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Despite numerous studies examining terrestrial or marine heatwaves independently, little work has investigated potential associations between these two types of extreme events. Examination of a limited number of past events suggests that certain co-occurring terrestrial and marine heatwaves have common drivers. Co-occurring events may also interact via local land-sea interactions, thereby altering the likelihood of these events. This study explores possible links between adjacent coastal marine and terrestrial heatwaves around Australia using observation and reanalysis data. We find a significant increase in the number of terrestrial heatwave days in the presence of an adjacent co-occurring marine heatwave along the coastal belt of Australia. In most regions, this increase persists at least 150 km inland. This suggests that processes operating beyond the narrow coastal belt are important in most regions. We also show that synoptic conditions driving a terrestrial heatwave in three locations around Australia are conducive for warming the ocean, which would increase the likelihood of a marine heatwave occurring. However, ocean state must also be conducive to reach MHW conditions. Our findings suggest that co-occurring terrestrial and marine heatwaves co-occur more frequently than chance would dictate, and that large scale synoptics may be conducive to both coastal terrestrial and marine heatwaves.
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INTRODUCTION

Heatwaves are prolonged periods of extreme temperature (Perkins and Alexander, 2013), impacting a wide range of sectors including public health, agriculture, infrastructure and transportation. Thousands of deaths due to heat stress have been attributed to terrestrial heatwaves in Europe in 2003 (Coumou and Rahmstorf, 2012), Russia in 2010 (Russo et al., 2015) and India in 2015 (Ghatak et al., 2017). The Russian agricultural sector experienced a major setback after the 2010 heatwave which resulted in a 30% loss in grain harvest (Barriopedro et al., 2011). A heatwave in southeast Australia in 2009 caused the buckling of railway tracks and the “bleeding” of roads made of bitumen, thus taking a toll on the rail and road transport infrastructure in Melbourne (McEvoy et al., 2012).

Terrestrial heatwaves are usually associated with persistent synoptic conditions often associated with a high pressure system. These high pressure systems result in subsidence in their core, giving rise to adiabatic warming which results in the anomalously high surface air temperatures experienced during a heatwave (Black et al., 2004; Pfahl and Wernli, 2012). They are also associated with few clouds/clear skies which increase incoming shortwave radiation to the surface, and reduced winds which cause reduced evaporative cooling (Miralles et al., 2014; Perkins, 2015) and by surface sensible heating caused by warm air advection (Quinting et al., 2018), all of which result in prolonged hot conditions at the surface.

Heatwaves are not only limited to land but are increasingly being investigated in the marine environment (Lima and Wethey, 2012; Oliver et al., 2018, 2020; Holbrook et al., 2020; Sen Gupta et al., 2020). Although past studies have examined anomalously warm sea surface temperature (SST) events, the term “Marine Heatwave” (MHW) was not coined until Pearce et al. (2011) published their study about the 2010/11 “Ningaloo Nino” event. This event coincided with an extremely strong La Nina event and persisted for over 8 weeks, with SSTs along the West Australian coastline exceeding average conditions by 3–5°C. MHW impacts include widespread mortality of marine organisms, changes in species distribution and reduced carbon sequestration due to high mortality of sea grasses and other habitat forming species (Smale et al., 2019). These impacts can have important socio-economic consequences. Fishing industries were negatively affected during the 2012 north east Pacific warming event, leading to economic instability (Mills et al., 2013; Cavole et al., 2016). Similarly, the 2016 MHW in the Great Barrier Reef resulted in the degradation of the coral reefs (Hughes et al., 2018) which impacted the distribution of coral fisheries (Brown et al., 2021).

Marine heatwaves are generally caused by local processes such as increased atmosphere-ocean heat fluxes and anomalous ocean advection and mixing. These local processes may be influenced by atmospheric (or possibly oceanic) teleconnections (Hobday et al., 2016; Oliver et al., 2017; Holbrook et al., 2020). The 2015/16 Tasman Sea MHW was primarily caused by warm water advection associated with an anomalously strong East Australian Current (Oliver et al., 2017). In contrast, the 2017/18 Tasman Sea MHW was largely caused by air-sea heat fluxes (Perkins-Kirkpatrick et al., 2018), where a strong and persistent high-pressure system reduced cloud cover and weakened the winds, thereby increasing shortwave radiation and reduced evaporative cooling.

Compared to numerous studies that have independently examined terrestrial or marine heatwaves, research on any possible association between the two is emerging, with some regional studies evident. This is important because the ecological impact and economic consequences of these co-occurring heatwaves could be greater than that of an individual event. Ruthrof et al. (2018) showed that a heatwave spanning across both the terrestrial and marine environments in Western Australia caused alteration of species distributions and mortality of some species in both the terrestrial and marine environments. There is also the increased risk of heat stress in coastal areas during co-occurring heatwaves. Potentially strong interactions between very warm and humid air over MHWs that is advected over land could trigger record-breaking heat stress levels, especially in coastal locations (Pal and Eltahir, 2016; Raymond et al., 2020).

Examination of a limited number of past events suggest that co-occurring terrestrial and marine heatwaves may have common drivers (Schlegel et al., 2017; Rodrigues et al., 2019; Salinger et al., 2019). In addition, co-occurring events could interact with each other via local land-sea interactions, thereby altering the characteristics of one or both events. For example, Rodrigues et al. (2019) explored the physical mechanisms governing the terrestrial heatwave and drought in South America in 2013/14 concurrent with the marine heatwave in the South Atlantic. A persistent blocking high pressure system was associated with subsidence, few clouds and clear skies, reduced winds, and warm air advection, resulting in prolonged hot conditions at the surface, leading to a terrestrial heatwave in South America (Mekonnen et al., 2015). At the same time, the persisting high led to an increase in short wave radiation into the ocean and reduced latent heat losses associated with weak winds causing an anomalous increase in SSTs (Rodrigues et al., 2019), resulting in a concurrent marine heatwave.

Interactions between land and ocean can also increase the likelihood of co-occurring local events. In 2003, anomalous SST warming in the Mediterranean Sea occurred as a result of higher rates of air-sea heat flux caused by the atmospheric heatwave over Europe in 2003, in combination with subdued winds, resulting in positive sea surface temperature anomalies (Sparnocchia et al., 2006; Olita et al., 2007; Garrabou et al., 2009). Similarly, Karnauskas (2020) suggested that the terrestrial heatwave that swept through south-eastern Australia and north to the state of Queensland, played a dominant role in the 2015/16 MHW in the Great Barrier Reef, by advecting warm air from the land over the ocean and thereby amplifying and extending the SST anomaly through turbulent heat fluxes.

Although not explicitly analyzed as a co-occurring event, Schlegel et al. (2017) examined atmospheric and oceanic patterns associated with coastal marine heatwaves in southern Africa. They studied the SSTs, surface air temperatures and atmospheric circulation during marine heatwaves near the coast of southern Africa. They found that coastal marine heatwaves were often associated with warm atmospheric temperatures over the subcontinent as well as with onshore and alongshore winds. This study was one of the earlier indicators of the potential association between marine heatwaves and warmer land temperatures, with the possibility of this leading to co-occurring heatwave events. Coastal marine regions are subject to a higher temperature fluctuation due to shallower waters and hence are more sensitive to the short-term and local forcing (Schlegel et al., 2017).

In this study we strive to understand the potential links between co-occurring terrestrial and marine heatwaves in Australia. To our knowledge, previous studies have not explicitly examined co-occurring terrestrial and marine heatwaves in Australia. However, with heatwaves in Australia (Perkins and Alexander, 2013; Perkins, 2015; Jyoteeshkumar reddy et al., 2021) and the surrounding oceans (Oliver et al., 2018) becoming more frequent and lasting longer, there is a growing need to study co-occurring events in this region.

The key objective of this study is to investigate if marine heatwaves increase the frequency of terrestrial heatwaves. In doing so, we also propose a framework to gain a better understanding about co-occurring terrestrial and marine heatwaves. In section Changes in the Probability of THW Days in the Presence of MHW Conditions we investigate if marine heatwaves are associated with an increase in the likelihood of coastal terrestrial heatwaves. In section Difference in Heatwaves Characteristics Between Co-occurring and Stand-Alone THWs we evaluate how heatwave characteristics such as severity and duration may differ between stand-alone and co-occurring heatwaves. In section Composite Analysis we assess the synoptic conditions during stand-alone THW and MHWs in three case study regions and investigate how these conditions may differ from co-occurring events.



METHODS


Observations of Atmospheric and Sea Surface Temperature

To identify MHWs and their characteristics we use high resolution ([image: image]°) daily gridded SST data obtained from the National Oceanic and Atmospheric Administration Optimum Interpolation Sea Surface Temperature (NOAA OISST) V2.0 from the Advanced Very High-Resolution Radiometer satellite (Reynolds et al., 2007) for the time period 1982–2018.

To identify THWs and to examine the atmospheric conditions associated with heatwaves we use the European Center for Medium-Range Weather Forecasts ERA-5 reanalysis from 1982 to 2018, also with a [image: image]° spatial resolution (Hersbach et al., 2020). ERA5 combines a large number of historical observations into global estimates using advanced modeling and data assimilation systems. ERA5 provides hourly estimates of atmospheric, land and ocean climate variables, making it a consistent dataset that can be used for heatwave detection as well as composite analyses.



Heatwave Detection and Severity Calculation

To identify THWs in Australia (113–154°E, 10–44°S), we use the Perkins and Alexander (2013) definition by using the daily maximum surface air temperature (SAT) from ERA5. A THW is defined as a period of time during which the daily maximum air temperature exceeds the climatological daily 90th percentile for a minimum of 3 consecutive days.

Using the NOAA OISST data from 1982 to 2018 around Australia (90–180°E, 0–60°S), a MHW is defined as periods during which the daily mean SST exceeds the climatological daily 90th percentile for a minimum of five consecutive days, adapted from Hobday et al. (2016; for consistency with the THW definition, we did not combine MHW that fell below the threshold for <2 days).

Daily climatological mean and 90th percentile values for both THWs and MHWs were calculated based on a 30-year baseline period from 1983 to 2012 following Hobday et al. (2018), based on the first availability of global satellite NOAA OISST dataset. In line with the definitions used by Perkins and Alexander (2013) and Hobday et al. (2016), for each day of the year the 90th percentile was calculated using daily temperature values within an 11-day or 15-day window centered on that day, for marine and THWs, respectively. The use of a moving window provides a more robust estimate of percentile values by providing a larger sample size. Both climatological percentile time series were subsequently smoothed using a 31-day moving window to generate smoothly varying climatologies. The 30-year period between 1983 and 2012 was defined as the baseline.

The 5-day minimum MHW criteria was selected based on a sensitivity study that showed that for durations shorter than 5 days there were more MHWs in the tropics than elsewhere, and for durations longer than 5 days there were fewer than one MHW per year in many regions (Hobday et al., 2016). They showed that 5 days was appropriate for capturing a somewhat uniform number of MHW events globally. The 11 and 15 day windows, similarly follows the standard approaches recommended in the above studies.

Once the heatwaves were detected, the severity of both MHWs and THWs was calculated following the Hobday et al. (2018) MHW categorization scheme (Figure 1). Severity is defined as the ratio between the difference between observed SST and climatology and the difference between 90th percentile threshold and climatology. It is a continuous form of the discrete categorization scheme developed by Hobday et al. (2018).


[image: Figure 1]
FIGURE 1. Schematic illustrating stand-alone and co-occurring heatwaves. (A) SST and (B) SAT from (42.12S, 149.9E) and (42S, 148E) respectively. Each MHW is divided into its build-up and decay phases based on the maximum SST of the event. THW may co-occur with the build-up or decay phases of MHW (green bars) or independently of a MHW (red bars).




Changes in the Probability of THWs in the Presence of MHWs

To assess if THWs are more likely to occur in the presence of an adjacent MHW we analyzed the occurrence rates of such events on pairs of coastal and adjacent ocean cells. Our motivation for choosing single adjacent grid cells was to be able to examine how relationships vary as we move inland. We stress that in this analysis we are not examining causality. Stand-alone terrestrial heatwave days were identified when there were no contemporaneous MHW in the adjacent ocean cell. Co-occurring heatwave days were defined as the days in which a terrestrial heatwave is completely encompassed by a marine heatwave (Figure 1). To quantify if terrestrial heatwaves occurred more frequently in the presence of a marine heatwave, the proportion of co-occurring heatwave days relative to stand-alone heatwave days was calculated for each grid cell around the coast of Australia. This value is referred to as the “occurrence ratio” A ratio of 1 would indicate that the number of co-occurring and stand-alone THW days are equal. To test if the proportion is significantly larger than would be expected by chance, a Monte Carlo analysis was performed. For a given grid point, the timeseries of THW days was randomized 10,000 times (simulations), while keeping the contiguous THW days intact (so as to keep the temporal characteristics of the THW time series the same), and the MHW timeseries was left unchanged. To achieve this, for each simulation, the THW series was split at a randomly selected point, and the positions of the two segments were swapped with each other. For each random simulation, the associated occurrence ratio was calculated to generate a probability distribution against which the observed occurrence ratio could be compared. Where the observed ratio was higher than 99% of the randomized simulations, we considered the likelihood of co-occurring THWs to be significantly enhanced.

The analysis was repeated for all coastal grid cells around Australia and their closest marine grid cell.

The ERA5 dataset is a combined dataset, because of which, data over the coast could inadvertently capture data over the ocean. Alternatively, we could have used the ERA5-Land dataset to ensure that the data on the coastal areas is in fact data over land. However, ERA5-Land is produced at higher resolution and forced by ERA5 atmospheric parameters with lapse rate correction but with no additional data assimilation (Muñoz-Sabater et al., 2021). The ERA5 and the NOAA OISST datasets are at 0.25° resolution however there is a 0.125° offset between the two grids. This offset could also result in some coastal cells being contaminated by temperatures from over the ocean. To exclude this possibility, we have calculated the exceedance ratios moving (0.5°, 0.75°, 1.0°, 1.25°, and 1.5°) inland.



Changes in Heatwave Characteristics

In addition to affecting the likelihood of a THW, we might also expect MHWs to influence the characteristics of THWs. To examine this, we calculated the percentage change in mean severity and mean duration of co-occurring (CO) compared to stand-alone (noCO) terrestrial heatwaves at each coastal grid cell (0.5° inland). Statistical significance of the difference between standalone and co-occurring intensities was determined using a Student's t-test. Here, a co-occurring terrestrial heatwave is defined as a THW that is fully encompassed within a MHW. A stand-alone terrestrial heatwave is one that occurs independently of a MHW.



Composite Analysis

To examine whether common synoptic drivers play a role in the generation of co-occurring terrestrial and marine heatwaves, we carried out an event-based composite analysis to determine if there are significant differences between the synoptic conditions during co-occurring and stand-alone terrestrial and marine heatwave events. To do this we calculated the composite means of anomalies of variables that are important in controlling local heating: mean sea level pressure (MSLP), wind speed and direction, downward shortwave radiation (SWR), latent & sensible heat flux (LHF & SHF) and specific humidity, surface moisture from ERA5. The daily anomalies were calculated relative to the 1983–2012 climatological period, in line with the heatwave calculations. As the analysis is specific to THW/MHW at a particular location, we apply this analysis to three case study locations where there have been record-breaking MHWs in the recent past (Feng et al., 2013; Oliver et al., 2017; Karnauskas, 2020): Ningaloo region (23.25°S 113.5°E), Hobart (43°S 148.25°E) and Townsville (19.25°S 147.25°E). These coastal locations are important for economic growth (eg: tourism) and are also close to vulnerable ecosystems such as coral reefs or kelp forests.

After the MHWs were identified, composite means were calculated for the build-up and decay phases of the MHW event. Each MHW was split into two phases on either side of the maximum SSTs (Figure 1). Additionally, for MHW detection, we extend our analysis 2-days on either side of the event (i.e., tstart-2 to tend+2). Inspection of the SST timeseries for MHWs indicates that these shoulder periods are usually associated with strong warming at the start and cooling at the end of the events.




RESULTS

A challenge in understanding the link between THWs and MHWs, is that these events are (by definition) rare, and co-occurring events will be even rarer. When looking at all events pooled across the coastal belt of Australia, we see that THWs and MHWs occurred 2 to 5 times a year at a location (interquartile range, Figure 2D). Co-occurring events are rarer, in many years there will be no such events at a given location (Figure 2D).
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FIGURE 2. Annual heatwave events averaged for each coastal grid cell for (A) stand-alone THWs, (B) stand-alone MHWs and (C) co-occurring THWs. (D) Frequency distribution of annual mean terrestrial, marine and co-occurring heatwave numbers for all [828] 0.5° grid cells around the coastal belt of Australia from 1982 to 2018.


When looking at the annual event numbers for each grid cell along the coast of Australia, there were on average between 1 and 6 terrestrial heatwaves a year, with a strong latitudinal dependence (Figure 2A). In the northern coastal belt, there were typically more (4–6) THWs than along the south (1–3) each year. On the other hand, we do not see a strong north south difference for MHWs. Because of this, annual number of MHWs (3–4) tend to be lower than THWs north of ~25°S, while along the southern coast, there are more (36) MHWs (Figure 2B) than (1–4) THWs. Co-occurring terrestrial heatwaves occurred on average approximately once every year across most of the coast, however in some coastal grid cells there were years during which there were no such events (Figure 2C). The higher number of THWs along the northern coastal belt is consistent with lower frequency atmospheric variability in the tropics. Indeed, examination of the lagged temporal autocorrelation of various atmospheric variables, demonstrates that Townsville (in northern Australia) is subject to much lower frequency variability than Hobart (southern Australia; Supplementary Figure 7).

When looking at all pooled events across the coastal belt of Australia during the study period of 1982–2018, we see that stand-alone and co-occurring THWs typically last between 3 and 5 days whereas MHWs typically last between 6 and 12 days interquartile range, Figure 3D).


[image: Figure 3]
FIGURE 3. Distribution of median event duration of (A) stand-alone THWs, (B) stand-alone MHWs and (C) co-occurring THWs. (D) Frequency distribution of event duration of terrestrial, marine and co-occurring heatwaves for all 0.5° grid cells around the coastal belt of Australia from 1982 to 2018.


When looking at the median event duration of events for each grid cell along the coast of Australia, most stand-alone terrestrial heatwaves lasted 3–4 days (interquartile range, Figure 3A). There is a clear north-south difference in the duration, with longer THWs found across the north of Australia. Stand-alone MHWs around the coastal belt of Australia typically lasted for 7–8 days on average, with the longer events generally along the SE coast of Australia (Figure 3B). The median duration of co-occurring THWs showed similar latitudinal variation to their stand-alone counterparts. However, there were areas along the southern coast where co-occurring events lasted longer than stand-alone THWs (Figure 3C). This is not particularly surprising, given that this data will be much noisier with the reduced sample size.

As the ocean warms, characteristics of temperature extremes would intensify resulting in an increase in MHWs (Oliver et al., 2018). Similarly, terrestrial heatwaves are increasing in frequency, duration and cumulative heat (Perkins-Kirkpatrick and Lewis, 2020). To examine how heatwaves are changing over time, we calculated the trend in the number of heatwave events per year. Almost all the coastal cells around Australia showed a significant increase in the frequency (i.e., number of discrete THW events per year) of terrestrial heatwaves between 1982–2018. Some areas, such as those near the Great Barrier Reef and in NE Tasmania, showed an increasing trend of 3 annual terrestrial heatwaves per decade (Figure 4A). This means that in those regions there are ~11 more terrestrial heatwaves in a year in 2018 compared to 1982.


[image: Figure 4]
FIGURE 4. Trend in the number of events per year per decade of (A) terrestrial heatwaves, (B) marine heatwaves and (C) co-occurring events along the coastal belt of Australia. The trends were calculated for pairs of adjacent cells 0.5° inland for all events from 1982 to 2018. Trends are computed by Sen's Kendall slope estimator, which is nonparametric and is robust against outliers and data that is not normally distributed (Sen, 1986). Trends are only shown where they are statistically significant at the 5% level.


Marine heatwaves in approximately half of the coastal cells around Australia show a significant increase in occurrence between 1982 and 2018. Only a few isolated locations show significant but weak negative trends. The largest positive trends are found along the SE coastal belt of the mainland as well as some areas close to the Southern coast (Figure 4B). Trend values of 2 MHW per year per decade indicate that by 2018 there are about seven more discrete marine heatwaves in a year compared to 1982. The positive trends are likely due to increase in background warming. The dominance of long-term warming as opposed to changes in variability was demonstrated by Oliver (2019) for MHWs.

Despite seeing a positive decadal trend in annual THWs and MHWs along large parts of the coastal belt of Australia, only a few coastal cells such as the SE coast and eastern Tasmania show a significant positive trend in co-occurring THWs (Figure 4C). When co-occurring events are concerned, the sample size is much smaller compared to stand-alone events, and there are many years during which there is no overlap between THWs and MHWs (Figure 2D).


Changes in the Probability of THW Days in the Presence of MHW Conditions

To identify any relationship between terrestrial and marine heatwaves, we tested if there was a higher likelihood for coastal terrestrial heatwaves in the presence or absence of adjacent marine heatwaves.

To illustrate the analysis, Figure 5A shows that for a location situated near the Great Barrier Reef (GBR), the occurrence ratio was 0.82. This means that co-occurring THW days occurred 82% of the time compared to stand-alone THW days. Based on our Monte Carlo analysis (Figure 5A), if there were no causal relationship between THW and MHWs, we would expect the occurrence ratio to be between 13 and 34% (i.e., the 1st and 99th percentile range). Therefore, this occurrence ratio is highly unlikely to occur by chance. This suggests that co-occurring events are either influenced by a common driver or are influencing each other through local land-sea interactions.
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FIGURE 5. (A) Occurrence ratio and the associated randomized (Monte Carlo) PDF and 99th percentile of the distribution of co-occurring events at 21.00°S 148.75°E (GBR region). (B) Exceedance ratio (i.e., ratio between occurrence ratio and 99th percentile of Monte Carlo simulations) for all coastal/adjacent ocean cell pairs around Australia. The ratios are calculated for pairs of adjacent cells 0.5° inland, 0.75° inland, 1.0° inland, 1.25° inland, and 1.5° inland.


To provide a measure of the deviation of the observed occurrence ratio from the random distribution, we define an exceedance ratio. This is the ratio between the occurrence ratio and the 99th percentile of the associated randomized Monte Carlo distribution at a given grid cell. An exceedance ratio >1 indicates that the co-occurring events are more likely than chance at the 99th percentile level.

The exceedance ratio exceeds 1 for all coastal cells indicating a significant increase in the likelihood of terrestrial heatwave days in the presence of a marine heatwave (Figure 5B). This effect appears to be strongest off NE parts of Australia, SE Australia, and near the Great Australian Bight (Figure 5B). The exceedance ratio drops off as we move inland off the coast of NE Australia. However, in SE Australia and near the Great Australian Bight, exceedance ratios remain similar as we move inland. When all the coastal points are pooled, the exceedance ratio drops off as we move inland (Supplementary Figure 1). Where there is a rapid drop-off, it would suggest that the THWs are being influenced by the adjacent ocean (or MHWs are being influenced by the adjacent land); where they stay similar it suggests that large scale processes are likely more important.



Difference in Heatwaves Characteristics Between Co-occurring and Stand-Alone THWs

If MHWs act to modify THWs we might expect the severity and duration of co-occurring THWs to change systematically compared to stand alone events. To test this, we examined how these characteristics differ between stand-alone and co-occurring THWs.

By examining the differences in mean severity between co-occurring and stand-alone THWs, we find that there is no overall increase in severity. Most coastal cells do not show a significant change. The limited regions where the difference is statistically significant show an increase in severity (Figure 6A). For event duration, significant changes occur only in certain areas in Western Australia, where the duration of co-occurring events increases by 10–40% compared to stand-alone events (Figure 6B).


[image: Figure 6]
FIGURE 6. (A) Percentage change in mean severity between co-occurring and stand-alone events (B) Percentage change in mean duration between co-occurring and stand-alone events. Black boxes indicate areas where the changes are significant at a 5% significance level.




Composite Analysis

We have seen that in some areas the exceedance ratio drops off as we move away from the coast. This suggests that the relationship between THWs and MHWs may result, in part, due to local coastal processes. However, we have also seen that across most of coastal Australia, the ratio remains similar as we move inland (at least to a distance of 150 km from the coast), suggesting that large scale processes may be playing a role. This means that co-occurrence may be elevated if certain synoptic conditions favor both types of events. In this section, we examine the synoptic conditions associated with stand-alone and co-occurring events for three selected locations where record-breaking MHWs have occurred in the past.


Townsville

The city of Townsville is on the northeast coast of Queensland adjacent to the Great Barrier Reef. By composting all discrete stand-alone THW events for Townsville, we find that these are typically associated with broad warming across NE Australia, with the strongest warming near the coast next to the Great Barrier Reef. This suggests that stand-alone THWs in Townsville are driven by large-scale synoptic conditions and not purely local processes. The composite shows negative mean sea level pressure anomalies off the SE coast of Australia, which result in strong south-westerly wind anomalies extending across SE Australia and the north-westerly off-shore winds (Figure 7a) causing a reduction in the strength of the mean winds (Supplementary Figure 2F). The absolute surface air temperature is cooler offshore (Supplementary Figure 2C). As such the southwesterlies over land may inhibit the onshore transport of cooler marine air allowing a build-up of heat in this area (Figure 7a). In addition, the anomalous southwesterlies over land move across a region subject to anomalous sensible heating of the atmosphere (Supplementary Figure 2I). This warming of air, as it is advected toward the coast is consistent with mechanisms proposed for terrestrial heatwaves in Brisbane, situated on the coast further to the south (Quinting et al., 2018). Using lagrangian backtracking, Quinting et al. (2018) also demonstrated the importance of adiabatic warming as a result of subsidence of air parcels in generating THWs. Locally we find strong shortwave warming that reaches more than 40 W/m2 around Townsville (Figure 8D). This is mainly partitioned into additional sensible heating from the land to the overlying atmosphere, conducive for the THW.
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FIGURE 7. Composite synoptic conditions for stand-alone THWs (left column), stand-alone MHW build-up (center) and co-occurring THW (right column) in Townsville. (a–c) show SAT anomalies (shaded), MSLP anomalies (line contours) and wind vectors. (d–f) show SST anomalies (shaded) and SWR anomalies (line contours). (g–i) show LHF anomalies (shaded) and windspeed anomalies (line contours). (j–l) show specific humidity anomalies. (m–o) show vertical velocity anomalies at 850 hPa. Negative LHF implies a flux of heat from the land/ocean surface to the atmosphere.



[image: Figure 8]
FIGURE 8. Composite means of latent heat flux, sensible heat flux and shortwave radiation anomalies over ocean points during stand-alone MHW, build-up and decay phases, co-occurring THWs and stand-alone THWs for (A) Townsville, (B) Ningaloo and (C) Hobart; composite means of latent heat flux, sensible heat flux and shortwave radiation anomalies over adjacent land points during stand-alone THW and co-occurring THWs for (D) Townsville, (E) Ningaloo and (F) Hobart. Negative LHF and SHF implies a flux of heat from the land/ocean surface to the atmosphere. Asterisks indicate that the composite mean is significantly different from 0 (p < 0.05) based on a Student t-test.


Interestingly, the synoptic conditions associated with these stand-alone THWs also drive a large latent heat flux over the adjacent ocean (Figure 7g). The surface latent heat flux pattern is congruent with the strong specific humidity (Figure 7j) and negative windspeed anomalies (Figure 7g), two of the primary factors controlling latent heat transfer. This high specific humidity may result from additional moisture being advected from tropical regions (Supplementary Figure 3) by the northerly winds.

To examine the MHWs, which generally build up (and decay) more gradually by the accumulation (or loss) of heat into the ocean mixed layer, we look at composites associated with the build-up and decay phases of the MHW separately. The MHWs in the GBR are associated with strong SST anomalies in the region, with the strongest anomalies close to the NE coast off Queensland (Figure 7e).

The synoptic conditions during the MHW build-up are similar to the stand-alone THW, including qualitatively similar wind (Figures 7a,b) and LHF anomalies (Figures 7g,h). This suggests that similar synoptic conditions are conducive to both types of events. Indeed, the composites of co-occurring THWs in Townsville show similar synoptic conditions to both the stand-alone THWs and MHW build-up phase (Figure 7c). Given the similarity in synoptic conditions, the presence or absence of a MHW may also relate to the state of the ocean heat content, mixed layer depth prior to the MHW onset. A shallower mixed layer, for example, would mean that the same net heat flux would generate a larger surface warming.

During the decay phase of stand-alone MHWs in Townsville, the wind anomalies, shortwave radiation flux (Supplementary Figure 4D) and latent heat flux anomalies are all weak (Supplementary Figure 4G). These weak heat flux anomalies suggest that the synoptic conditions are less consistent across different events, compared to the build-up phases.



Ningaloo Region

The Ningaloo Region is located on the northwest coast of Western Australia, adjacent to the Ningaloo Reef. By composting all stand-alone THW periods for Ningaloo, we find that these are typically associated with broad warming across western Australia, with strongest warming near the NW coast. The composite shows positive mean sea level pressure anomalies off the western coast of Australia, which result in strong easterly to south-easterly winds (Figure 9a). The positive SHF anomaly (i.e., additional heat transfer from the atmosphere to the land surface; Figure 8E), suggests that non-local factors are playing an important role in generating the THW at this location. Given composite surface air temperatures do not increase inland toward the east (Supplementary Figure 2B), and sensible heating anomaly composites across NW Australia are weak (Supplementary Figure 2H), advection of anomalously warm air from the interior does not appear to be important. However, absolute temperatures over the adjacent ocean were typically cooler (average difference 10°C) during the THW events. Therefore, there is the possibility of any onshore movement of cooler maritime air being suppressed by these strong anomalous easterlies blowing offshore (Figure 9a).


[image: Figure 9]
FIGURE 9. Composite synoptic conditions for stand-alone THWs (left column), stand-alone MHW build-up (center) and co-occurring THW (right column) in Ningaloo. (a–c) show SAT anomalies (shaded), MSLP anomalies (line contours) and wind vectors. (d–f) show SST anomalies (shaded) and SWR anomalies (line contours). (g–i) show LHF anomalies (shaded) and windspeed anomalies (line contours). (j–l) show specific humidity anomalies. (m–o) show vertical velocity anomalies at 850 hPa. Negative LHF implies a flux of heat from the land/ocean surface to the atmosphere.


As with the stand-alone THWs in Townsville, we find a strong latent heat flux into the ocean. For the stand-alone THWs in Ningaloo, this heat flux extends off the north-western coast of Australia (Figure 9g). Again, this strong LHF anomaly signal is associated with an increase in specific humidity (Figure 9j). The northern part of this specific humidity anomaly could be due to the anomalous north easterlies bringing more moisture from the tropics (Supplementary Figure 3), while further south the elevated specific humidity anomaly may be more related to anomalous vertical advection of moisture (Figure 9m). There is also a strong weakening of wind close to the coast to the north of the Ningaloo region (Figure 9g) which is collocated with the largest LHF anomalies.

MHWs in the Ningaloo region are associated with more widespread strong SST anomalies off the NW coast of western Australia, (Figure 9e). During the build-up phase of stand-alone MHWs, the anomalous northerly winds (Figure 9b) would result in widespread wind speed decreases. This could drive anomalous onshore (downwelling favorable) Ekman transport and suppressed vertical mixing, both of which could be playing a role in the build-up of the MHWs. During the 2010/11 Ningaloo Nino event record northerly wind anomalies off the Western Australian coast resulted in an intensification of the Leeuwin current and abnormally high SSTs in the Ningaloo region (Feng et al., 2013). The negative pressure anomalies and associated anomalous northerly winds also help to increase the advection of warm water as part of the Leeuwin current. As in the case of standalone THW, there are strong positive latent heat flux anomalies (Figure 9h), that are collocated with regions of weaker wind speeds, and specific humidity increase (Figure 9k). The latent heat flux is substantially larger than shortwave radiation anomalies during the MHW build-up (Figure 8B). The influence of latent heat flux on the build-up of MHWs at this location is consistent with findings by Kataoka et al. (2014) and Marshall et al. (2015) in relation to the Ningaloo Nino.

Unlike Townsville, the synoptic conditions for standalone MHW and THW are quite different to each other (Figures 9a,b). However, looking at composites for co-occurring events (during MHW build-up; Figure 9c), we find that the anomalous winds are similar to a combination of the stand-alone THWs (easterlies) and MHW build-up (north-easterlies) composites.

While the SWR and LHF anomalies during the decay are significant (Figure 8B), the composites of the synoptic conditions are relatively weak compared to build-up (Supplementary Figure 4B). This suggests that the decay phase is less strongly tied to a particular synoptic system.



Hobart

Hobart is located in southeast Tasmania adjacent to the Tasman Sea. By compositing all stand-alone THW periods for Hobart, we find that these are typically associated with broad warming across an extended area of Tasmania and mainland SE Australia (Figure 10a). This indicates that standalone Hobart THWs are associated with large scale synoptic conditions and not purely local processes.


[image: Figure 10]
FIGURE 10. Composite synoptic conditions for stand-alone THWs (left column), stand-alone MHW build-up (center) and co-occurring THW (right column) in Hobart. (a–c) show SAT anomalies (shaded), MSLP anomalies (line contours) and wind vectors. (d–f) show SST anomalies (shaded) and SWR anomalies (line contours). (g–i) show LHF anomalies (shaded) and windspeed anomalies (line contours). (j–l) show specific humidity anomalies. (m–o) show vertical velocity anomalies at 850 hPa. Negative LHF implies a flux of heat from the land/ocean surface to the atmosphere.


Stand-alone THWs in Hobart are generally associated with strong positive mean sea level pressure anomalies centered to the east of Tasmania and low-pressure anomalies toward the center of the Great Australian Bight (Figure 10a). This results in strong north/north easterly winds that would advect warmer air temperatures from the mainland and from above the warmer waters off eastern Australia (Figure 10a, Supplementary Figure 2D). These results are consistent with Parker et al. (2014), who found that terrestrial heatwaves in SE Australia are generally associated with high-pressure systems over the Tasman Sea, which causes the movement of warm continental air in a northerly flow over the southeast of the mainland, giving rise to extreme temperatures. Locally there is a large increase in shortwave radiation during stand-alone THWs. However, this does not translate to a corresponding increase in sensible warming of the surface air (Figure 8F).

As with the stand-alone THWs in Townsville and Ningaloo, we see that the synoptic conditions associated with these stand-alone THWs also drive a large latent heat flux over the adjacent ocean (Figure 10g). Although latent heat flux is dependent on both surface wind speed and specific humidity, we can see that the winds do not play a large role (Figure 10g). Instead, the surface latent heat flux pattern is congruent with the strong specific humidity (Figure 10j) signal found around Tasmania. This high specific humidity may result from the advection of relatively moist marine air from the east of the mainland by the anomalous northeasterlies. In addition, we find strong ascent (Figure 10m) associated with much of the specific humidity anomaly, suggesting that there is less subsidence of drier air from the upper to the lower levels.

MHWs in the Tasman Sea are associated with strong SST anomalies in the region, with the strongest anomalies close to the eastern coast of Tasmania (Figure 10e). During the build-up phase of stand-alone MHWs, positive MSLP anomalies are found to the southeast of Tasmania. The high pressure system is associated with easterly surface wind anomalies (Figure 10b) along its northern flank that oppose the prevailing winds (Supplementary Figure 2A), resulting in weaker total wind speed. Despite this, latent heat anomalies are weak (compared to stand-alone THW; Figure 10h) as the specific humidity anomalies are small (10k). The weak warming LHF and cooling SW anomalies (Figure 8C) mean that the net heat fluxes into the ocean are small. This suggests that ocean processes, such as reduced vertical mixing due to the reduced winds or southward Ekman transport anomalies, associated with the anomalous easterlies could be contributing to the build-up of the marine event (Sen Gupta et al., 2020).

Unlike in Ningaloo, we can see that the synoptic conditions (Figures 10a,c) and heat fluxes (Figure 8F) are similar between stand-alone and co-occurring THWs in Hobart. This suggests that the co-occurrence of a MHW depends on ocean preconditioning.

During the decay phase of stand-alone MHWs, negative pressure anomalies are located south-west of Tasmania, associated with anomalous north westerly winds (Supplementary Figure 4C) and associated increases in windspeed anomalies. This increases latent heat losses (Supplementary Figure 4I) and may also enhance cooling through vertical mixing.





DISCUSSION

There has been an emerging interest in co-occurring terrestrial and marine heatwaves, with some regional studies that examined THW/MHWs in southern Africa, southwest Atlantic and the Tasman Sea (Schlegel et al., 2017; Rodrigues et al., 2019; Salinger et al., 2019). To our knowledge, there has not been any discussion around co-occurring heatwaves in Australia except for a case study by Karnauskas (2020) who suggests that the 2016 Great Barrier Reef warming event was intensified by a co-occurring terrestrial heatwave. Our study is the first of its kind to investigate the potential link between co-occurring terrestrial and marine heatwaves more broadly around Australia.

If MHWs are amplifying THWs, then we might expect the severity and duration of co-occurring events to be greater than stand-alone events. The majority of the coastal cells did not show a significant change in either metric. However, in some areas in Western Australia, THWs were more severe, and lasted longer, in the presence of a MHW. The significant increase in severity and duration of co-occurring heatwaves in these areas could have compounding impacts on both terrestrial and marine ecosystems such as what was observed during the 2010/11 Ningaloo Nino event (Ruthrof et al., 2018).

Along the coastal belt of Australia, co-occurring THWs occur on average once every year. Despite these events being rare, this study investigated the observational link between co-occurring THWs and MHWs. We found a significant increase in the likelihood of THW days in the presence of MHWs, at all coastal points. In most cases, the influence of MHWs on THW occurrence remained high moving inshore by approximately 150 km. This suggests that large-scale synoptic conditions may act to enhance warming in both the coastal ocean and land.

We examined the large-scale synoptic conditions for three coastal regions around Australia. The stand-alone THWs at the three locations were typically associated with broad warming across land. Sensible heating appeared to play an important role in the formation of THWs in Townsville, similar to what was suggested by Quinting et al. (2018) for the heatwaves in Brisbane. At these locations, the anomalous winds were strongly offshore suggesting that suppressed movement of relatively cool marine air onto the coast may also be important for THWs. In Hobart, the strong north easterly winds appear to advect warmer air temperatures from the mainland and from above the warmer waters off eastern Australia giving rise to THWs at this location.

Interestingly the synoptic conditions associated with stand-alone THWs in all three locations also generated large latent heat fluxes into the adjacent ocean for all three regions, typically larger than the LHFs that persisted during standalone MHW build-up. The synoptic conditions that generate a THW are therefore conducive for warming the ocean. This could help explain the increased likelihood of co-occurring heatwaves.

Given the similarity between the synoptic conditions between stand-alone THWs and co-occurring events at all three locations, the occurrence of a MHW may relate to ocean preconditioning; i.e., even if synoptic conditions conducive for ocean warming are present, the ocean may not warm enough to generate a MHW due to the ocean starting from relatively cold conditions, or the presence of deep mixed layers would mean that any warming occurs more slowly. By examining composites of mixed layer depth and ocean heat content during the week leading up to the events, we found that the mixed layer was shallower (Supplementary Figure 5) in Hobart and ocean heat content was higher in Townsville and Hobart (Supplementary Figure 6) in the lead up to co-occurring events compared to stand-alone THWs. This is consistent with ocean preconditioning being important. We note however that MHWs are by definition periods of higher OHC and surface intensified heating would tend to shoal the mixed layer. As a result, it is difficult to establish whether the ocean conditions during the MHW build up are the cause of the MHW or a response to the processes giving rise to the MHW.

Another possibility is that co-occurring events tend to occur in a different season to stand-alone THW, thereby resulting in different background ocean states. Interestingly, while stand-alone THWs and MHWs are spread through the year, co-occurring events primarily occur between September and December (Supplementary Figure 8). In Hobart, this corresponds to the period of shallowest climatological MLDs, while for Townsville and Ningaloo most co-occurring events occur during the period when climatological MLDs are shoaling (Supplementary Figure 8). Particularly in Hobart this suggests that the shallower MLD at the end of the year facilitates the buildup of MHWs leading to seasonally phase locked co-occurring events.

Our study looked at some of the processes that drive a THW (Figures 7, 9, 10). Stand-alone THWs in Townsville appear to be driven by a combination of local sensible heating of the air, driven by anomalously high SWR that warms the land surface both locally and across much of NE Australia (Figure 8D) combined with advection of warm inland air by the anomalous southwesterlies (Supplementary Figure 2I). No equivalent local sensible heating of the air occurs during the THWs in Ningaloo and Hobart (Figures 8E,F). Previous studies using lagrangian tracking of air parcels have also suggested that adiabatic warming of descending air in the hours and days prior to a THW may play an important role in these events (Quinting and Reeder, 2017; Quinting et al., 2018; Parker et al., 2019). Although the composite analysis of vertical velocity hints at the possibility of these THWs being influenced by the vertical motion of air, other techniques would be needed to determine the relative importance adiabatic warming.

The composite mean LHF anomalies during MHW build-up are significant at all three locations, with additional heat entering the ocean, although relatively weak in Hobart. The lack of large shortwave radiation fluxes and turbulent heat fluxes in Hobart (Figure 8C) suggests that ocean processes including reduced vertical mixing and advection of warm water must be important in this region.

Karnauskas (2020) suggested that the advection of relatively warm continental air over the ocean amplified the 2015/16 warming in the Great Barrier Reef. For co-occurring heatwaves, we find enhanced offshore wind anomalies that advect relatively warm air from the land to over the ocean. Furthermore, while small compared to LHF and SWR, SHF is significantly increased at all locations (Figures 8A–C), consistent with this mechanism.

In this study, we show for the first time that the likelihood of coastal THWs in Australia increases in the presence of adjacent MHWs. We also show that at least for the three regions examined, synoptic conditions that generate a THW are also conducive for ocean warming with enhanced LHF and to a lesser extent SW into the ocean.

With MHWs (Oliver et al., 2018) and THWs (Jyoteeshkumar reddy et al., 2021) projected to increase in frequency and duration in the future, this would mean a higher chance of overlap between the two events. Therefore, we speculate that these co-occurring heatwaves may not be as rare in the future as they are at present.



CONCLUSION

The main aim of this study was to understand if there is any causal link between co-occurring terrestrial and marine heatwaves. Using observation and reanalysis data, we identified co-occurring terrestrial and marine heatwaves for pairs of coastal and adjacent ocean grid cells along the Australian coastal belt.

In summary, we found a significant increase in the number of terrestrial heatwave days in the presence of a co-occurring marine heatwave along the coastal belt of Australia. In most regions this increase persisted at least 150 km inland. This suggests that processes operating beyond the narrow coastal belt are important in most regions, possibly large scale atmospheric synoptic systems that facilitate both land and ocean warming. Potential interaction between terrestrial and marine heatwaves may still be important and could be tested in atmosphere-land model experiments, by imposing MHW SST anomalies in coastal regions and seeing how this influences land temperatures.

Our results also show that synoptic conditions associated with terrestrial heatwaves in three locations around Australia, are conducive for warming the ocean, via reduced ocean latent heat losses, which would increase the likelihood of marine heatwaves. Common drivers were also demonstrated by Rodrigues et al. (2019) during a co-occurring event in the southwest Atlantic. They show that the 2013/14 co-occurring terrestrial heatwave in South America and MHW in the adjacent South Atlantic was caused by persistent anticyclonic conditions. Their study quantified local processes contributing to MHW generation by calculating the heat budget of the ocean mixed layer. Although our results suggest possible drivers of co-occurring heatwaves, a more formal heat budget analysis would be required to make a more quantitative attribution. As we are focussing on both terrestrial and marine heatwaves, we would also have to consider how best to quantify the processes that contribute to a THW. While we have considered factors like warm air advection and sensible heating of the air, processes like adiabatic warming of air parcels are known to be major contributors to terrestrial heatwaves in Australia (Quinting and Reeder, 2017; Quinting et al., 2018). The non-local descent of air means that methods like lagrangian backtracking are needed to quantify this process. THWs are also sensitive to land surface conditions, in particular surface moisture and the partitioning of incoming shortwave radiation into sensible and latent heat fluxes (Mueller and Seneviratne, 2012).

Our findings suggest that co-occurring terrestrial and marine heatwaves are linked, in places related to synoptic conditions that are conducive to both land and ocean warming. Interestingly we found that THWs and co-occurring events are often associated with similar synoptic conditions. Whether a MHW develops or not appears to be related to the prior ocean state. In particular, co-occurring MHWs only tend to form at times of year when the mixed layer is relatively shallow. Further analysis is required to determine what drives such events more broadly. While the focus of this study was Australia, it would be of interest to expand out to assess co-occurring heatwaves in different parts of the world. The combination of high heat and humidity in areas such as the Persian Gulf is expected to trigger record-breaking heat stress levels in the future (Schär, 2016). This could be exacerbated due to co-occurring heatwaves in the coastal areas and hence would be useful to extend this analysis in this region. Similarly, other compound events such as MHWs and extreme rainfall or heat stress over coastal regions are a possibility, and a similar analysis could be carried out to understand such events.
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