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Executive summary 
Satellite observations were used to update and extend key indicators related to changes in sea 

surface conditions on both open-ocean (9 km) and coastal (0.5 km) scales in Aotearoa New Zealand. 

The study focused on three key properties: (1) sea-surface temperature (SST); (2) chlorophyll-a (chl-

a) as an indicator of phytoplankton biomass and primary productivity; and (3) total suspended solids 

(TSS) as an indicator of coastal river plumes and bottom-sediment resuspension. The first two 

properties have previously been included in national-scale environmental reporting (2016, 2019), 

while the inclusion of TSS provides new insights into coastal regions. This report also includes an 

analysis of marine heatwave1 metrics (MHWs). By leveraging multiple satellite products, this study 

enhances the robustness and temporal coverage of indicators, thereby significantly strengthening 

the reliability and accuracy of the analysis. These improvements provide a solid foundation for 

assessing changes around New Zealand and guides recommendations for future research and 

reporting. 

Ocean scale summary 

The oceans around New Zealand are warming (especially in winter) and the rate of warming has 

accelerated since the last report in 2019. Between 1981 and 2023, the area-weighted mean rate of 

surface warming in the New Zealand Exclusive Economic Zone (EEZ) was found to be +0.20°C per 

decade, exceeding the previous rate of +0.15°C per decade observed from 1981 to 2018 (Pinkerton 

et al., 2019). The EEZ has warmed 32% faster than the global average warming rate over the last 40 

years and 2.4 times faster than the global average over the last 20 years (though we note there are 

areas of the global ocean warming faster and slower than the New Zealand region). Over the last 20 

years, the fastest warming area around New Zealand was the Chatham region (more than 3 times 

higher than the mean global rate of warming over the same period) and the greatest acceleration in 

warming occurred in the Subantarctic region (3-fold increase from the 40-y to the 20-y analysis). 

Over the last 40 years there has been an increasing occurrence and intensity of marine heatwaves 

(MHW) around New Zealand, especially in the Tasman Sea region, with significant acceleration since 

2010. These MHW events have become more frequent and longer-lasting. 

We used changes in surface phytoplankton abundance (chl-a2) to indicate changes in ocean primary 

productivity. Increasing trends in chl-a were found in the Subtropical Front including a moderate 

increasing trend over the Chatham Rise (+2.2% of the median per decade), and a greater relative 

change in Subantarctic water to the south (+6.7% per decade). Conversely, a declining trend (-2.2% 

per decade) was identified in Subtropical waters located northeast of New Zealand. These findings 

generally align with previous analyses and our understanding of factors influencing primary 

productivity in the waters surrounding New Zealand. However, an unexpected decline in primary 

productivity in Subantarctic water was observed since 2020, where ongoing warming typically 

promotes increases in phytoplankton abundance. It is possible that some sort of threshold has been 

crossed in this region which calls for further investigation as it may have broader implications for the 

ecological dynamics of the Subantarctic at the global scale.  

Coastal scale summary 

Nearly all coastal waters surrounding New Zealand have experienced άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ surface 

warming over the last 40 y, and the warming over this period was faster than the global mean 

 
1 A marine heatwave is a period of more than 5 days when the water temperature is much higher than normal. 
2 The concentration of chlorophyll-a, the ubiquitous green pigment in algae, is commonly used as a metric of phytoplankton biomass. 
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warming rate by between 25% (eastern Te Ika-a-aņǳƛ North Island region) and 87% (East Coast Te 

Waipounamu South Island). In all but one region (eastern North Island), coastal warming was 

substantially higher over the last 20 y than over the last 40 y (increases of 50ς146%) indicating 

widespread acceleration of coastal warming round New Zealand. The acceleration of coastal 

warming was particularly high around South Island, where 20-y warming rates in all regions were 

more than three times the global warming rate over the same period, and nearly 3.7 times as high as 

the global average in the Southern South Island region. Warming occurred year-round in most 

coastal regions, though generally greater warming occurred in summer/autumn than in 

winter/spring. Coastal MHWΩǎ have substantially increased in all coastal regions over the last 40 

years and particularly since 2010. Coastal scale MHW events have generally become more frequent 

and longer-lasting. 

Increases in chl-a were observed around the coasts of mid-lower North Island and all South Island, 

particularly during winter. In contrast, coastal regions along the west coast of Te Tai Tokerau 

Northland and northeast New Zealand shelf including the Hauraki Gulf, Te Tara-O-Te-Ika-A-aņǳƛ 

Coromandel, and Te Moana a Toi Bay of Plenty displayed decreasing trends in chl-a (productivity). 

Lower-than-normal chl-a was observed along the west coast of South Island during the MHW of 

December 2017 to March 2018 and December 2022 to January 2023.  

Our analysis of total suspended solids (TSS) trends revealed complex patterns of increasing and 

decreasing trends at both broad (continental shelf) and small (local) scales. There were 

predominantly increasing TSS trends at the broad-scale, although with generally low confidence. On 

a smaller scale, both positive and negative TSS small-scale trend features were observed that could 

be indicative of localised changes associated with specific rivers, estuaries and harbours, and our 

report identifies areas where changes in TSS were likely to be influenced by variations in materials 

originating from river systems as opposed to climate drivers. These identified "hotspots" of TSS 

change provide valuable focal points to help prioritise future investigations. 

Recommendations 

The following recommendations aim to guide future studies, policy-making processes, and 

management approaches toward achieving improved understanding and stewardship of New 

½ŜŀƭŀƴŘΩǎ ocean and coastal systems: 

1. Link satellite-observations to marine biological resource and hazards: Satellite data 

and analyses provide a basis to assess the links between changes to ocean and coastal 

environments and biological resources (such as fisheries, kai moana and Taonga 

species, and protected species such as seabirds, marine mammals, and reptiles). 

Linking biological response to environmental variability and change will take long-term 

commitment to new multi-trophic level monitoring and research. These programs 

should encompass both open ocean and coastal waters. 

2. Commit to improving and validating the quality of satellite products in the New 

Zealand region (coasts and oceans): Satellite observations offer long-term, large-area, 

low-cost resource but new, targeted, local bio-optical research is needed to improve 

robustness of the data. Specifically, local validation and local tuning of the global data 

to the New Zealand region will provide more useful and reliable satellite observations 

in the future. In parallel, users require better information on data quality to ensure 

that new applications use satellite information appropriately, with due consideration 

of its weaknesses as well as its strengths.  



  

10 Monitoring ocean health: 2023 update 

3. Foster collaboration and data sharing: New Zealand could make more and better use 

of satellite capability if there was enhanced collaboration and data-sharing among 

coastal ecologists, satellite data scientists, management agencies and aņƻǊƛ principles 

of kaitiakitanga. More effective collaboration would improve the accuracy, resolution, 

accessibility and of satellite products and lead to new applications for coastal 

management. Ongoing developments and enhancements to the NIWA SCENZ portal3 

streamline sharing of satellite products for New Zealand and enable timely analysis, 

empowering comprehensive exploration of patterns and monitoring of changes.  

4. Develop operational (near real-time) updating of satellite-based indicators: Given the 

increasing pace of change in the ocean and coastal domains, more frequent updates of 

these satellite-based indicators would be useful. We recommend standardising the 

processing methodology and moving towards a more-frequent (and ideally semi-

automated) update process. Exploring how to define baselines across multiple satellite 

and in situ time-series around New Zealand would be useful. 

5. Prioritise research efforts on coastal sediment: Based on the identified coastal 

άƘƻǘǎǇƻǘέ ŀǊŜŀǎ ŦƻǊ ¢{{ ŎƘŀƴƎŜΣ we recommend new field-based and integrative (i.e., 

in situ sampling, modelling, remote sensing, social and policy) research to understand 

the factors responsible for the observed changes in TSS over time. Knowledge of the 

interactions between land catchments, climate-related weather patterns, 

river/estuarine/continental shelf processes and human activities will improve the 

quality of satellite observations of TSS and advance their use to improve management 

of the effects of sediment on coastal ecosystems.  

6. Incorporate climate-aware responses into ocean and coastal resource management: 

The information provided here could be used to adapt marine management strategies 

for the effects of climate variability/change including warming, MHW and changes to 

primary productivity and TSS. The information in the present report should be included 

alongside shifts in cloud cover, rainfall patterns, wave/current dynamics, sea-level rise 

when considering how to manage resources. For example some practical examples 

could include: changes to primary production in major fishing areas or juvenile fish 

locations may indicate potential trophic effects on stock productivity; trends in coastal 

primary productivity are relevant to aquaculture industry; marine reserves should be 

designed taking into account patterns of climate-driven oceanographic change; and 

patterns of change in TSS includes the effects of climate at the catchment scale. 

7. Expand work on MHW: Investigate correlations between MHW metrics and primary 

production, chl-a, TSS; investigate trends in MHW metrics using a moving baseline; 

investigate seasonal drivers of MHWs around New Zealand; investigate trends in 

subsurface and bottom (seafloor) MHWs around New Zealand using models and in-situ 

time series (Argo floats, buoys); support a seasonal MHW forecast as recommended by 

Stevens et al. (2022); support long term biological monitoring across all coastal 

bioregions to better understand ecological impacts of MHWs. 

 
3 https://hub.arcgis.com/documents/NIWA::niwa-scenz-ocean-colour-application-1/explore 
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1 LƴǘǊƻŘǳŎǘƛƻƴ 
This report updates and enhances the indicators used by Te Papa Atawhai (Ministry for the 

Environment, MfE) and Tatauranga Aotearoa (Statistics NZ), for evaluating and communicating 

progress in sustainable environmental management within Aotearoa New Zealand consistent with 

the Environmental Reporting Act 2015. The goal is to provide an up-to-date assessment of the 

current state of New Zealand's marine environment. This report offers valuable insights into the 

status and trends of significant environmental indicators, equipping decision-makers, and 

stakeholders with essential knowledge for informed environmental management and conservation 

initiatives. Specifically, objectives focus on national indicators for oceanic and coastal sea surface 

temperature and primary productivity, building upon previous analyses (Pinkerton, 2015, 2016; 

Pinkerton et al., 2019). Additionally, this report introduces a new indicator for total suspended solids 

in coastal waters, and a new focused analysis on marine heatwave (MHW) metrics. 

The physical conditions in New Zealand's coastal and oceanic waters exhibit substantial variation in 

response to local climate and weather, spanning a wide range of spatial and temporal scales. The 

marine realm is characterized by its remarkable diversity, heterogeneity, and dynamic nature, 

undergoing constant change. This profound variability means that in situ monitoring, using sensors 

installed at particular locations, or water samples followed by laboratory analysis, is fundamentally 

limited and cannot provide insights into change in the marine environment at the national scale and 

across appropriate time and space scales (Figure 1-1). Remotely-sensed observations which use 

sensors on Earth-orbiting satellites serve as a valuable solution to address this gap by providing 

frequent, long-term, wide-area, and spatially-resolved observations (Hooker et al., 1992; Murphy et 

al., 2001). Satellite observation is also cost-effective compared to in situ sampling, as a significant 

number of satellite products are freely accessible, courtesy of research funding especially in USA and 

Europe.  

However, it is essential to recognize the limitations of satellite products in terms of coverage, 

resolution, accuracy, and consistency, which should be considered when using them as indicators. In 

this report, we present satellite products for sea surface temperature (SST), primary production 

(chlorophyll-a), and total suspended solids concentrations (TSS). Our analysis not only examines 

trends and patterns but also delves into the limitations and uncertainties associated with these 

measurements, providing valuable insights. 
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Figure 1-1: Observation platform context to time and space scales of variability in physical and biological 
processes in the ocean. Physical processes are in blue and biological processes are in green. River plumes, 
storms and suspended sediment resuspension events are highlighted as dark brown. Each observation platform 
(yellow) provides different scale insights. Satellite remote sensing is ideally suited to climate scale changes and 
provides broad and long-term coverage. Adapted from Dickey et al. (2006).  

1.1 Sea surface temperature 

Sea surface temperature (SST, °C) refers to the temperature of the uppermost layers of the ocean, 

typically within a metre from the surface. It exhibits spatial variations, generally showing warmer 

temperatures in the northern regions and cooler temperatures in the southern parts of New Zealand. 

Additionally, SST experiences seasonal fluctuations, with warmer temperatures prevailing during the 

summer months and cooler temperatures in winter. The complex dynamics influencing SST involve 

multiple factors, including radiative solar heating (absorption of incoming solar radiation by the 

upper ocean), evaporation from the ocean surface, sensible (conductive) heat exchange between the 

air and the sea, and the mixing of deeper water with surface waters through convective energy 

transfer. These interactions collectively shape the dynamic nature of SST in the marine environment. 

SST is usually a useful indicator of the state of the well-ƳƛȄŜŘ ǳǇǇŜǊ ƻŎŜŀƴ ƭŀȅŜǊ όŎŀƭƭŜŘ ǘƘŜ άƳƛȄŜŘ 

ƭŀȅŜǊέύΣ ǿƘƛŎƘ typically varies between about 10 m and 300 m in depth (but can be outside this 

range). This upper ocean mixed layer is important because most oceanic primary production takes 

place within it and also because it is the part of the ocean in contact with the atmosphere and so 

affects exchange of gases between the atmosphere and ocean. SST is also affected by factors such as: 

(1) upwelling, where winds can bring colder (often nutrient-rich) water up from depth leading to 

phytoplankton blooms; (2) inflow of river water (which tends to be cooler than the sea in winter and 

warmer than the sea in summer); and (3) ocean and coastal currents. 
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The temperature of the ocean plays a crucial role in the emission of near infra-red radiation (NIR). By 

using sensors on Earth-orbiting satellites, it becomes possible to measure the NIR emitted by the 

ocean and consequently estimate the temperature of its surface waters. These satellite-based 

sensors have been employed since 1981, offering a valuable time series spanning over 40 years, 

enabling the assessment of sea surface temperature (SST) on a global scale. This extensive dataset 

provides a valuable resource for studying long-term temperature trends and variations in the world's 

oceans. 

1.2 Phytoplankton biomass and its primary productivity 

Phytoplankton are microscopic algae which are kept in suspension in the upper parts of the ocean by 

the movement of the water. Phytoplankton grow by the process of photosynthesis, whereby energy 

from the sun is captured by coloured compounds (pigments) in the algal cells and used to create 

ƻǊƎŀƴƛŎ ƳŀǘǘŜǊΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ƛǎ ŎŀƭƭŜŘ άǇǊƛƳŀǊȅ productivityέ ōŜŎŀǳǎŜ ƛǘ ƛǎ ǘƘŜ ǇǊƛƳŀǊȅ ǇǊƻŎŜǎǎ ōȅ 

which organic matter is produced from inorganic building blocks. Phytoplankton are consumed by 

microscopic animals (zooplankton) or die to form organic detritus. The grazers of phytoplankton and 

consumers of breakdown products are themselves consumed by larger animals in the marine food-

web. Through these processes, primary productivity by phytoplankton in the upper layers of the 

ocean ultimately supports virtually4 all marine organisms including fish, mammals, seabirds and 

benthic biota like corals and sponges. Phytoplankton also play an important feedback role in the 

regulation of global climate, by forming organic matter that can be sequestered (stored long-term) in 

seabed sediments, and by releasing chemicals that can help clouds to form (Charlson et al., 1987).  

Phytoplankton, similar to plants, imparts a green colour to the upper layers of the ocean, while pure 

seawater appears blue. Multiband, radiometric sensors on Earth-orbiting satellites can detect this 

change in water colour, enabling the estimation of phytoplankton biomass in near-surface waters 

using processing methods known as άalgorithmsέ. The concentration of the main photosynthetic 

pigment, chlorophyll-a (chl-a), widely present in phytoplankton, serves as a reliable proxy for 

phytoplankton biomass (Gordon et al., 1988; Hooker et al., 1992; O'Reilly et al., 1998). These 

capabilities facilitate the study and assessment of phytoplankton dynamics and their ecological 

significance in the marine environment. 

On a larger scale encompassing multiple years and large spatial extents, higher phytoplankton 

biomass serves as a reasonable indicator of increased primary productivity, although the relationship 

between the two is quantitatively more intricate (Friedland et al., 2012). In line with previous studies 

on indicators for the MfE, this report adopts chlorophyll-a (chl-a) as a proxy for primary productivity. 

This approach aligns with international research, where monitoring changes in the magnitude and 

patterns of chl-a has proven valuable in understanding shifts in fisheries, marine biogeochemistry, 

and climate-related alterations in ocean productivity (Murphy et al., 2001; Aiken et al., 2004; IOCCG, 

2008).  

1.3 Total suspended solids 

The mass concentration of Total Suspended Solids (TSS) in the water column can arise from a mixture 

of particles derived from both organic and inorganic sources. In open-ocean areas, the predominant 

contribution to TSS is organic in nature, while in coastal regions with higher turbidity, the TSS is 

primarily composed of inorganic particles.  

 
4 Some animals around deep-sea thermal vents obtain their energy from chemosynthetic processes rather than from phytoplankton. 
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On rocky coasts, studies of ecological problems caused by sedimentation5 from rivers and shoreline 

erosion inputs are widespread, have a long history, and are increasing globally acknowledged 

(Airoldi, 2003). Sedimentation can also adversely affect soft sediment ecosystems. After some early 

studies (McKnight 1969; Peterson 1985) there has been considerable recent research in New Zealand 

(and overseas) showing the potential for substantial impacts associated with smothering by 

terrestrial sediment deposits (e.g., Miller et al., 2002; Ellis et al., 2004; Lohrer et al., 2004). Many of 

the key papers were used to develop ANZECC6 guidelines for estuary sedimentation (Townsend & 

Lohrer, 2015) and recommendations for DOC research priorities for sediments in the CMA (part of 

Green et al., 2021).  

The presence of suspended sediment in the water column has significant implications for filter-

feeding organisms and can lead to reduced water clarity through increased light attenuation. Fine 

particulate material settling on the seabed can be resuspended by the combined forces of waves and 

currents, creating a dynamic interchange between suspended sediment and sedimentation 

processes. While sediment impacts have traditionally been assessed based on mass concentration 

alone (e.g., Hughes et al., 2015), it is important to recognise that water clarity can vary non-linearly 

with mass concentration. Water column light attenuation and visual clarity are influenced by factors 

such as the particle size distribution and their scattering properties (Stramski et al., 2004), potentially 

making water clarity aspects a more ecologically meaningful measure for primary producers and 

visually sighted organisms than the mass concentration of suspended matter (Smith & Davies-Colley, 

2002; Davies-Colley et al., 2014; Hughes et al., 2015). Fine suspended sediment plays a crucial role in 

visual clarity and light penetration, while coarse sediment has a diminished impact, but, if present, 

can dominate mass concentration. Furthermore, fine suspended sediment serves as a more 

conservative tracer for pollutants compared to coarse sediments (Davies-Colley et al., 2014).  

Satellite sensors that measure optical backscatter provide valuable insights for observing and 

analysing fine-suspended sediments in dynamic marine coastal environments (Pinkerton et al., 2019). 

By indirectly assessing the presence, distribution, and dynamics of suspended sediments, these 

sensors contribute to the assessment of spatial patterns and long-term climate-scale changes in river 

inputs, coastal erosion, and bottom resuspension across coastal bioregions. This information is 

crucial in monitoring the state of the marine environment and for informed decision-making and the 

implementation of sustainable practices in coastal management. 

1.4 Marine heatwaves 

Marine heatwaves (MHWs) are prolonged events of abnormally warm water that have significant 

impacts on marine ecosystems and the services they provide (Hobday et al., 2016, 2018; Smale et al., 

2019; Smith et al., 2021). Globally, MHWs are increasing in duration, frequency, and intensity (Smale 

et al., 2019; Frolicher et al., 2018; Oliver et al., 2018, 2019) and several recent marine heatwave 

events have occurred in New Zealand. This global trend in MHW is expected to accelerate under 

future climate change, potentially pushing many marine organisms and ecosystems to their limits of 

resilience (Frolicher et al., 2018). The study of MHWs has seen a significant increase globally, driven 

by the severity of their impacts and the development of metrics and computer codes to characterize 

MHWs, using long-term satellite-based sea surface temperature data that is freely available (Banzon 

et al., 2016) and we apply these global methods to New Zealand in this report. 

 
5 ά{ŜŘƛƳŜƴǘŀǘƛƻƴέ ƛƴ ǘƘƛǎ ǊŜǇƻǊǘ ƳŜŀƴǎ ǘƘŜ ŘŜǇƻǎƛǘƛƻƴ ƻŦ ǎŜŘƛƳŜƴǘ ƻƴǘƻ ǘƘŜ ǎŜŀōŜŘ 
6 Australian and New Zealand Environment and Conservation Council 
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2 aŜǘƘƻŘǎ 

2.1 Satellite data sources 

2.1.1 Overview 

In our analysis, we predominantly used satellite products that align with previous environmental 

reporting in New Zealand (Pinkerton et al., 2019). However, we have also incorporated new satellite 

products into the analysis to explore the variability between different approaches (see Table 2-1). 

This comprehensive approach allows us to gain a deeper understanding of the factors influencing 

variability and enhance the accuracy of our findings: 

Ocean and coastal SST: The Optimum Interpolation Sea Surface Temperature (OISST) product 

(Reynolds et al., 2002) version 2 was used in Pinkerton et al. (2019) and this was updated to version 

2.1 (Huang et al., 2021) for the present report. The time series was also extended to April 2023. 

Ocean chl-a: In previous work in New Zealand, we developed methods to link observations from two 

ocean colour satellite sensors (SeaWiFS and MODIS-Aqua) into a consistent and lengthened time-

series by adjusting both sets of measurements using a comparison between the times when both 

sensors were in operation (their overlap period). For consistency, we extend this time-series to April 

2023, and also include new coastal products developed overseas by the Copernicus project (see 

below).  

Coastal chl-a: Remote sensing of chl-a in optically-complex, coastal waters remains a scientifically-

challenging area. For consistency, we repeat and extend the analysis from Pinkerton et al. (2019), 

using a coastal product generated in New Zealand from locally-received downlink data, but the 

methodology has been advanced as described in Gall et al. (2022). In this new analysis, we also 

include new coastal chl-a products developed overseas by the Copernicus project (see below). 

Coastal TSS: Methods for the remote estimation of TSS concentrations in coastal waters are 

developing rapidly. For consistency, we repeat and extend the TSS analysis in the New Zealand 

coastal zone carried out for Te Papa Atawhai, the Department of Conservation (DOC) - Pinkerton et 

al., 2022) which used the SCENZ TSS v3.0 product. This product is based on observations by the 

MODIS-Aqua sensor, primarily received by the New Zealand satellite receiver in Lauder, and 

processed at NIWA at spatial 500 m spatial resolution. For comparison, in the present analysis we 

also include new coastal TSS products developed overseas by the Copernicus project (see below). 

Copernicus: An approach for multi-sensor blending of ocean colour satellite observations has been 

developed and implemented overseas by various projects including GlobColour/Copernicus7 

(Garnesson et al., 2019). A list of data products is available from Copernicus (2022)8. The overseas 

method uses multiple sensors (SeaWiFS, MERIS, MODIS-Aqua, VIIRS and OCLI) and provide a time-

series of data slightly longer and likely more robust than we could achieve from just two sensors. In 

ŀŘŘƛǘƛƻƴΣ ŀ άƎŀǇ-ŦƛƭƭŜŘέ ǇǊƻŘǳŎǘ ƛǎ ŀǾŀƛƭŀōƭŜ ŦƻǊ ǎƻƳŜ ǇǊƻŘǳŎǘǎ όƛƴŎƭǳŘƛƴƎ ŎƘƭ-a) which aims to reduce 

the effect of cloud cover and sensor/algorithm failure on long-term observations (Volpe et al., 2018). 

In this study we compared the non-gap filled όά/I[aέύ and gap-filled όά/I[DCέύ Copernicus chl-a 

products because we are interested in the effects of this method on the time-series and trend 

analysis in the New Zealand ocean region. 

 
7 marine.copernicus.eu 
8 https://catalogue.marine.copernicus.eu/documents/PUM/CMEMS-OC-PUM.pdf 
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Validation: No new validation of satellite products using in situ measurements has been carried out 

in this study as this is beyond the scope of the project. 

Table 2-1: Summary of satellite products. έtǊƛƳŀǊȅέ dataset indicates the dataset most consistent with 
ǇǊŜǾƛƻǳǎ ǿƻǊƪ ŦƻǊ aŦ9Φ ά{ŜŎƻƴŘŀǊȅέ ŀƴŘ άǘŜǊǘƛŀǊȅέ ŘŀǘŀǎŜǘǎ ŀǊŜ ǳǎŜŘ ǘƻ ŜȄǘŜƴŘ ǘƘŜ ǘƛƳŜ ǎŜǊƛŜǎ ŀƴŘκƻǊ ǇǊƻǾƛŘŜ 
comparison to different processing methods. Below the data source we give the spatial resolution and period 
covered (month-year). 

Indicator Primary dataset Secondary dataset Tertiary dataset 

Ocean SST OISST v2.1 

1/4° -> 9km 

Sep 1981 ς Apr 2023 

None None 

Coastal SST OISST v2.1 

1/4° -> 500 m 

Sep 1981 ς Apr 2023 

MODISA sst 

500 m  

Jul 2002 - Jun 2022 

None 

Ocean MHW OISST v2.1 

1/4° 

Sep 1981 ς Apr 2023 

None None 

Coastal MHW OISST v2.1 

1/4° 

Jan 1982 ς Dec 2022 

None None 

Ocean chl-a MODISA+SW(NIWA) 

9 km 

Sep 1997 - Apr 2023 

CMEMS MO-CHL1 

4 km -> 9km 

Jul 1997 ς Apr 2023 

CMEMS gapfree2 

4 km -> 9 km 

Jul 1997 ς Apr 2023 

Coastal chl-a SCENZ v4.0 CHL 

500m 

Jul 2002 - Jun 2022 

CMEMS CHLM1 

4 km -> 500m 

Jul 1997 ς Apr 2023 

CMEMS CHLGF2 

4 km -> 500 m 

Jul 1997 ς Apr 2023 

Coastal TSS SCENZ v4.0 TSS 

500m 

Jul 2002 - Jun 2022 

CMEMS L3 SPMM3 

4 km -> 500 m 

Jul 1997 ς Apr 2023 

 

Notes 
1 Copernicus: cmems_obs-oc_glo_bgc-plankton_my_l3-multi-4km_P1M/CHL  
2 Copernicus: cmems_obs-oc_glo_bgc-plankton_my_l4-gapfree-multi-4km_P1D/CHL 
3 Copernicus: cmems_obs-oc_glo_bgc-transp_my_l4-multi-4km_P1M/SPM  

2.1.2 Ocean scale sea surface temperature 

The longest-running measurements of NIR for estimating SST are from the Advanced Very High 

Resolution Radiometer (AVHRR) series of satellite sensors operated by NOAA (National Oceanic and 

Atmospheric Administration of the USA). Through a series of overlapping and intercalibrated sensors, 

the AVHRR project has produced data since 1978 and continuous data since 1981. We used the 

!±Iww ǇǊƻŎŜǎǎŜŘ ǇǊƻŘǳŎǘ ŎŀƭƭŜŘ άhL{{¢v2.1έ ǿƘƛŎƘ ƛǎ ŀ ¼° latitude/longitude daily SST estimate 

derived by Optimum Interpolation Sea Surface Temperature, version 2.1 (Reynolds et al., 2002; 

Huang et al., 2021). One-quarter of a degree spatial resolution is equivalent to about 28 km 

(longitude) and 15ς25 km (latitude, 25° to 57°S) in the New Zealand region. The OISST data is 

processed to remove observation gaps caused by clouds, so this is a gap-free product (Huang et al., 

2021). Data were interpolated by bilinear interpolation to the 9 km latitude-longitude to enable 
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intercomparison of trends in ocean chl-a. This dataset represents the longest satellite SST data 

available worldwide, and has been widely used internationally, so we do not include secondary or 

tertiary comparisons. The OISSTv2.1 dataset was also used for the ocean MHW analysis. 

2.1.3 Coastal scale sea surface temperature  

Two data sources were used for coastal SST: (1) the innermost pixels of the ocean scale OISSTv2.1 

product; and (2) high-resolution (1 km) SST time-series obtained from MODIS-Aqua. Although the ¼° 

resolution OISSTv2.1 data are appropriate for oceanic analysis, the spatial resolution is relatively 

coarse for coastal investigations so comparison with higher resolution data is necessary. Higher-

resolution SST datasets are available but are of much shorter duration and so of less value for 

investigating multi-decadal trends. We obtained MODIS-Aqua measurements using the SeaDAS v7.2 

default ΨǎǎǘΩ product (https://seadas.gsfc.nasa.gov/) which is derived from measurements of long-

wave (11-12 µm) thermal radiation (NASA, 2018a) and started in 2002. SST products at 1 km were 

subsampled to 500 m on the New Zealand Transverse Mercator projection (NZTM) to match the 

other coastal products using bilinear interpolation. In order to confirm that the OISSTv2.1 data were 

appropriate for investigating longer-term trends in SST in coastal waters, Pinkerton et al. (2019) 

compared the coarse-scale OISSTv2 data with the fine-scale MODIS-Aqua SST data in the territorial 

waters. This work found that in the New Zealand coastal zone, the OISSTv2 data were highly 

correlated with the MODIS-Aqua 1 km measurements between 2002 and 2018 (SST: R2=0.972, N=256 

687; SST anomaly: R2=0.793, N=3 686) with the conclusion that OISSTv2 data were suitable to track 

long term change in Aotearoa New Zealand territorial waters, and this analysis is not repeated here 

as the changes from OISSTv2 and OISSTv2.1 are relatively small. 

2.1.4 Ocean scale chlorophyll a 

Primary data used for ocean chl-a was the merged SeaWiFS and MODIS-Aqua dataset as used in 

previous study for MfE (e.g., Pinkerton et al., 2019). This merged dataset provides information from 

September 1997 (the advent of SeaWiFS) to April 2023 (MODIS-Aqua is still operational as of June 

2023). Satellite products are periodically reanalysed to take into account improvements in processing 

methods. We used the most current SeaWiFS version R2018.0 and the most current MODIS-Aqua 

data version R2018.0 both as used in Pinkerton et al. (2019). Merging of the SeaWiFS and MODIS-

Aqua time-series was carried out based on an approximately overlap period of 8 years (2002-2010), 

with most reliable overlap period of 2003 to 2007. We used the same process of blending chl-a 

measurements as previously (Pinkerton, 2016; Pinkerton, 2018; Pinkerton et al., 2019). Over all 

months and all years, MODIS-Aqua tended to give slightly higher chl-a values than SeaWiFS but the 

differences were very small (median difference in chl-a of -0.0023 mg m-3. We found that differences 

tended not to vary with chl-a concentration and there was no indication of a long-term (interannual) 

variation in the differences between SeaWiFS and MODIS-Aqua measurements (Pinkerton, 2016; 

Pinkerton, 2018).  

We also used two new Copernicus (CMEMS9) chl-a products for comparison (Table 2-1): (1) the 

άŎƳŜƳǎψƻōǎ-oc_glo_bgc-plankton_my_l3-multi-пƪƳψtмaκ/I[έ ǇǊƻŘǳŎǘ όƘŜǊŜ ǘŜǊƳŜŘ Ϧ/I[aέύ is a 

monthly, 4 km-resolution chl-a product that uses a blend of coastal (semi-analytical) and ocean 

(empirical) processing; and (2) tƘŜ άŎƳŜƳǎψƻōǎ-oc_glo_bgc-plankton_my_l4-gapfree-multi-

пƪƳψtм5κ/I[έ όŎŀƭƭŜŘ ά/I[DCέύ is daily chl-a product based on the same processing as CHLM but 

gaps (due to clouds or algorithm fail) are filled using an Empirical Orthogonal Functions (EOF) 

 
9 Copernicus Marine Environment Monitoring Service 

https://seadas.gsfc.nasa.gov/
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techniques to characterise spatial and temporal patterns producing a gap-free product (Volpe et al., 

2018). The CHLGF daily data were combined into monthly products. 

2.1.5 Coastal scale chlorophyll a 

The primary data source of coastal chl-a data for this study was from the NIWA-SCENZ10 CHL v4.0 

product which is based on MODIS-Aqua observations at 500 m resolution over the period July 2002 ς 

June 2022. NIWA-SCENZ (Seas, Coasts and Estuaries, New Zealand) is an online data repository, GIS-

access and imaging portal, and time-series analysis tools (Gall et al., 2022). The method used 

previously (Pinkerton et al., 2019) was extended in two ways: (1) by developing methods to 

extrapolate satellite measurements from offshore into the area within ~2 km to the coast (an 

important area that is particularly important but difficult to observe); and (2) by improving the 

merging semi-analytic and empirical methods in coastal and ocean regions respectively to ensure 

consistency between coastal and ocean products in the continental shelf transition zone. 

Data ingestion, calibration and mapping: Level 1A (top of atmosphere, uncalibrated) MODIS-Aqua 

data were acquired either by file transfer from NASA (data between 2002ς2007) as full spatial-

resolution 5-minute granules, or as direct broadcast data by the NIWA X-band receiver (after 2007). 

All direct broadcast data were calibrated and processed using NASA Collection 6 calibration files 

ǳǎƛƴƎ b!{!Ωǎ {Ŝŀ5!{ ǾтΦн (https://seadas.gsfc.nasa.gov/). Data were rejected for land, cloud cover, 

solar glint, white-cap reflection, atmospheric correction failure or in-water algorithm failure. Satellite 

products based on visible-band measurements were calculated at a spatial resolution of 500 x 500 m 

using paired bands (after Franz et al. 2006) and derived variables were projected to a New Zealand 

Transverse Mercator grid (NZTM2000; LINZ, 2017). 

Atmospheric correction: ¢ƘŜ ƴƻǊƳŀƭ ŀǘƳƻǎǇƘŜǊƛŎ ŎƻǊǊŜŎǘƛƻƴ ǇǊƻŎŜǎǎ ŦƻǊ ƻŎŜŀƴ ŎƻƭƻǳǊ Řŀǘŀ όάŘŀǊƪ 
ǇƛȄŜƭ ƳŜǘƘƻŘέύ ŘƻŜǎ not apply to turbid waters but alternatives have been developed (Ruddick et al., 

2000; Lavender et al., 2005; Wang & Shi, 2007). Pinkerton et al. (2019) investigated two atmospheric 

correction methods appropriate for turbid coastal New Zealand waters: (1) the NIR-short-wave 

infrared radiation (SWIR) switching algorithm (Wang & Shi, 2007); and (2) the MUMM model with 

the default MUMM alpha for MODIS of 1.945 (Ruddick et al., 2000). In a comparison in European 

coastal waters, it was found that the NIR-SWIR and MUMM methods performed similarly, but that 

άǘƘŜ a¦aa ŀƭƎƻǊƛǘƘƳ ƎƛǾŜǎ ŀ ōŜǘǘŜǊ ǉǳŀƭƛǘȅ ǇǊƻŘǳŎǘέ όhŘȅ Ŝǘ ŀƭΦΣ нлмсύ so the MUMM product was 

used in Pinkerton et al. (2019) and here.  

In-water algorithms: Simple empirical methods (e.g., hΩwŜƛƭƭȅ Ŝǘ ŀƭΦ мффуύ Ŏŀƴ Ǌƻōǳǎǘƭȅ ŜǎǘƛƳŀǘŜ ŎƘƭ-a 

in ocean waters but typically perform poorly coastally (IOCGG 2000; Pinkerton et al. 2006). Two main 

types of semi-analytical in-water algorithms were tested in Pinkerton et al. (2019): (1) the Quasi-

Analytical Algorithm (QAA) algorithm (Lee et al. 2002; Lee et al. 2009); and (2) the Garver-Siegel-

Maritorena (GSM) algorithm (Garver & Siegel 1997; updated processing11). Following Pinkerton et al. 

(2019) and Gall et al. (2022) we used the QAA approach here. Phytoplankton absorption was 

converted to an estimate of chl-a using the chl-specific absorption coefficient, aph*(488). The value of 

aph*(488) can vary seasonally and spatially, related to different phytoplankton species (varying cell 

physiology and pigments), different phytoplankton cell sizes, and the light environment 

(phytoplankton in more turbid waters may increase light harvesting pigments) (Kirk, 2011). Here, we 

used an average of values found for oceanic phytoplankton (Bricaud et al. 1995; Bissett et al. 1997), 

 
10 https://gis.niwa.co.nz/portal/apps/experiencebuilder/template/?id=9794f29cd417493894df99d422c30ec2 
 
11 www.icess.ucsb.edu/OCisD/ 

https://seadas.gsfc.nasa.gov/
https://gis.niwa.co.nz/portal/apps/experiencebuilder/template/?id=9794f29cd417493894df99d422c30ec2
http://www.icess.ucsb.edu/OCisD/
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and measurements in the lower reaches of New Zealand rivers and estuaries (Pinkerton, 2017; 

Pinkerton et al., 2019; Gall et al., 2022). The latter measurements were made as part of the National 

River Water Quality Network (NRWQN) project (Gall et al., 2022). MODIS data were interpolated to 

500 m using paired bands where necessary (Franz et al. 2006).  

Coastal extrapolation: Ocean colour satellite products are often missing for the 1-2 km closest to 

shore which is a problem for those particularly interested in this zone, including recreational users 

and coastal managers. The causes of this missing information include atmospheric correction issues 

due to near infra-red radiance from the land, shallow water (leading to algorithm fail), and pixel 

geolocation errors (where a coastal pixel is mis-located further offshore by up to ~1 km). In a 

development since Pinkerton et al., (2019), a method to extrapolate valid coastal data into the 

nearshore zone has been developed at NIWA and applied to the data used in the analysis presented 

ƘŜǊŜΦ CƛǊǎǘ ǇƛȄŜƭǎ ŜǊǊƻƴŜƻǳǎƭȅ ƭƻŎŀǘŜŘ ƻǾŜǊ ǘƘŜ ƭŀƴŘ ŀǊŜ ǊŜƳƻǾŜŘΦ bŜȄǘΣ ǘƘŜ Řŀǘŀ ŀǊŜ άŘŜǎǇŜŎƪƭŜŘέΣ 

that is, individual pixels very different from those surrounding them are removed. Two methods are 

then used to estimate missing values within 5 km of the coast: (1) iterative nearest-neighbour 

smoothing with a 2.5 km smoothing window applied 3 times; (2) LOESS-extrapolation (LOcally 

WEighted Scatter-plot Smoother; Cleveland & Devlin, 1988) where the fitted variation in the property 

with distance offshore in 10 km-wide transects is used to estimate missing values. The smoothed and 

interpolated estimates were blended using weights based on their similarity to each other and to the 

surrounding data. The parameters used in this in-shore extrapolation scheme were optimised to 

maximise the proportion of missing data filled-in and the plausibility of the values. The method 

works well when spatial patterns and processes further offshore are representative of the very 

nearshore zone (<2 km from the coast), but it cannot provide information on small-scale processes 

that have no offshore expression. Given that coastal features are of the order of >10 km (Pinkerton 

et al., 2022), this limitation is not critical, but does highlight the need for using satellite products with 

a higher spatial resolution in the future to observe these very nearshore environments.  

Onshore-offshore blending: It is important that there is not a discontinuity between the coastal chl-a 

data (processed using a semi-analytical method because of optical complexity) and ocean chl-a 

(processed using an empirical algorithm). Extending Pinkerton et al. (2019), two levels of blending 

were used to ensure that the ocean and coastal datasets were consistent across the inshore-offshore 

transition zone over the New Zealand continental shelf. First, in each daily image, we blended the 

QAA-chla and the MODIS-default chl-a product (NASA, 2018b) using a logistic-scaling of bbp(555) 

(Pinkerton et al., 2022; Gall et al., 2022). This is implemented in SCENZ data version v3.0 as currently 

active in NIWA-SCENZ. However, we found that this blending still led to issues in the transition zone 

where high backscatter offshore was caused by phytoplankton blooms, for example in areas off 

Horomaka Banks Peninsula in the western part of the Chatham Rise high productivity region. A 

second blending at the monthly level was hence developed and implemented for this work, leading 

to CHL product v4.0. The SCENZ product ADET v3.0 (Gall et al., 2022) was used in the blending as an 

ƛƴŘŜȄ ƻŦ άŎƻŀǎǘŀƭ ƛƴŦƭǳŜƴŎŜέΦ ADET measures the amount of light absorption in the blue part of the 

spectrum (wavelength 443 nm) by detrital material, and can be a useful indicator of freshwater input 

into the coastal zone. Monthly climatological data on log(ADET) in overlapping coastal sectors of 

width 21 km and extending between the coast and 50 km offshore were extracted around the New 

Zealand North and South Islands, and Stewart Island. The sectors overlapped by 14 km in the 

direction parallel to the coastline. The change in log(DET) with distance offshore from pure coastal 

(less than 3 km from the coast) to pure oceanic (more than 30 km from the coast) in each sector was 

used as a proxy for the degree of coastal influence on bio-optical properties. Although terrestrially-

sourced suspended sediment in the upper water column can extend further than 30 km offshore, 
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coastal influence here is considered to be relatively short-lived and relatively uncommon at the 

ƴŀǘƛƻƴŀƭ ǎŎŀƭŜΦ ¢ƘŜ ŀǾŜǊŀƎŜ ŜǎǘƛƳŀǘŜ ƻŦ άŎƻŀǎǘŀƭ ƛƴŦƭǳŜƴŎŜέ ŦƻǊ ŜŀŎƘ ƭƻŎŀǘƛƻƴ ǿŀǎ ǘƘŜƴ ǳǎŜŘ ǘƻ ǿŜƛƎƘǘ 

estimates of coastal and ocean chl-a to produce the SCENZ CHL v4.0 product. 

2.1.6 Coastal scale total suspended solids 

The primary source of information on coastal TSS was the SCENZ v3.0 TSS product (Pinkerton et al., 

2022; Gall et al., 2022). TSS was estimated from the total particulate backscatter product (BBP) which 

estimates the optical backscattering from all particulate material present in the near-surface water 

column. Technically, BBP is defined as the particulate backscatter coefficient at 555 nm (m-1). In the 

SCENZ methodology, BBP v3.0 was estimated using the quasi-analytic algorithm (QAA v5; Lee et al. 

2002; Lee et al. 2009) and converted to an estimate of gravimetric total suspended solids using an 

average mass-specific backscatter factor for the New Zealand coastal zone as described in detail by 

Pinkerton et al. (2022) and Gall et al. (2022). Suspended particulate material includes phytoplankton, 

particulate detritus and inorganic sediment and these different components have different optical 

characteristics and different mass concentrations, so that the conversion from BBP to a gravimetric 

quantity (TSS) is approximate.  

In addition, the new Copernicus (CMEMS) SPM (suspended particulate matter) product was used for 

comparison (Table 2-1ύΥ άŎƳŜƳǎψƻōǎ-oc_glo_bgc-transp_my_l4-multi-пƪƳψtмaκ{taέ (hereafter 

called SPMM). This is a monthly, 4 km-resolution gravimetric (g m-3) product that uses coastal (semi-

analytical) processing ǿƛǘƘ ŀ άƎƭƻōŀƭ ŀǾŜǊŀƎŜέ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ōŀŎƪǎŎŀǘǘŜǊ ǘƻ ƎǊŀǾƛƳŜǘǊƛŎ ǇŀǊǘƛŎǳƭŀǘŜ 

matter concentration (Garnesson et al., 2019). 

2.2 Anomalies 

2.2.1 Annual anomalies 

Annual anomalies were calculated as the mean value for a given year minus the long-term mean of a 

whole-number of years (Equation 1). For example, the 2000 chl-a anomaly is the mean value of chl-a 

for 2000 at a given pixel minus the long-term mean chl-a value for the same pixel. The mean is 

calculated on whole years to avoid bias due to different number of values in different seasons. In 

Equation 1, dY is the annual anomaly for year Y, Ny is the total number of years of data, Nm is the total 

number of months of data per year, and Cy,m is the chl-a or SST value for year y and month m.  

‏ В ὅȟ В В ὅȟ    [Equation 1] 

2.2.2 Monthly anomalies (deseasonalisation) 

Monthly anomalies were calculated as the average value for each month minus the long-term 

monthly mean (Equation 2). Here, dy,m is the anomaly for year y, month m; Ny is the total number of 

years of data, and Sy,m is the satellite measure for year y and month m. For example, the monthly 

anomaly for January 2000 was calculated as the mean of January 2000 minus the long-term mean of 

all Januaries. Note that this implies a reference period against which anomalies are judged as the 

whole time series.  

ȟ‏ Ὓȟ В Ὓȟ     [Equation 2] 
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2.2.3 Reference period 

The reference period for analysis is the time period over which the άŎƭƛƳŀǘƻƭƻƎƛŎŀƭέ ƳƻƴǘƘƭȅ averages 

are calculated. The choice of appropriate reference periods for time-series analysis is important 

because it affects the anomalies from which trends are calculated but the choice is somewhat 

subjective, especially when there are multiple products spanning different time periods. In this work, 

we used a primary ocean reference period matching the SeaWiFS-MODIS time-series (i.e., the 

complete years 1998-2022). This reference period was also used for the OISSTv2.1 data. For the 

coastal chl-a and TSS data, we used a reference period matching the period of operation of the 

MODIS-Aqua sensor (i.e., complete years 2003-2022). The MHW analysis requires a different 

reference period, and the 30 y period 1983-2012 was chosen (see Section 2.6). Further research 

(beyond the present study) to consider defining appropriate reference periods for New Zealand 

indicator work would be useful. 

2.3 Descriptive regions 

2.3.1 Ocean scale  

Monthly anomalies of chl-a and SST were extracted for the EEZ and four descriptive oceanic regions 

(Figure 2-1; Appendix A) which have not changed from previous environmental reporting (e.g., 

Pinkerton et al., 2019). These regions were chosen to include particularly productive regions and be 

characteristic of water masses (following Murphy et al., 2001), while noting that they do not cover 

(and do not need to cover) all locations in the EEZ. The four regions are: the Chatham Rise 

(Subtropical Front east of New Zealand); the Tasman Sea (including the Subtropical Front west of 

New Zealand); Subtropical Water (STW); and Subantarctic Water (SAW). All oceanic descriptive 

regions, including the EEZ region, exclude chl-a data in New Zealand territorial waters (within 12 

nautical miles of the coast).  
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Figure 2-1: Ocean scale descriptive regions for which summary data were extracted. Depth contours are 
shown in grey at 500 m, 1000 m and 3000 m depths. Measurements in territorial waters (less than 12 nautical 
miles from the coast) were excluded from coastal analysis. 

2.3.2 Coastal scale 

Information on trends in chl-a and SST in coastal regions were summarised based on the New 

Zealand coastal bioregion analysis (Department of Conservation and Ministry of Fisheries, 2011) and 

extended to the territorial limit of 12 nautical miles offshore (Figure 2-2). This selection of coastal 

regions was considered more biologically-meaningful than dividing by Regional Council boundaries as 

was carried out in previously (Pinkerton et al., 2019) because Regional Council boundaries do not 
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necessarily align with oceanographic or biogeochemical differences round the coast. Only the 9 

coastal regions around North and South Island were considered, not including Three Kings Islands, 

Chatham Islands, Snares Islands, because these are of comparable sizes and lie completely within the 

SCENZ domain.  

 

Figure 2-2: Coastal scale descriptive regions. Summary analyses were only carried out for the 9 coastal 

regions around North and South Island, not including Three Kings Islands, Chatham Islands, Snares 

Islands. Boundaries are based on New Zealand coastal regions analysis (Department of Conservation 

and Ministry of Fisheries, 2011) and extend out to 12 nautical miles from the coast. 

2.4 Trend analysis 

Satellite data were deasonalised using monthly anomalies (Section 2.2.2) to remove the effect of 

seasonal cycles on the estimates of long-term change (trends). We compared an alternative method 

of deasonalising the data using a spline smooth by month, and the results were almost identical (data 

not shown). Temporal trends for each pixel were then determined by applying the Sen slope (Sen, 

1968) method to these monthly anomalies. Statistical significance was assessed using Mann-Kendall 

Z statistic and p-values (Mann, 1945; Kendall, 1975). The null hypothesis in the Mann-Kendall test 

assumes that the data are independent and randomly ordered (Mann, 1945; Kendall, 1975). The 

existence of positive autocorrelation in the data increases the probability of detecting trends when 

none actually exists, and vice versa (Hamed & Rao, 1997). A number of correction methods for 

autocorrelation in the Mann-Kendall test exist and we used the method of Yue & Wang (2004). This 

correction method reduces the effective number of degrees of freedom if positive autocorrelation 

occurs and hence tends to reduce the risk of type 1 errors (false positives) but increases the risk of 

type 2 error (false negatives). The Sen slope and Mann-Kendall test are preferred over linear 

regression analysis because the method is non-parametric (distribution free) and does not require an 
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assumption that the data are normally distributed. In particular, the insensitivity of the Sen slope to 

outliers means that it is generally the preferred non-parametric method for estimating a linear trend 

(Hipel & McLeod, 1994). 

We followed the trend direction assessment procedures and guidelines of McBride (McBride, 2005, 

2019; McBride et al., 2014) to summarise trends into eƛƎƘǘ ǘǊŜƴŘ άƭƛƪŜƭƛƘƻƻŘέ ŎŀǘŜƎƻǊƛŜǎ representing 

the confidence that the assessment of the slope is in the correct direction (i.e., positive or negative) 

rather than the confidence that the slope is different from zero (Table 2-2). Given that time-series of 

satellite observations are relatively short (at most ~40 years) and variability in such natural systems 

high, this is a more useful way of assessing the significance of a trend than whether the Mann-

Kendall p-value is less than 0.05. In fact, Makowski et al. (2019) showed that Mann-Kendall p-values 

statistics in most cases have a direct correspondence with these likelihood categories proposed by 

McBride et al. (2014).  

For chl-a and TSS, trends are given as an absolute magnitude and also expressed as a percentage of 

median values per decade to standardise change across measures of interest (Larned et al., 2016); 

both these metrics are informative. This normalisation to the median is not calculated for SST 

because the offset of the temperature scale used (° Celsius) is arbitrary and instead trend slopes for 

SST are only presented as an absolute magnitude of change per decade. 

As outlined in McBride (2019), for freshwater quality assessment, the ecological or management 

significance of a trend (i.e., whether the trend is large enough relative to variability to be considered 

άƛƳǇƻǊǘŀƴǘέύ ǊŜǉǳƛǊŜǎ ŜȄǇŜǊǘ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ǎȅǎǘŜƳΦ As there is a lack of accepted levels of 

importance thresholds for New Zealand waters (Dudley et al., 2017), we do not attempt to assess the 

ecological or management importance of trends. 

Table 2-2: ¢ǊŜƴŘ άƭƛƪŜƭƛƘƻƻŘέ ŎŀǘŜƎƻǊƛŜǎ ŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ ǇƻǎǘŜǊƛƻǊ ǇǊƻōŀōƛƭƛǘȅ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƻŦ ǎƭƻǇŜ 
direction. Mann-Kendall p-value statistics are also given which have, in this case, a direct correspondence with 
άŦǊŜǉǳŜƴǘƛǎǘέ Ǉ-values (Makowski et al. 2019).  

Mann-Kendal p-value 
Probability of  
non-zero slope 

McBride likelihood 

0 ς 0.01 0.995 ς 1 Virtually certain 

0.01 ς 0.05 0.975 ς 0.995 Very likely 

0.05 ς 0.10 0.950 ς 0.975 Likely 

0.1 ς 0.33 0.835 ς 0.950 Possible 

0.33 ς 0.66 0.665 ς 0.835 About as likely as not 

0.66 ς 0.90 0.550 ς 0.665 Unlikely 

0.90 ς 0.99 0.525 ς 0.550 Very unlikely 

0.99 ς 1 0.5 ς 0.525 Exceptionally unlikely 

2.5 Correlation analysis 

Correlation analysis can be used to understand the underlying drivers of oceanographic changes 

(Feng & Zhu, 2012; Kumar et al., 2016). For the ocean domain, the linear Pearson correlation 

coefficient between monthly anomalies in chl-a and SST were determined for each pixel separately, 

using the full overlap period. This correlation analysis investigates to what extent changes in chl-a 
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may be related to changes in ocean surface temperature. For the coastal region, correlations were 

carried out on a pixel-by-pixel basis between chl-a and SST, and between chl-a and TSS. 

It is possible to carry out other correlate analyses, for example between MHW and chl-a anomalies, 

or between climate indices (such as ENSO) and SST, chl-a or TSS anomalies, but these are beyond the 

scope of the present study. 

2.6 Marine heatwaves 

A marine heatwave (MHW) is defined to occur when seawater temperature exceeds a seasonally-

varying threshold (usually the 90th percentile temperature) for at least 5 consecutive days (Hobday et 

al., 2016). In this study, MHW metrics were calculated from the Daily Optimum Interpolation SST 

data (OISST, v2.1, Huang et al., 2021) between 1st January 1982 to 31st December 2022, with a fixed 

30-year climatology (1 January 1983 to 31 December 2012; Hobday et al., 2016). Our analysis used 

thŜ ΨƘŜŀǘǿŀǾŜwΩ w ǇŀŎƪŀƎŜ version 0.4.6 (Schlegel & Smit, 2018). Five key MHW metrics were 

generated at each pixel (Thoral et al., 2022; Montie et al., 2023): (1) the number of MHW events, (2) 

the number of MHW days (time from start to end MHW dates, in days), (3) the mean and (4) max 

intensity (anomalies in relation to the climatological mean, in °C), and (5) the cumulative intensity 

(integrated intensity over events, in °C days). The spatially-resolved metrics were then combined per 

descriptive regions (EEZ, oceanic and coastal). In addition, a trend analysis (Mann-Kendall and Theil-

Sen slope) was performed to determine significant changes in MHW metrics. As there was evidence 

of autocorrelation in some metrics time series, a modified Mann-Kendall (variance correction 

approach) was performed to account for autocorrelation using the ΨƳƻŘƛŦƛŜŘƳƪΩ R package version 

1.6 (Patakamuri et al., 2020). The Theil-Sen slope estimator was calculated on MHW metrics time 

series to determine the intensity and direction of change. Decadal trends were estimated by 

ƳǳƭǘƛǇƭȅƛƴƎ ǘƘŜ {ŜƴΩǎ ǎƭƻǇŜ όȅŜŀǊƭȅύ ōȅ млΦ For sake of clarity in the main report, we decided to focus 

and describe trends in the cumulative intensity metric as this measure contains information of both 

MHW duration and intensity (Schlegel et al., 2017). Other metrics can help capture the spatial and 

temporal variability of MHWs (Thoral et al., 2022), and other four metrics are given in Appendix F 

and Appendix G. 

2.7 Trophic classes 

ά¢ǊƻǇƘƛŎ ŎƭŀǎǎŜǎέ ŀǊŜ ǳǎŜŦǳƭ ǘƻ ōǊƻŀŘƭȅ ǊŀǘŜ ǘƘŜ ōiological productivity of a water body and are 

generally based on chl-a. For New Zealand lakes, regional councils historically have used a seven-class 

trophic level index (TLI) initially proposed by Burns et al. (2000), which has evolved into the trophic 

state (ecosystem health) system in the National Policy Statement for freshwater management 

(Freshwater NPS; MfE 2018). A 4-attribute state eutrophication system was used in the New Zealand 

Estuary Tropic Index (ETI - Robertson et al. 2016) and adapted by Plew et al. (2020) for four salinity 

estuary types. In this report, we suggest extending the euhaline type estuaries (>30 ppt salinity) chl-a 

ranges from Plew et al. (2020) to include oligotrophic, microtrophic and ultra-microtrophic classes for 

chl-a < 1 mg m-3, as guided by Morel et al. (1996) as these can be associated with oceanic waters 

surrounding New Zealand (Table 2-3). Nixon (1995) provided useful guidance on coastal marine 

eutrophication primary productivity ranges for oligotrophic (< 100 gC m-2 day-1), mesotrophic (100-

300 gC m-2 day-1), eutrophic (301-500 gC m-2 day-1) and hypertrophic (>500 gC m-2 day-1) systems that 

can be broadly associated with the proposed trophic classes. Another useful guide is given in a 

worldwide compilation of 131 estuarine-coastal ecosystems (Cloern et al., 2014). 
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Table 2-3: Trophic classes. Proposed chlorophyll a concentration (chl-a, mg m-3) ranges for descriptive 
trophic classes used in New Zealand estuaries and oceans. Note: Microtrophic and Ultra-Microtrophic are not 
commonly present in the coasts and oceans around New Zealand.  

Trophic class Level Lakes Estuaries and ocean 

  Min (mg m-3) Max (mg m-3) Min (mg m-3) Max (mg m-3) 

Ultra-Micro 1 0.13 0.33 0.01 0.05 

Microtrophic 2 0.33 0.82 0.05 0.10 

Oligotrophic 3 0.82 2 0.1 1 

Mesotrophic 4 2 5 1 3 

Eutrophic 5 5 12 3 8 

Supertrophic 6 12 31 8 12 

Hypertrophic 7 31 ~100 12 ~50 

Freshwater and Estuarine NPS states: A (Minimal); B (Moderate); C (High); D (Very High). 

3 wŜǎǳƭǘǎ 

3.1 Ocean scale analyses 

3.1.1 Data coverage 

The spatial distribution of data for the analyses (Figure 3-1 a and b) shows the greater number of 

observations of SST compared to chl-a for the New Zealand region: 500 points compared to a 

maximum of 310 points respectively (note the scale difference). The figure also shows the effect of 

systematically excluding data where the sun angle was low for ocean colour (chl-a) data, seen in the 

reduction in the number of observations available for analysis in the SeaWiFS-MODIS timeseries at 

greater latitudes (yellow to blue). The CMEMS products use a less strict requirement for sun-angle 

and more satellite sensors, has much better coverage south of the Chatham Rise in winter (Figure 3-1 

c). The CMEMS gap-free product (Figure 3-1 d) has slightly better coverage than the CMEMS standard 

chl-a product, and although the gain appears small and confined to the extreme south of the EEZ on 

month averages, its calculation from gap-free daily maps is expected to provide more accurate 

statistics and analytical products (Sathyendranath, 2019; Liu, 2022). 
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a 

 

b 

 

c 

 

d 

 

Figure 3-1: Number of observations (N. Obs) used in the ocean scale analysis: a: SST (1981ς2023) from 
OISST v2.1; b: Chl-a (1997ς2023) from primary dataset (MODISA+SW-NIWA; see Table 2-1); c: CHLM (1997-
2023) from the secondary dataset (CMEMS MO-CHL); and d: CHLGF (1997-2023) from the tertiary dataset 
(CMEMS gap-free). The boundary of the New Zealand EEZ is also shown as are the 200 and 500 m depth 
contours. Note the different scale for SST in (a). 
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3.1.2 Mean spatial patterns 

The long-term average, or spatial climatology, in SST (1981ς2023) and chl-a (1997ς2023) for the New 

Zealand oceanic region provides a useful overview of sea surface conditions and surface water 

masses, across fronts and continental shelfs (Figure 3-2). Annual average SST varies with latitude 

principally, from about 25°C in northern Subtropical Water to ~7°C in southern Subantarctic Water 

(Figure 3-2 a). Variation in water temperature around the coast is also primarily related to latitude 

modified by water currents, with colder water masses to the south (Subantarctic) and warmer water 

masses to the north (Subtropical). The Southland Current pushes cold water eastwards round the 

bottom of South Island and then northwards past nǘŜǇƻǘƛ Dunedin before being entrained eastwards 

by Chatham Rise. The East Auckland Current moves warm water down the upper east coast of North 

Island and brings warmer water to the Bay of Plenty.  

In terms of the proposed ocean trophic classes (Table 2-3), most of the New Zealand ocean domain is 

oligotrophic (chl-a between 0.1 and 1 mg m-3), with microtrophic conditions (chl-a 0.05 - 0.1 mg m-3) 

in the extreme subtropical part of the EEZ (Figure 3-2 b-d). New Zealand Subtropical and Subantarctic 

waters are generally classified as oligotrophic with low chl-a concentrations. Higher oceanic chl-a is 

associated with the Subtropical front, which extends across the New Zealand domain at about 45°S, 

especially over Chatham Rise, and is typically classified as mesotrophic. Only around the coast are 

mesotrophic conditions (chl-a 1-3 mg m-3) present on an annual average scale. 

Patterns in mean chl-a are very similar between the SeaWIFS-MODIS product (Figure 3-2 b) and the 

two CMEMS products (Figure 3-2 c-d). The difference in chl-a between the two CMEMS products is 

very small but there is an offset in chl-a of about 0.05 mg m-3 to the SeaWIFS-MODIS product, the 

latter being consistently higher (see Appendix D).  

The mean annual SST and chl-a values for each year based on the merged SeaWiFS-MODIS product 

(Appendix B), and their anomalies (Appendix C), provide information on interannual variability. The 

annual plots display relatively low year-to-year variability in SST (about ±1°C between years) 

compared to year-to-year variability in chl-a of about ±25% between years. 
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a 

 

b 

 

c 

 

d 

 

Figure 3-2: Ocean scale long-term averages in environmental indicators a: Sea-surface temperature (1981ς
2023) from OISST v2.1; b: Chl-a (1997ς2023) from primary dataset (MODISA+SW-NIWA; see Table 2-1); c: 
CHLM (1997-2023) from the secondary dataset (CMEMS MO-CHL); and d: CHLGF (1997-2023) from the tertiary 
dataset (CMEMS gapfree). The boundary of the New Zealand EEZ is also shown as are the 200 and 500 m depth 
contours. Territorial waters (to 12 nautical miles offshore) are excluded from analysis. 
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3.1.3 Trends in sea surface temperature 

Most of the oceans around New Zealand have warmed significantly between 1981 and 2023, as 

illustrated in their long-term positive trends (Figure 3-3 a), with ά±ƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ trend likelihoods 

(Figure 3-3 b). Warming rates were highest in the Subtropical region and the Tasman Sea and lowest 

in Subantarctic Water. For the EEZ as a whole, the 40-y area-weighted mean rate of surface warming 

was 0.20°C per decade between 1981 and 2023 (Table 3-1), up from 0.15°C per decade between 

1981 and 2018 (Pinkerton et al., 2019). Trends in SST in all descriptive regions were all positive, 

άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ and except for Subantarctic, were higher than the global average warming rate 

(Table 3-1). The 40-y global mean warming rate was 0.15°C per decade, with a global 25thς75th range 

of 0.09ς0.23 °C per decade. In comparison, the EEZ 40-y warming rate was 32% higher than the mean 

global average warming rate, equivalent to the 65th percentile of global warming trend rates. The 

fastest warming New Zealand region was the Subtropical region (55% higher than the global average) 

followed by the Tasman region (53% higher than the global average). The 40-y warming rate of the 

Subantarctic region was 6% lower than the global average.  

Warming is accelerating: the warming rates in the EEZ and all oceanic regions increased in the 20-y 

analysis (between 2002 and 2023) compared to the 40-y analysis (Table 3-2). The 20-y warming rate 

for the EEZ was nearly twice the 40-y warming rate. In the New Zealand Subantarctic region, the rate 

of increase of SST over the last 20 years is more than 3 times the rate over the last 40 years. The New 

Zealand 20-y warming rates are also accelerating faster than the global average. The 20-y warming 

rate in the Chatham region was found to be more than 3 times higher than the mean global rate of 

warming over the same period (Table 3-2). 

The regional time-series plots (Figure 3-4) show that surface ocean warming in the New Zealand 

region has exhibited a non-linear pattern over the past four decades. Rather than a consistent 

upward trend, the data reveals the influence of multi-year climate variability, including phenomena 

like ENSO, overlaying the overall warming trend. For comparison, we show the mean global SST 

anomalies (Figure 3-4 a ς ǊŜŘ ƭƛƴŜύΣ ƴƻǘƛƴƎ ǘƘŀǘ ǘƘŜ ǿƻǊƭŘΩǎ ƻŎŜŀƴǎ ŀǊŜ ƘƛƎƘƭȅ ƘŜǘŜǊƻƎŜnous and 

include areas with very different trajectories of SST over time. In contrast to the relatively linear 

warming of global mean SST, the New Zealand EEZ has had periods of cooling (1985-1993; 2002-

2010; 2018-2020) and rapid warming (1993-2002; 2010-2018; 2021-present). The smaller-scale 

climate variability ǘƘŀǘ ŀǊŜ ŀǇǇŀǊŜƴǘ ŀǘ ǘƘŜ 99½ ŀǊŜ άŀǾŜǊŀƎŜŘ ƻǳǘέ ǿƘŜƴ ƭƻƻƪƛƴƎ ŀǘ ǘƘŜ Ǝƭƻōŀƭ ǎŎŀƭŜΦ 

At the EEZ scale, the most recent rate of warming (since 2021) seems to be unprecedented in the 

satellite record (Figure 3-4 a). Similar patterns are evident in the regional time series where the 

underlying rate of warming seems to have increased in all regions from about 2009, and the warming 

since 2020 has been particularly rapid (Figure 3-4 b-e). 

Spatial patterns in the seasonal (3-month average) warming rate of the surface ocean around New 

Zealand was highest in winter (especially to the north and east of the EEZ) and in autumn (especially 

in the Tasman Sea), and lowest in the summer (Figure 3-5). SST trends within each month were 

further used to examine seasonal changes in SST (Figure 3-6). At the EEZ scale, warming rates were 

highest between March and August (mid-autumn and late-winter), and the seasonal differences were 

quite modest (Figure 3-6 a). In the oceanic regions (Figure 3-6 b-e), a fairly consistent picture 

emerges with highest surface warming rates occurring mainly in autumn/winter: Chatham (April-

August); Tasman (February-May); Subtropical (February-August); and Subantarctic (April-July).  
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Figure 3-3: Ocean scale spatial trends in sea surface temperature (SST: 1981-2023): a: Sen-slope trends °C 
per decade based on OISSTv2.1 dataset, and b: Likelihood of non-zero trend based on Mann-Kendall analysis 
corrected for auto-correlation. Territorial waters (to 12 nautical miles offshore) are excluded from analysis. 
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Table 3-1: Ocean scale region trends in sea surface temperature over 40 years compared to global trends 
(1981-2023).   The Mann Kendall test (using the Z statistic) was applied to SST monthly anomalies in the EEZ 
and descriptive regions based on the OISSTv2.1 product. Note: TƘŜ ά{Ŝƴ ǎƭƻǇŜκƳŜŘƛŀƴέ (typically calculated for 
other products) is not calculated for SST because the scale offset is non-zero. Mann-Kendall significance is 
shown: *** p<0.001; ** p<0.01; and * p<0.05. 

Region 

Mann-
Kendall 

Z 

Mann-
Kendall 

p 

Sen slope 

(°C decade-1) 

Median 
(°C) 

Mann-
Kendall 

sig 

McBride likelihood Slope(40y) / 
global(40y) 

EEZ 5.42 6.1E-08 0.20 14.0 ***  Virtually certain 1.32 

Chatham 4.78 1.8E-06 0.23 12.7 ***  Virtually certain 1.46 

Tasman 4.62 3.9E-06 0.24 15.5 ***  Virtually certain 1.53 

Subtropical 5.18 2.2E-07 0.24 18.1 ***  Virtually certain 1.55 

Subantarctic 3.21 1.3E-03 0.14 9.2 **  Virtually certain 0.94 

Global 5.54 3.0E-08 0.15 18.2 ***  Virtually certain 1 

Table 3-2: Ocean scale region trends in sea surface temperature over 20-years compared to global trends 
(2002-2023).   The Mann Kendall test (using the Z statistic) was applied to monthly anomalies in the EEZ and 
descriptive regions based on the OISSTv2.1 product. See also caption Table 3-1 

Region 

Mann-
Kendall 

Z 

Mann-
Kendall 

p 

Sen slope 

(°C 

decade-1) 

Mann-
Kendall 

sig 

McBride likelihood Slope(20y)/ 
global(20y) 

Slope(20y)/ 
slope(40y) 

EEZ 4.07 4.7E-05 0.41 ***  Virtually certain 2.44 1.99 

Chatham 3.94 8.2E-05 0.51 ***  Virtually certain 3.04 2.25 

Tasman 3.32 8.9E-04 0.44 ***  Virtually certain 2.67 1.88 

Subtropical 2.61 9.1E-03 0.29 **  Virtually certain 1.75 1.21 

Subantarctic 4.26 2.1E-05 0.45 ***  Virtually certain 2.72 3.14 

Global 2.66 7.9E-03 0.17 **  Virtually certain 1 1.08 
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 Figure 3-4: Ocean scale time-series of sea surface temperature anomalies:   
a: EEZ (blue), (4-year smoothed -black), and the global average (red); b: Chatham 
Rise; c: Tasman Sea; d: Subtropical; and e: Subantarctic. See Table 2-1 for more 
information on data used. The vertical grey lines divide different years. Note 
some of the EEZ panels has different y-axis scale. 
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Figure 3-5: Seasonal trends in SST (1981-2023). Trends in SST (shown as °C per decade based on OISSTv2.1) 
are shown for each season separately (WIN=winter; SPR=spring; SUM=summer; AUT=autumn). 
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 Figure 3-6: Trends in SST anomalies by month for EEZ and 4 descriptive 
regions.   a: EEZ; b: Chatham Rise; c: Tasman Sea; d: Subtropical water (STW); e: 
Subantarctic water (SAW). All plots are based on primary dataset (OISST v2.1). 
Seasons are coloured differently (spring=green; summer=yellow; autumn=red; 
winter=blue). Panels have different y-axis scales to best show within-month 
trends. 
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3.1.4 Trends in chlorophyll a 

Trends from the two CMEMS chl-a products were consistent with the NIWA blended chl-a product 

with similar results for trends within oceanic regions (Table 3-3), lending confidence to our 

interpretations based on the NIWA blended product alone. Significant positive trends in chl-a 

concentrations were observed in certain oceanic regions, notably in the Subtropical Front regions to 

the east (over the Chatham Rise) and west of New Zealand (Figure 3-7a). Additionally, notable 

positive trends were identified in Subantarctic waters located to the south. Conversely, substantial 

negative trends in chl-a concentrations are evident in the Subtropical Water located east of New 

Zealand, specifically northeast of wŢƪƻƘǳκ²ƘŀǊŜƪŀǳǊƛ the Chatham Islands and in the regions 

encompassing Te Tai Tokerau Northland across the eastern coastline over the continental shelf and 

to the west. These negative trends extend to include the continental slope offshore of the Hauraki 

Gulf, eastern Te Tara-O-Te-Ika-A-aņǳƛ Coromandel and Te Moana a Toi Bay of Plenty, as well as 

progressing down the western coast of the North Island, reaching the northern parts of the South 

Island, and continuing halfway down the western coast of the South Island. Trends in chl-a over much 

of ǘƘŜǎŜ ŀǊŜŀǎ ǿŀǎ ŀǎǎŜǎǎŜŘ ŀǎ άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ (Figure 3-7 b, red).  

At the scale of the EEZ a positive trend in chl-a ǿŀǎ άabout as likely as notέ between 1997 and 2023 

at +1.1% of the median per decade (Table 3-3). The CMEMS products gave consistent but slightly 

lower trends for the EEZ (0.6 ς 1.2 ҈ ǇŜǊ ŘŜŎŀŘŜύ ŀƴŘ ǎƛƳƛƭŀǊƭȅ ƭƻǿ ŎƻƴŦƛŘŜƴŎŜ όάŀōƻǳǘ ŀǎ ƭƛƪŜƭȅ ŀǎ 

ƴƻǘέ and άunlikelyέ). Decreasing trends in chl-a ǿŜǊŜ άpossibleέ in Subtropical Waters (-2.2% per 

decade)Σ ŀƴŘ ǇƻǎƛǘƛǾŜ ǘǊŜƴŘǎ ǿŜǊŜ άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ in Subantarctic waters (+6.7% per decade). A 

positive trend ǿŀǎ άǇƻǎǎƛōƭŜέ in the Chatham Rise region and +2.2% per decade, while άǾŜǊȅ ǳƴƭƛƪŜƭȅέ 

in the Tasman region (-0.2% per decade).  

Despite the offset in the absolute estimates of chl-a between the SeaWiFS-MODIS product (Figure 3-

2 b) and the two CMEMS products (Figure 3-2 c-d), the anomalies are very consistent (Figure 3-8) ς 

the thin black line (SeaWiFS-MODIS) is virtually indistinguishable from the blue and red lines 

(CMEMS). Regional chl-a time-series display non-linear patterns and long-term (multi-year to decade) 

climate variability (Figure 3-8). In the Chatham Rise, Tasman Sea and Subtropical regions (Figure 3-8 

b-d), chl-a appears to have had four phases: (1) increases from 1997 to a peak in 2010; (2) decreases 

from 2010 to a low in 2016; (3) another increase to a peak in 2020; and (4) a general decrease over 

the past few years to 2023. The changes in chl-a in the Subantarctic region (Figure 3-8 e) were 

generally lower than other regions, except for a rapid rise from 2018 to a peak in 2020, followed by a 

decline to 2023. There has been a notably decline in chl-a levels across all four oceanic regions during 

the period of 2020-2023. The rate of reduction in chl-a during this recent period appears 

exceptionally rapid and if it continues, would surpasses previous records captured by satellite 

observations. 

There was spatial variation in chl-a trends within and between seasons (3-month, Figure 3-9) 

compared to overall (Figure 3-7). Largest decreases in chl-a generally occurred in spring and summer 

in southern Subtropical waters, while largest positive trends in chl-a are seen in Subantarctic waters 

in summer, with the southland current boundary in particular showing prominence (Figure 3-9). 

Trends in chl-a were generally smallest during winter.  

At the finer monthly scale, timeseries at the EEZ scale (Figure 3-10 a), indicated positive trends in chl-

a from March-August (early-autumn to late-winter) and generally no trends in most other months, 

except for a large positive trend during November. The seasonal pattern of chl-a in the Chatham rise 

region (Figure 3-10 b) was characterised by peaks in chl-a in late-spring (November) and late-summer 
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(February), and low chl-a during mid-winter (July). Increasing trends in chl-a occurred in all months 

from late-autumn (April) to late-spring (November), with no change or decreasing trends in the 

summer (Figure 3-10 b). In the Tasman Sea region (Figure 3-10 c), chl-a peaked in late-spring 

(November) and was lowest in late-summer (February) to early autumn (March). There were small 

increasing trends in chl-a in winter months, while there was either no change or small decreasing 

trends in all other months. In the Subtropical region (Figure 3-10 d), the seasonal pattern was similar 

in shape to the Tasman region, with a prominent early-mid spring bloom (September-October) and 

lower chl-a in late-summer (February). Decreasing trends in chl-a were found during spring and 

summer, progressing to no change in autumn, and small increases during some winter months. In the 

Subantarctic waters region (Figure 3-10 e), chl-a seasonal patterns were similar to those in the 

Chatham Rise region (Figure 3-10 b), with peaks in late spring (November) and early autumn (March). 

Note that there was no data for early winter (June) in the NIWA dataset for this region because of 

low sun angle. Chl-a trends were positive in this region in all months, with the greatest rates of 

change in late autumn (May) and late spring (November). 

 

a 

 

b 

 

Figure 3-7: Ocean scale spatial trends in chlorophyll a (1997-2023):   a: Sen-slope trends as a proportion of 
the median value (% per decade); and b: Likelihood of non-zero trend based on Mann-Kendall analysis 
corrected for auto-correlation. Data are from the merged SeaWiFS-MODIS-Aqua dataset. 
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Table 3-3: Ocean scale region trends in chlorophyll a from three different data sources (1997-2023). The 
Mann Kendall test (using the Z statistic) was applied to monthly anomalies in the EEZ and descriptive regions. 
See text for more details. Mann-Kendall significance (sig) is shown: *** p<0.001; ** p<0.01; * p<0.05 

 

Region 
Mann-

Kendall Z 
Mann-

Kendall p 
Sen slope  

(mg m-3 10y-1) 
Median chl-a  

(mg m-3) 

Trend/  
median  
(% 10y-1) 

Mann-
Kendall 

sig 
McBride likelihood 

SeaWiFS-MODIS-Aqua (NIWA)  

EEZ 0.85 0.39 0.0024 0.21 1.1 

 

About as likely as not 

Chatham 1.12 0.26 0.0086 0.39 2.2 

 

Possible 

Tasman -0.08 0.94 -0.0005 0.22 -0.2 

 

Very unlikely 

Subtropical -1.23 0.22 -0.0034 0.16 -2.2 

 

Possible 

Subantarctic 3.59 0.00 0.0136 0.20 6.7 ***  Virtually certain 

CHLM (CMEMS)  

EEZ 0.41 0.68 0.0011 0.18 0.6  Unlikely 

Chatham 0.76 0.45 0.0048 0.31 1.6  About as likely as not 

Tasman -0.01 0.99 -0.0001 0.18 0.0  Exceptionally unlikely 

Subtropical -0.75 0.45 -0.0019 0.14 -1.4  About as likely as not 

Subantarctic 1.83 0.07 0.0048 0.17 2.9  Likely 

CHLGF (CMEMS)  

EEZ 0.82 0.41 0.0020 0.17 1.2  About as likely as not 

Chatham 1.08 0.28 0.0062 0.30 2.1  Possible 

Tasman 0.16 0.87 0.0008 0.18 0.5  Unlikely 

Subtropical -0.57 0.57 -0.0013 0.14 -1.0  About as likely as not 

Subantarctic 2.29 0.022 0.0057 0.16 3.5 *  Very likely 
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 Figure 3-8: Time-series of chl-a anomalies: a: EEZ; b: Chatham Rise; c: Tasman 
Sea; d: Subtropical; and e: Subantarctic. The colours plots show: primary 
(MODISA-SW-NIWA), thin black line and 4-year smoother (thick black line). 
Secondary (CMEMS-CHLM), blue. Tertiary (CMEMS-CHLGF), red. See Table 2-1 
for more information on data used. Monthly data are not shown where there 
was less than 80% data coverage for a given month in the region. The vertical 
grey lines divide different years. The dashed horizontal lines show the long-term 
means. Note some of the panels have different y-axis scales. 
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Figure 3-9: Ocean scale seasonal trends in chlorophyll a (chl-a, 1997-2023).   Trends in chlorophyll-a 
concentration (chl-a, shown as mgChl-a m-3 per decade based on MODISA-SW NIWA dataset) are shown for 
each season separately (WIN=winter; SPR=spring; SUM=summer; AUT=autumn). 
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 Figure 3-10: Trends in chl-a by month for EEZ and 4 descriptive regions. a: EEZ; 
b: Chatham Rise; [panels below] c: Tasman Sea; d: Subtropical Water (STW); e: 
Subantarctic Water (SAW). All plots are based on primary dataset (MODISA-SW-
NIWA) chl-a only. Seasons are coloured differently (spring=green; 
summer=yellow; autumn=red; winter=blue). Note all panels have different y-axis 
scales to show within month trends. 
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3.1.5 Spatial correlations 

Correlations between monthly anomalies of chl-a and SST for each pixel between 1997 and 2023 

(Figure 3-11) were found to be generally negative in Subtropical Water and the Tasman Sea, and 

positive in Subantarctic Water, consistent with previous analyses between 1997 and 2018 (Pinkerton 

et al., 2019). In Subtropical Water and the Tasman Sea, when the surface water is warmer than 

normal, surface chl-a tends to be lower than normal (negative correlation). In northern portions of 

Subantarctic Water, the reverse is true, when the surface water is warmer than normal, chl-a tends 

to increase (positive correlation), particularly so around the Southland Current and southern extent 

of the subtropical convergence zone. 

 

Figure 3-11: Ocean scale spatial correlation between sea surface temperature and chlorophyll a (1997ς
2023). The linear Kendall regression correlation coefficient (K-RCOR) was computed between anomalies. 
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3.2 Coastal scale analyses 

3.2.1 Data coverage 

The spatial distribution of satellite observations for the coastal analyses (Figure 3-12) is influenced by 

a range of factors:  

1. Reduced data coverage close to the coast (within ~4 km) was due to a combination of 

processing failures in SeaDAS software from a combination of atmospheric correction 

failure in highly turbid waters, land adjacency effects (bright land pixels), in-water 

algorithm failure due to factors including, bottom reflection in clear, shallow waters. 

Data were extrapolated and smoothed to fill in data gaps (see Section 2.1.5) in this 

nearshore zone and the increase in data coverage obtained using this method is not 

shown in Figure 3-12. Instead, the coverage shown in Figure 3-12 is indicative of the 

number of actual observations before the filling-in process;  

2. The decrease in data coverage to the south of Stewart Island was due to low solar 

elevations in winter which leads to failure of b!{!Ωǎ quality-control routines in 

SeaDAS;  

3. Decreases in the quantity of data quantity at the extreme edges of the coastal domain 

was due to failure of the in-water algorithm in clear oceanic environments; and 

4. Residual broad-scale patterns in data availability (e.g., greater number of available 

ocean colour observations in areas like Bay of Plenty, Hawke Bay, Cook Strait) was 

primarily influenced by the distribution of cloud cover (i.e., these areas tend to be 

sunnier than normal).  
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Figure 3-12: Coastal scale spatial coverage of observations (2002-2023) The colour shows the % of potential 
satellite observations that provided valid ocean colour products. The boundary of the New Zealand territorial 
sea and coastal regions are also shown, along with the 200 and 500 m depth contours. 

3.2.2 Mean spatial patterns 

Sea surface temperature around the coast was primarily related to latitude, with colder Subantarctic 

water to the south and warmer Subtropical water to the north (Figure 3-13 a). The influence of 

alongshore coastal currents was important, for example the Southland Current along the south-

eastern coast of the South Island which transports colder water further north around Banks 

Peninsula, and the East Auckland Current off the north-eastern coast of the North Island which 

transports warmer water south towards the Bay of Plenty.  

Coastal chl-a concentrations (Figure 3-13 b) were highest closer to land, typically classifying as 

mesotrophic (1-3 mg m-3), reducing offshore to oligotrophic (0.1-1 mg m-3). The general spatial 

pattern and offshore gradient typically followed the underlying bathymetry but elevated coastal 

phytoplankton abundances blended into offshore elevations in the area to the east of Banks 

Peninsula at the extreme west of the Chatham Rise.  

Total suspended solids (TSS) concentration spatial patterns (Figure 3-13 c) were similar to chl-a 

(Figure 3-13 c) with an offshore-to-inshore gradient, with lower concentrations offshore and higher 

relative concentrations inshore. TSS was particularly elevated in areas associated with shallower shelf 

regions and larger river inflows.   
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Figure 3-13: Coastal scale long-term averages in environmental indicators (2002-2023):   a: SST (°C); b: Chl-a 
(mg m-3); and c: TSS (g m-3). Refer to Figure 3-12 for further details.  
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3.2.3 Trends in sea surface temperature 

Surface water over most of the New Zealand coastal region warmed during the last 20 years (2002-

2023 period) with the exception of waters to the east of central New Zealand, where there was 

either no change or a small negative (cooling) trend off the Wairarapa coast (Figure 3-14 a). Most of 

the warming trend is άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ and the cooling in the Eastern North Island region άǇƻǎǎƛōƭŜέ 

(Figure 3-14 b). Coastal areas round the South Island seem generally warmed at a faster rate over the 

last 20 years than coastal waters around North Island. 

SST trends in the nine coastal regions were analysed over two periods, ~20 years (2002-2023) and 

~40 years (1981-2023). The 40-y analysis was carried out only on the OISSTv2.1 product (Table 3-4) 

and the 20-y analysis on both OISSTv2.1 (Table 3-5) and the SCENZ SST v3.0 product (Table 3-6). Over 

ǘƘŜ ƭŀǎǘ пл ȅŜŀǊǎΣ ǿŜ ŦƻǳƴŘ άǾƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ ǿŀǊƳƛƴƎ ƛƴ ŀƭƭ Ŏƻŀǎǘŀƭ ǊŜƎƛƻƴǎ ŀǘ ǊŀǘŜǎ ōŜǘǿŜŜƴ лΦно ς 

0.29 °C per decade (Table 3-4). New Zealand 40-y coastal warming rates in all coastal regions were 

greater than the global mean warming rate over the same period, by between 25% (North Eastern 

region) and 87% (East Coast South Island). We note that there is a wide range of SST warming rates 

worldwide.  

Over the last 20 years, trends in SST were very consistent between the OISSTv2.1 and SCENZ SST v3.0 

products (Table 3-5, Table 3-6). Based on both SST products, except for Eastern North Island, there 

was άvƛǊǘǳŀƭƭȅ ŎŜǊǘŀƛƴέ ƻǊ άǾŜǊȅ ƭƛƪŜƭȅέ 20-y surface ocean warming in the New Zealand coastal 

regions at rates of between 0.36 ς 0.61 °C per decade (Table 3-5, Table 3-6, Figure 3-15). Based on 

OISSTv2.1, warming rates over the past 20 years were 50ς146% higher than equivalent warming 

rates over the last 40 years in all regions except Eastern North Island where the 20-y warming rate 

was a quarter of the 40-y rate (Table 3-5). The acceleration of the coastal warming was particularly 

high around South Island, where 20-y warming rates in all coastal region were more than three times 

the global warming rate over the same period, and nearly 3.7 times the global average in the 

Southern South Island region (Table 3-5). 

SST time-series for the coastal regions (Figure 3-16) showed evidence for multi-year climate 

variability on which was superimposed an overall warming trend. The warming trend since 2002 

seems to have dominated multi-year climate variability in most coastal regions. The occurrence of 

marine heatwaves (MHW) in some coastal regions is apparent in these timeseries; note the high SST 

anomalies in coastal regions such as in January 2018 in the South Cook Strait region (Figure 3-16 e) 

and December 2021 in the Western North Island region (Figure 3-16 e). 

Seasonally coastal warming was greatest in summer and autumn, except off the Wairarapa coast 

(East Coast South Island region, Figure 3-17). Month trends within regions reinforces this pattern 

(Figure 3-18), with particularly strong warming trends in all regions between late spring (November) 

and late autumn (May). SST anomalies in the anomalous Eastern North Island region were flat during 

winter months (June-August). 
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Figure 3-14: Coastal scale spatial trends in sea surface temperature (2002-2022):   a: Sen-slope trends in sea-
surface temperature (SST) shown as °C per decade based on MODIS-Aqua dataset (SCENZ SST v3.0); and b: 
Likelihood of non-zero trend in SST based on Mann-Kendall analysis corrected for auto-correlation. 

Table 3-4: Coastal scale region trends in sea surface temperature over 40 years (1981-2023) based on 
OISSTv2.1. The Mann Kendall (M-K) test (using the Z statistic) was applied to monthly anomalies in the coastal 
descriptive regions based on the OISSTv2.1 product. NI=North Island; SI=South Island. Note: The ά{Ŝƴ 
ǎƭƻǇŜκƳŜŘƛŀƴέ (typically calculated for other products) is not calculated for SST because the scale offset is non-
zero. Mann-Kendall significance (sig) is shown: *** p<0.001; ** p<0.01; and * p<0.05. 

Region 

M-K 

Z 

M-K 

p 

Sen slope 

°C/10y 

Median °C M-K 

sig 

McBride 
likelihood 

Slope(40y) / 
global(40y) 

North Eastern 3.61 3.1E-04 0.19 17.5 ***  Virtually certain 1.25 

Western NI 4.78 1.8E-06 0.26 16.9 ***  Virtually certain 1.70 

Eastern NI 4.30 1.7E-05 0.25 16.0 ***  Virtually certain 1.60 

North Cook Strait 4.39 1.1E-05 0.25 14.8 ***  Virtually certain 1.61 

South Cook Strait 4.10 4.2E-05 0.23 14.9 ***  Virtually certain 1.51 

West Coast SI 3.65 2.7E-04 0.23 14.5 ***  Virtually certain 1.50 

East Coast SI 6.13 8.6E-10 0.29 12.8 ***  Virtually certain 1.87 

Fiordland 3.77 1.6E-04 0.24 13.3 ***  Virtually certain 1.57 

Southern SI 4.24 2.3E-05 0.26 12.1 ***  Virtually certain 1.67 
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Table 3-5: Coastal scale regional trends in sea surface temperature over 20-years (2002-2023) based on 
OISSTv2.1.   The Mann Kendall (M-K) test was applied to monthly anomalies in the coastal descriptive regions 
based on the OISSTv2.1 product. See also caption Table 3-4. 

Region 
M-K 

Z 
M-K 

p 
Slope 
°C/ 10y 

M-K 
sig 

McBride likelihood 
Slope(20y)/ 
global(20y) 

Slope(20y)/ 
slope(40y) 

North Eastern 3.29 1.0E-03 0.40 **  Virtually certain 2.40 2.07 

Western NI 3.59 3.3E-04 0.45 ***  Virtually certain 2.69 1.71 

Eastern NI 0.54 5.9E-01 0.06  About as likely as not 0.38 0.25 

North Cook Strait 2.57 1.0E-02 0.37 *  Very likely 2.25 1.50 

South Cook Strait 3.02 2.5E-03 0.46 **  Virtually certain 2.79 1.99 

West Coast SI 3.56 3.7E-04 0.52 ***  Virtually certain 3.14 2.27 

East Coast SI 4.41 1.0E-05 0.54 ***  Virtually certain 3.23 1.86 

Fiordland 3.93 8.6E-05 0.60 ***  Virtually certain 3.58 2.46 

Southern SI 3.96 7.4E-05 0.61 ***  Virtually certain 3.68 2.37 

Table 3-6: Coastal scale regional trends in sea surface temperature over 20-years (2002-2023) based on 
SCENZ SST v3.0. The Mann Kendall (M-K) test was applied to monthly anomalies in the coastal descriptive 
regions based on the SCENZ SST v3.0 product. See also caption Table 3-4. 

Region 
M-K 

Z 
M-K 

p 
Slope 
°C/ 10y 

M-K 
sig 

McBride likelihood Slope(20y)/ 
global(20y) 

Slope(20y)/ 
Slope(40y) 

North Eastern 4.82 1.4E-06 0.45 ***  Virtually certain 2.71 2.34 

Western NI 4.75 2.0E-06 0.44 ***  Virtually certain 2.67 1.70 

Eastern NI 1.55 0.12 0.16  Possible 0.96 0.65 

North Cook Strait 3.46 5.5E-04 0.36 ***  Virtually certain 2.17 1.45 

South Cook Strait 4.04 5.2E-05 0.45 ***  Virtually certain 2.70 1.93 

West Coast SI 4.15 3.3E-05 0.54 ***  Virtually certain 3.22 2.32 

East Coast SI 5.00 5.8E-07 0.44 ***  Virtually certain 2.66 1.54 

Fiordland 4.45 8.7E-06 0.52 ***  Virtually certain 3.10 2.14 

Southern SI 4.61 4.0E-06 0.51 ***  Virtually certain 3.07 1.98 
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Figure 3-15: Coastal scale regional sea surface temperature trend boxplot statistics.   The distribution of 20-
year trends (2002-2023) in each of the coastal regions was based on NIWA SCENZ SST 3.0 (°C per decade). 
Boxes show the 25th ς 75th percentiles, dots the mean, horizontal line the median and the bars the full range.  

  

  

  

  

 

 

Figure 3-16: Coastal scale regional time-series of sea surface temperature (SST) anomalies.   MODIS-Aqua 
(SCENZ SST v3.0) from 2002 are shown black with a 4-year smoothed trend (thick black line). OISSTv2.1 data 
from 1981 are shown red for comparison.  
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Figure 3-17: Coastal scale seasonal spatial trends in sea surface temperature (2002-2023). Trends in SST 
(shown as °C per decade based on SCENZ SST v3.0) are shown for each season separately (WIN=winter; 
SPR=spring; SUM=summer; AUT=autumn). 
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Figure 3-18: Coastal scale month trends in sea surface temperature anomalies.   All analyses based on MODIS-Aqua (SCENZ SST v3.0) from 2002.  

 
 
















































































































































































