-day) onset of MHW events from the west down to 1,000 m and from the north along the shelf above 500 m (Figure 13).

Temperature sensitivities above 200 m reveal very little advective flow structure, consistent with Figure 4d where advection in the mixed layer was relatively small (compared to the other regions, Figures 4a–c). Some advection is seen into the southwest of the region in the upper 200 m (Figure 14), while the temperature sensitivities below 200 m relate to sensitivities to density changes. Five days prior to the MHW events, Figure 5 shows sensitivity to temperature with depth (outside of the region) is bimodal with a peak in the upper 200 m and a peak at ~500 m. This peak at depth disappears 1 day before the events when sensitivities in the upper 200 m dominate. Temperature sensitivities between 200 and 500 m (Figure 14) reveal that leading up to MHW events cooler (denser) water offshore of the shelf and warmer (less dense) water on the shelf slope leads to an increase in UOHC in the region, suggesting a downwelling process. Indeed in Figure 2 there is no clear flow structure evident in the spatial plots of UOHC correlations at Region 4 (Hokitika), in contrast to Regions 1 and 2, consistent with the downwelling mechanism rather than horizontally dominated flows.

The spatial structure of the surface wind stress sensitivities in Region 4 show wide-spread wind stress sensitivities (Figure 14) indicating that the winds over the west coast of NZ are setting up a downwelling circulation pattern that drives extreme UOHC events in the region. This is consistent with the sensitivities of UOHC to density changes at depth. This is in contrast to the spatial structure of the surface wind stress sensitivities Regions 1–3 (not shown) which simply reveal the local advective flow structure.




6. Discussion

We have shown that, embedded in the large scale inter-annual variability of ocean heat content, extremes in upper ocean heat content around NZ are largely driven by processes that occur on short timescales (days to weeks) associated with the local circulation, rather than surface heat fluxes. Regions 1–3 show high sensitivities to temperature in the mixed layer that gradually decrease with time over the onset of the MHW (Figures 4a–c), indicating that advection of temperature in the mixed layer is the dominant driver of the extreme UOHC events. In contrast, in Region 4 where currents are typically weak (Figure 1a), changes in temperature below the thermocline and those in the mixed layer influence UOHC by a similar magnitude (Figure 4d). Regions 1–3 are characterized by having many, short duration MHWs, while Region 4 has fewer, longer duration MHWs (Figures 3d,e). These two regimes correspond to MHWs driven by advection in the mixed layer (Regions 1–3) and MHWs influenced by temperature perturbations above and below the ML in a region characterized by weaker currents (Region 4).

Across all regions, the effects of changes to temperature and salinty below the thermocline on UOHC relate to density changes, indicated by the opposing affects of temperature and salinity (Figure 5), which influence heat convergence into the regions. Using an adjoint model to study sensitivities of ocean heat content in the Labrador Sea, Jones et al. (2018) separate the effects of changes in potential temperature at constant density and changes in density. Similar to our results in the mixed layer for Regions 1–3, they show that sensitivities of heat content to potential temperature reveal the circulation patterns (or advective flow structure). Sensitivities to changes in density were able to reveal regions in which density changes can alter circulation and ultimately influence heat convergence.

Analyzing the four-dimensional structure of the adjoint sensitivities reveals the significance of changes to subsurface temperature (and to a lesser extent, salinity) to UOHC extremes. Mixed layer heat budgets are frequently used to diagnose the drivers of surface warming associated with MHWs (e.g., Elzahaby et al., 2021, 2022); however, the influence of salinity and subsurface water mass properties are often overlooked (Holbrook et al., 2020) yet have been shown to be significant for MHW evolution and persistence (Scannell et al., 2020; Hu et al., 2021). We show that adjustments relating to changes in density structure (well below the mixed layer) are particularly important for MHWs in regions where surface currents (and therefore heat advection) are weak (such as the west coast of NZ). While this study focused on the short-term drivers of UOHC extremes, inter-annual variability and long-term trends in UOHC would also benefit from analysis of the role of subsurface temperature and salinity to better understand the ocean's role in the persistence and evolution of long-lived events.

We show that higher magnitude MHW events are typically associated with shallower mixed layer and thermocline depths, with higher sensitivity to temperature changes in the upper 50–80 m. These results show that, for the same change in temperature, shallower mixed layers result in greater changes in UOHC due to advection of temperature into the region. As noted by Holbrook et al. (2020), when mixed layers are shallower than normal they will warm more quickly for a given input of heat. The influence of density changes at depth were also illuminated by Scannell et al. (2020) who describe the onset of a MHW event during which an increase in stratification likely contributed to the confinement of warm anomalies to the near-surface, enhancing the MHW's intensity.

The flow structures associated with MHW event onset are revealed by the spatial plots of sensitivity to temperature in the upper 200 m, for Regions 1–3, with the sensitivities of the ensembles (Figures 8, 10, 12) revealing the source of advected temperature consistent with the ensemble mean flow structures (Figures 7, 9, 11). The spatial structure of the surface wind stress sensitivities in Regions 1–3 reveal the local advective flow structure, while the wide-spread wind stress sensitivities in Region 4 (Figure 14) indicate a downwelling mechanism over the west coast of NZ driving extreme UOHC events. This is consistent with findings by Jones et al. (2018) who show significant positive alongshore wind stress sensitivity patterns that largely reinforce the adjustment pathways for heat content in a region of deep convection. The spatial correlation of UOHC at intra-annual periods (Figure 2) reveal these large scale adjustments over the west coast, in contrast to the correlations in Regions 1 and 2 revealing the advective flow structure.

MHW predictability will be more or less challenging depending on the regions and drivers (Jacox et al., 2019; Holbrook et al., 2020) and an understanding of the temporal and spatial scales of variability and the associated physical drivers of heat content extremes is key to developing effective prediction systems. Here, we emphasize the different timescales associated with UOHC variability (Figures 1c,d, 2, 3f–i). On short timescales (days to weeks), the local circulation drives changes either through mesoscale eddy and boundary current driven transport (Region 1 and 2), large scale density adjustments driving deep circulation changes (Region 4), or a combination of the two (Region 3) (Figures 2, 7–14). Understanding the prevailing short-term drivers associated with heat content extremes is an important step toward accurate MHW predictability on intra-annual time scales, allowing the prediction of short-lived MHW events within the longer term (inter-annual) heat content variability.

The use of the adjoint model provides direct connections to the dynamical drivers of UOHC extremes, therefore explaining the fundamental dynamics of back-trajectory teleconnections. This is in contrast to other studies that use concurrent correlations which are unable to imply causation. In addition, the adjoint sensitivity fields may also be used to inform the design of future observational networks (e.g., Heimbach et al., 2011; Loose et al., 2020). For instance, on the north and east coasts of NZ focus should be given to observations that will improve predictions of the boundary current circulation and associated eddies, while on the west coast, monitoring of temperature and salinity changes along the continental slope to 1,000 m would be useful in improving model predictions of MHWs. Future changes to UOHC under climate change can also be implied from the adjoint model results given the knowledge of the processes that control UOHC on both regional and local scales, as discussed in Hahn-Woernle et al. (2020).



7. Conclusions

Our results show a clear temporal scale separation in UOHC variability in oceanic regions around NZ. UOHC at the four near-coast locations shows large scale positive correlation with UOHC over the entire NZ region at inter-annual scales with temporal decorrelation scales of 3–5 years. At intra-annual (60–250 days) scales, spatial correlations relate to local processes and have temporal decorrelation scales of 30 days. While MHW events occur most often during the multi-year periods where UOHC is anomalously high over a broad region, the onset of MHW events in the near-coast regions is driven by local processes on timescales of days to weeks.

Using Adjoint Sensitivity Analysis we revealed that advection of temperature in the mixed layer is the dominant driver of UOHC extremes along the north and east coasts of NZ. Here, changes in UOHC were most sensitive to changes in temperature in the mixed layer outside of the chosen regions, rather than changes in surface forcings. On the west coast, advection is less important and UOHC changes are driven by changes in the density structure in the upper 1,000 m set up by downwelling winds. The spatial structure of the adjoint sensitivities revealed the origins of the adjective heat fluxes above 200 m and the importance of density structure below the thermocline (~200 m). We find common flow structures associated with the onset of MHW events which show heat transport anomalies consistent with the structure of temperature advection revealed by the adjoint sensitivity results. Understanding the local circulation dynamics associated with MHW onset is key to prediction of MHW events on short time scales (days to weeks).
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