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Heatwaves are associated with negative impacts on public health, with outcomes ranging from
dehydration to death. Climate change projections for New Zealand predict an increase in mean
temperatures, maximum temperatures and hot days in the coming decades. In particular, the number
of hot days (over 25°C) is projected to increase 40-100% by 2040 in New Zealand. Extreme
temperatures are, therefore, expected to occur more frequently and persist for longer, increasing the
risk of heatwaves and, potentially, associated health impacts. It is not clearly understood what impact
hot days and heatwaves are currently having in New Zealand, and there is no consensus on the best
methods for measuring this health impact.

In this project, we aim to investigate three different heatwave definitions to estimate the impact of
heatwaves on mortality in the pilot study area of Canterbury district (formerly Canterbury District
Health Board, CDHB). This pilot study covers the study period of November to March (summer
months), 2000 to 2018.

We first identified heatwaves retrospectively, using three different approaches: (i) the Excess Heat
Factor (EHF) approach developed in Australia, (ii) the average temperature approach defined by the
Ministry for the Environment (MfE) and Stats NZ, and (iii) the 90™ percentile approach used by the UK
Met Office. We estimated the excess mortality during the heatwaves identified by each of these three
approaches, and then compared excess mortality and other parameters across all three approaches.

Overall, across all heatwave episodes that each method identified from 2000 to 2018, the EHF
approach found the highest level of excess mortality (79.6 excess deaths across 59 heatwave
episodes), followed by the UK method (13.6 excess deaths across 7 heatwave episodes), with the
MfE/Stats NZ method only identifying 1.1 excess deaths (across 26 heatwave episodes). Most
heatwave days identified by all three approaches were found in the two summer seasons of 2015/16
and 2017/18. These two seasons also represented the worst seasons, based on excess temperature.
For the 2017/18 season, all three methods found excess deaths due to heatwaves (24.1 for EHF, 16.5
for MfE/Stats, and 9.9 for the UK approach). However, no excess deaths were found due to heatwaves
in the 2015/16 season (-16.5, -20.2 and -2.1 excess deaths for EHF, MfE/Stats and UK approaches
respectively). When looking at the seven worst heatwave episodes (based on excess temperature) for
each method across the study period, the EHF and MfE/Stats NZ approaches found a similar number
of excess deaths (39.3 and 37.3 respectively), while the UK approach found 13.6 excess deaths.
However, none of the above findings relating to excess mortality were statistically significant due to
the small numbers of daily deaths in the Canterbury district, resulting in wide confidence intervals for
estimated excess mortality.

In general, the EHF approach identified heatwaves that were long but with relatively cooler
temperatures. The UK approach identified short but very hot heatwaves. The MfE/Stats NZ approach
identified heatwaves of medium length and with medium temperatures.

Deciding which heatwave definition to use depends considerably on the intended audience and the
desired outcomes. From a climatological standpoint, the EHF approach makes the most sense as it



includes both daily maximum (Tmax) and minimum (Twin) temperatures in the same index, which can
help to account for higher nighttime temperatures. Furthermore, the EHF approach considers the
conditions leading up to a potential heatwave and compares this to a 95" percentile value to gain an
understanding about the severity of a potential heatwave. Additionally, the EHF has been developed
specifically as an indicator of health-relevant heat events and has been used in multiple countries.
The UK approach might miss heatwaves that have relatively cooler temperatures but go on for longer,
which is known to significantly impact public health. It also applies one temperature threshold to the
whole summer period. The MfE/Stats NZ approach takes a middle-ground; however, heatwave
episodes identified by this approach correlated with a low excess mortality. Nonetheless, the
approach is straightforward and can easily be applied. On balance, the EHF approach appears to be
the most appropriate method to use, particularly given its strong link to health outcomes due to
heatwaves and wide use in other countries. Additionally, the MetService trial of heat alerts during the
summer of 2022/23 has not been included in this study, but these heat alert thresholds could be
evaluated in future using a similar method as this study once the required outcomes are certain.

The results of this study could be used to inform the development of a heat-health warning systemin
New Zealand, and could also form the basis for Environmental Health Intelligence NZ to develop a
national system for monitoring heatwaves and their health impacts.



The project was a pilot study to investigate the impact of heatwaves on mortality, using the
geographic area covered by the Canterbury district (formerly Canterbury District Health Board). The
results contribute to developing a heat-health warning system (HHWS) for New Zealand and informing
ongoing surveillance and monitoring of heatwave impacts on mortality by EHINZ.

There were two main objectives of this project:

e Toinvestigate which heatwave definition has the greatest applicability in the New Zealand
context when considering impacts on mortality
e To estimate the excess mortality associated with heatwaves in Canterbury district.

By investigating the link between historical climate data and mortality data, this pilot study may help
to inform the development of a heatwave definition and alert thresholds applicable and relevant for
the Canterbury district and New Zealand.

Natural hazards such as heatwaves are associated with negative impacts on public health, with
outcomes ranging from dehydration to death (Figure 1) (Ministry of Health 2018, WMO and WHO 2015).
Extreme temperatures are associated with a rise in mortality and morbidity, particularly within some
vulnerable population groups such as older adults, very young children, and those with pre-existing
conditions (WMO and WHO 2015) (Table 1).



Figure 1: Summary of health impacts of exposure to extreme heat
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Table 1: Summary of key vulnerable population groups

Older adults aged 65 | Young children under | Pregnant women and @ People with

years and over 5 years old nursing mothers disabilities

Migrants and People with pre- People who do not Homeless people

refugees existing conditions understand English

Outdoor workers Overweight and People living alone Low socioeconomic
obese people status

Source: Department of Human Services (2009), Mayrhuber et al (2018), RCCC (2019), WMO and WHO (2015)

Climate change may increase the risk of heatwaves in the future. Climate change projections for New
Zealand (Ministry for the Environment 2018) estimate increasing mean temperatures across the
country. By 2040, mean temperatures are projected to increase between +0.7° and +1.0°C.
Additionally, maximum temperatures are estimated to be higher, and the number of hot days
(maximum temperature above 25°C) is projected to increase between 40% and 100% by 2040.
Extreme temperatures are expected to occur more frequently and persist for longer, increasing the
risk of heatwaves. Consequently, health impacts are also predicted to increase.



Despite the intuitive understanding of the term ‘heatwave’, there is no single, universal definition of a
heatwave. The WMO and WHO (World Meteorological Organization and World Health Organization,
2015) guidance on heat-health warning systems (HHWS) describes a heatwave as “periods of unusually
hot and dry or hot and humid weather that have a subtle onset and cessation, a duration of at least two
to three days and a discernible impact on human activities” (p. 1).

Most heatwave definitions mention average temperatures, either directly or indirectly. Average
temperatures are relative to a specific location as well as the time of year. In other words, a
temperature value (or other particular meteorological elements) may be experienced as extreme in
one location but could be normal in another location. The most effective heatwave definitions,
therefore, do not specify absolute temperature thresholds but instead are normalised to the specific
region and climatology.

In New Zealand, the MetService refers to the UK Met Office definition, where a heatwave occurs when
“the daily maximum temperature exceeds the average maximum temperature by five degrees or more
for five consecutive days” (Met Office UK). In 2020, the Ministry for the Environment and Stats NZ (2020)
provided the following definition: “...heatwaves are defined as three or more consecutive days with a
maximum temperature or more than 5 degrees Celsius above the monthly average for 1981-2010.”

In 2021, the MetService introduced the heat alert system, developed together with the Climate Change
Research Institute (CCRI) at Te Herenga Waka - Victoria University of Wellington, and the Institute of
Environmental Science and Research (ESR) (Victoria University of Wellington 2021). This heat alert
system was piloted over the 2021/22 summer season in 22 locations in New Zealand and was also run
over the 2022/23 summer season in 44 locations.

When a significant heat event for a region is forecast over the summer months, the MetService
publishes heat alert banners on their website advising people to stay hydrated, seek shade and check
on the vulnerable. To define the temperature threshold for heat alert in each location, hourly
temperature data as well as humidity and wind observations for each location, were used to calculate
a daily maximum ‘feels like’ temperature. Based on this 'feels like’ temperature and historical data, a
temperature threshold was selected by the research group for each location. A heat alert is triggered
when temperatures on two consecutive days are forecast to be above this temperature threshold. The
MetService notes that the thresholds were selected to be high (ie conservative) in part to allow
flexibility in the system for future warming (Morton 2022).

The MetService heat alert system was implemented late in this project and, therefore, was not
included as part of this assessment of heatwave definitions.

In general, heat-health warning systems (HHWS) are the weather-based alert component of a wider
heat-health action plan (HHAP) (WMO and WHO 2015).



Development of most HHWS starts with the selection of an appropriate heatwave definition. A
heatwave definition helps to identify the level of heat stress in a region. However, as there is no
universal heatwave definition, there is no standard methodology to derive this definition. Methods
caninclude indices based on single or combined temperature measures, humidity, wind speed or
results from more complex heat-budget models. Data availability is a key driver behind the choice of
method. Therefore, selecting a methodology based on temperature might be more reliable (Nairn and
Fawcett 2015, WMO and WHO 2015) as it is the most well-observed and documented climate variable.

In the next step, the newly developed heatwave definition can be used to identify alert threshold
values. However, there is no standard methodology to calculate alert threshold values (Hajat et al
2010). Some methodologies are response-specific, where the alert threshold is set to a level
associated with negative health effects. Other systems rely solely on historical climate data and set
thresholds at various percentile levels (WMO and WHO 2015).

In the third step, weather forecasts are used to predict exceedances of the pre-defined alert
thresholds, triggering warnings that will notify the general population and decision-makers (WMO and
WHO 2015).

As a final step, implementing an HHWS should include an evaluation to test whether the chosen
methodology is effective for that specific location (WMO and WHO 2015).

Even though there are different methodologies in setting up an HHWS, the goal should be to “identify
those days associated with the largest health effects attributable to adverse weather conditions” (Hajat
et al 2010). Increasing evidence points to the effectiveness of an HHWS in reducing heat-related
mortality and morbidity (de Perez et al 2018, Mayrhuber et al 2018, WMO and WHO 2015).

Some key considerations in setting up an HHWS include:

e Thereis astronger association of increased mortality with heatwaves occurring early in the
summer season than with heatwaves occurring later in the season. Acclimatisation is key to
this association (WMO and WHO 2015).

e Research has shown that a lag time of 0-3 days produces the most significant effect on
mortality following extreme temperatures. Quick warning systems are, therefore key to
prevent excess mortality and morbidity (Basu and Samet 2002, Nairn and Fawcett 2015).

There is a wide range of methods to calculate alert thresholds, but WMO and WHO (2015) have advised
that alert thresholds in an HHWS should be determined by using actual heat-health relationships.
These methods generally use epidemiological analysis of historical mortality and/or morbidity data to
model the heat-health relationship. Even though extreme temperatures have wide-ranging health
effects, total all-cause mortality is most widely used in these calculations. The main reason is these
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records’ availability and straightforward use (Basu and Samet 2002). All-cause mortality is used to
avoid misclassification and underreporting of heat-related deaths (WMO and WHO 2015).

Long-term mortality data is used to derive a daily baseline value, which can be used to calculate
excess mortality (difference between baseline and observed deaths) and correlated with weather
conditions (WMO and WHO 2015). Again, various methodologies are used to analyse this relationship
(Gosling et al 2009). J- or U-shaped relationships are most often observed in the epidemiological
models, with increases in mortality at the low and high extremes (Basu and Samet 2002, Gosling et al
2009).

In this project, we used a three-stage process to analyse the association between daily values of air
temperature and mortality counts across the Canterbury district during the study period (November
to March (summer months), 2000 to 2018). This process was to:

1. identify heatwaves retrospectively, using three different approaches:
a) the excess heat factor (EHF) approach used in Australia (Nairn and Fawcett 2015)
b) the average temperature approach defined by the Ministry for the Environment and Stats

NZ (Ministry for the Environment and Stats NZ 2020)
c) the 90" percentile approach used by the UK Met Office (McCarthy et al 2019)
2. estimate the excess mortality during the identified heatwaves
compare the excess mortality and other parameters across all three approaches.

11



Data and methods
The study used daily temperature and mortality data for the time period 2000 to 2018.

Mortality and temperature data for the Canterbury district (formerly the Canterbury District Health
Board) was sourced from the Ministry of Health’s (MoH’s) Mortality Collection and NIWA’s CliFlo
database, respectively. Daily mortality data was available for the period 2000 to 2018 (the most recent
data available at the time of this study), whereas daily temperature data for the selected climate
stations was available for the period 1953 to the present.

The main analysis was restricted to the summer months (1 November to 31 March), between 2000 and
2018 (ie, season 2000/01 to season 2017/18).

Study area

Canterbury district is the second largest district (formerly known as a district health board) in New
Zealand, both by geographical area and population size. It covers approximately 26,881 km?over
seven territorial authorities (TAs) (Figure 2) and provided health services to 539,631 people in 2018,
according to the 2018 Census.

Figure 2: Canterbury district (formerly known as Canterbury District Health Board) and seven
Territorial Authorities, 2018

Canterbury District
] Health Board

Kaikoura
District

Waimakariri
District
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The climate and weather in the Canterbury region are subject to the influence of the Southern Alps on
the prevailing westerly winds over New Zealand (Macara 2016). New Zealand’s highest recorded air
temperature was measured in Canterbury, 42.4°C, at Rangiora in February 1973. Days with maximum
air temperatures above 25°C occur relatively frequently across the region, especially on the
Canterbury Plains. These hot days are generally due to foehn episodes (the Canterbury nor-wester), a
strong, hot and dry wind that brings heavy rain to the mountains of the West Coast and subsequently
warm and dry conditions on the lee of the Southern Alps.

The following methodology details the process undertaken to update and analyse temperature,
rainfall, and soil moisture deficit indicators in the EHINZ Climate Change domain.

Climate station data was sourced from NIWA’s CliFlo database (New Zealand’s National Climate
Database). The database holds data from about 6,500 climate stations, which have been operating for
various periods since observations began, collecting different raw data. Subscriptions to the database
are free online and are valid for two years or until 2,000,000 rows are used (whichever comes first). If
the row limit or the time period is reached, the subscription can be renewed online.

CliFlo’s database query form was used to download a spreadsheet of available climate stations
recording relevant data in the Canterbury CliFlo climate region representing the Canterbury district.
The following parameters were selected:

- Datatype: Max Min Temperature - Daily MaxMin (metcode: 201)
- Time period: 01/01/1981 - 31/12/2019

The period of 1981 to 2019 was selected as 1981-2010 represents the latest climate normal period and
the period 2010-2019 further extends the record to analyse links between extreme temperature and
mortality.

The Climate Normal Period is defined as a baseline period from which to measure temperature
anomalies (WMO 2017). Temperature anomalies are defined as the difference (in °C) between
contemporary observations and the baseline period (calculated as the 30-year average, 1981-2010).

The query resulted in a list of 23 climate stations, with only one station (Christchurch Aero) recording
complete data for the relevant time period of 1981-2019. Therefore, the Christchurch Aero climate
station was used as the designated climate station for this project. To validate the selection, the
EHINZ methodology for selecting stations based on their proximity to the population-weighted
centroid (EHINZ 2021) was fully carried out.

A list with all 23 stations was imported into an ArcGIS Pro project, and latitude/longitude information
was converted (tool: Display xy data) and displayed on the map.
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The method of population-weighted centroids was used due to its use in the analysis of possible
effects of exposure to weather conditions on population health outcomes. It allowed us to review the
weather closest to where the majority of people in a district live. The population-weighted centroid of
the Canterbury district was calculated from the 2018 Census, using the geographic centroid of
statistical area 1 (SA1) weighted by their usual resident populations (Hanigan et al 2006). A 25km
buffer was created around the centroid, and the distance between each climate station and the
centroid was entered into a spreadsheet.

The following selection criteria are based on NIWA’s (2020) report, which describes the datasets used
to write the Ministry for the Environment and Stats NZ’s (2020) Our Atmosphere and Climate 2020
domain report:

- Proximity to the population-weighted centroid for DHB

- Currently open climate station (as of 2019)

- Longrecord of reliable data (ie, minimum of 10 years of data)
- Oneclimate station per DHB

The 25km buffer zone around the Canterbury district’s population-weighted centroid included 23
climate stations. Distances ranged from 2.64km to 22.65km, and Christchurch Aero was selected and
validated as the representative climate station due to its proximity to the centroid, completeness of
data, and current open status.

Christchurch Aero (agent # 4843) started observing weather conditions 31/12/1953. Daily maximum
and minimum temperature data was downloaded for the period 1981-2019.

The following temperature measurements were used from the CliFlo database:

e Tmax the daily maximum temperature
¢ Tmin: the daily minimum temperature.

In CliFlo, daily temperature readings are taken at 8am and encompass the previous 24 hours. This
means that the daily maximum temperature (Tmax) Will have occurred on the previous day (usually in
the afternoon), whereas the daily minimum temperature (Tmin) Will have occurred on the day of
measurement (usually in the early hours of the morning). The late afternoon Twmax, therefore, precedes
the early morning Tmin, highlighting that the health effects of an unusually warm night following warm
day temperatures are more significant than the other way round (Nairn & Fawcett 2015). The CliFlo
output goes against standard climatological practice, where the 8am reading would be allocated to
the previous day but rather outputs the date of the reading at the end of the measuring period. We,
adjusted both Tmax and Tmin by one day to adhere to standard practices.

Three different heatwave definitions were chosen to test their ability to recognise potential heat-
related excess deaths:

1. Excess Heat Factor (EHF)
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2. Ministry for the Environment and Stats NZ (MfE/Stats NZ)
3. UK(TX90p).

The Excess Heat Factor (EHF) was developed in Australia to identify significant and health-relevant
heat events (WMO and WHO 2015). It identifies periods of three or more consecutive days where
excess heat conditions are experienced, taking an acclimatisation period of 30 previous days into
account. This definition was chosen because it is widely researched, peer-reviewed and tested in
multiple countries (Oliveira et al, 2022). The method uses both the maximum and minimum daily
temperature to take into account the impact of hot nights.

The EHF approach uses the three-day average of daily maximum temperatures (Tmax) and daily
minimum temperatures (Tmin) to create two indices that describe long-term and short-term
temperature anomalies (Nairn et al 2009; Nairn and Fawcett 2013, 2015). For these calculations, the
daily mean temperature (DMT) is calculated as the average of Tmax and Trmin:

DMT = Tmax ‘2|' Tmin 1

The first index is the Excess Heat Index for a significant heat event (EHlsg), which measures how hot a
three-day period is in comparison to the 95" percentile (DMT.s) of the daily mean temperature (DMT)
over a reference period (1981-2010).

EHlgg is calculated as follows:

DMT; + DMT;,, + DMT;,,
3

mmmz( )—DMRS 2

where T;is the first day, and DMTgs is the 95" percentile of the DMT over the 30-year reference period
1981-2010 calculated using all days of the year. For Christchurch Aero, the DMTgs (1981-2010) was
calculated to be 19.9°C. If the EHlyg is positive (ie, the DMT averaged over the three-day period is
higher than DMT.s), then the three-day period in question is considered to be unusually warm (Nairn
and Fawcett 2015).

The second index is the Excess Heat Index for a heat event requiring an acclimatisation response
(EHlaca), which measures how hot the same three-day period is in comparison to the recent past (30
days).

EHlacq is calculated as follows:

DMT; + DMT; 41 + DMT;,, DMT;_{ + ---+ DMT;_3,
EHlyeo = [ ] - [ ]

3 30

If the EHlacais positive, then the three-day period in question is considered to be warmer, on average,
than the recent past, suggesting a lack of acclimatisation to warmer temperatures (Nairn and Fawcett
2015).

The results from EHlggand EHIl,. are combined to derive EHF as follows:
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EHF= |EHI,.q| * EHlg, 4

As evident from equation 4, the EHF must have the same sign as the EHls;, and will indicate a
heatwave is occurring if EHlgg is positive. However, if EHl.is also positive, this would increase the
severity of the heatwave. Finally, all positive EHF values indicate heatwave conditions, which applies
to all days in the three-day period in question (Nairn and Fawcett 2015).

In summary, for this pilot study, the EHF approach defined heatwaves as occurring when the average
daily mean temperature of a three-day period was higher than 19.9°C.

The Ministry for the Environment’s (MfE’s) and Stats NZ’s (2020) atmosphere and climate report
defines heatwave days “as three or more consecutive days with a maximum temperature of more than 5
degrees Celsius above the monthly average for 1981-2010”. It was the only definition of a heatwave
published for New Zealand at the time of analysis.

To identify heatwaves with the MfE/Stats NZ approach, the average monthly maximum temperature
was calculated from daily maximum temperatures (Tmax) for the period 1981-2010. Heat days were
identified as days with a maximum temperature of more than 5°C above the respective monthly
average (Table 2). Heatwaves occurred when three or more consecutive heat days were recorded.

Table 2: Heatwave parameters for Christchurch Aero, 1981-2010, MfE/StatsNZ

January 22.6 27.6
February 21.9 26.9
March 20.3 25.3
November 18.9 23.9
December 21.1 26.1

In summary, for this pilot study, the MfE/Stats NZ approach defined heat days as having a daily
maximum temperature above the following temperatures: 27.6°C for January, 26.9°C for February,
25.3°C for March, 23.9°C for November and 26.1°C for December. A heatwave occurs when three or
more consecutive heat days are recorded.

The TX90p approach is used by the UK Met Office, where a heatwave is declared when a location
observes three or more days with maximum temperatures above a certain threshold. This threshold is
defined by calculating the 90™ percentile of the climatological distribution of daily maximum
temperatures as their temperature threshold (McCarthy et al 2019). This definition was chosen due the
UK climate being similar to New Zealand’s temperate oceanic climate (Cfb classification in the
Koppen-Geiger climate classification, Beck et al 2018).

For the UK approach, the threshold temperature was calculated as the 90th percentile of daily
maximum temperatures (Tma). The 90" percentile Tr.x Was calculated for the 1981-2010 period using
a moving 15-day window centred on each day of the year (McCarthy et al 2019, Perkins and Alexander
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2013). On average, January had the highest 90" percentile Tmax at 29.2°C. The heatwave threshold
temperature has therefore been set based on the 90™ percentile for January days at 29.0°C (rounded;
McCarthy et al 2019).

In summary, for this pilot study, the UK approach defined heat days as days with a daily maximum
temperature of at least 29.0°C, and a heatwave occurred when there were three or more consecutive
heat days.

Mortality data was sourced from the MoH’s New Zealand Mortality Collection. Total, all-cause (WMO
and WHO 2015) daily mortality counts of people residing in domicile codes within the Canterbury
district at the time of death during 1998-2018 were used.

Victims of the Christchurch earthquakes (22/02/2011) were excluded from the analysis based on ICD-
10 code X34 (Victim of earthquake) (Table 3).

Table 3: Christchurch earthquake victims

16/11/2010 1
22/02/2011 139
23/02/2011
24/02/2011
26/02/2011

6/03/2011

9/03/2011
10/03/2011
14/06/2011
Total 147

R R R R R R R

To understand the mortality-temperature relationship, excess mortality was calculated as the
difference between the expected baseline mortality and the observed mortality (Gosling et al 2009).
For each day of the year, a baseline mortality value was calculated from mortality counts averaged
across the previous two years (Gosling et al 2009). To obtain a stable baseline, days were matched by
day of the year as well as three days before and after the day in question (Hajat et al 2010).

The heatwave-mortality relationship was evaluated using the confidence interval (Cl) method
(Rustemeyer and Howells, 2021). The 95% confidence intervals (95% Cl) were calculated for the
cumulative observed deaths for each heatwave episode, assuming a Poisson distribution. The 95% Cls
were subtracted from the baseline mortality to obtain 95% Cls for the excess mortality during the
same heatwave episode.
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Results

Mortality data

Between 2000/01 and 2017/18, there were 24,869 deaths in the Canterbury district, with a maximum
of 23 and a minimum of one death per day. The average observed mortality was 9.1 deaths per day
during the summer season (November-March) (Figure 3 and Figure 4).

Figure 3: Average observed daily number of deaths, by summer month, 2000/01-2017/18
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Figure 4: Average observed daily number of deaths in the summer season (November-March),
2000/01t0 2017/18
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Temperature data

Between 2000/01 and 2017/18, the average daily mean temperature (DMT) was 15.6°C, and the
average daily maximum temperature was 21.0°C. The highest recorded temperature was 36.0°C on
22/12/2015 (Figure 5). NIWA recorded the summer season 2017/18 as the hottest summer on record
since 1909 (NIWA nd), which is also reflected in the highest average Tmax in the study period.
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Figure 5: Average of daily mean temperature (DMT (average)), daily maximum temperature (Tmax
(average)), and highest recorded daily temperature (Tmax (max)), per summer season, 2000/01 -
2017/18
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season

On average, January had the highest average daily maximum temperature (Tmax) in the study period
(22.5°C), followed by February (22.0°C) and December (21.3°C) (Figure 6).
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Figure 6: Average daily maximum temperature (Tma(average)), by summer month, 2000/01 - 2017/18
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Heatwave episodes and heatwave days

The following section describes the effects of applying the three different definitions to identify
heatwave episodes and heatwave days for all three approaches, as well as a comparison.

Excess Heat Factor (EHF) approach

The Excess Heat Factor (EHF) approach identified the most heatwaves and associated heatwave days
during the research period (Figure 7). Between 2000/01 and 2017/18, this approach identified 291
heatwave days across 59 heatwave episodes. On average, there were 3.3 heatwave episodes per year.
Excess heat was calculated as the sum of the (positive) EHF values for each heatwave episode, taking
duration and temperature into consideration.

The 2017/18 summer season had the most heatwave days (51 days) across six episodes. This was
followed by the 2015/16 summer season, with 33 heatwave days across seven episodes. Heatwave
episodes in the 2017/18 season (8.5 days on average) were considerably longer than in 2015/16 (4.7
days on average).
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Figure 7: Number of heatwave episodes and heatwave days, and excess heat during heatwave
episodes, EHF approach, 2000/01-2017/18
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The ten worst heatwave episodes using the EHF approach were ranked based on excess temperature
(Figure 8), which equals the value of the Excess Heat Factor (EHF). Episode 57 (season 2017/18) had
the highest excess temperature (113.4°C?), even though it had a relatively lower average daily
maximum temperature (Tmax) compared to other episodes. It was, however, the longest heatwave
episode identified via the EHF approach.
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Figure 8: Ten worst heatwave episodes (based on excess temperature) using the EHF approach,

duration (days) and average daily maximum temperature (Tmax), 2000/01 - 2017/18
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MfE/Stats NZ approach

The MfE/Stats NZ approach identified 93 heatwave days across 26 heatwave episodes (Figure 9). On

average, there were 1.4 heatwave episodes per year.

The 2015/16 summer season had the most heatwave days (20 days) across five episodes. This was

followed by the 2017/18 summer season, with 16 heatwave days across four episodes.

Figure 9: Number of heatwave episodes and heatwave days, and excess heat during heatwave

episodes, MfE/Stats NZ approach, 2000/01 - 2017/18
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The ten worst heatwave episodes using the MfE/Stats NZ approach were ranked based on excess
temperature (Figure 10). Excess heat was calculated as the cumulative temperature above the

threshold for each heatwave episode, therefore taking duration and temperature into consideration.
Episode 20 (season 2015/16) had the highest excess temperature (19.5°C) with a duration of only four

days but a very high average daily maximum temperature (Tmax) of 31.8°C.
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Figure 10: Ten worst heatwave episodes (based on excess temperature) using the MfE/Stats NZ

approach, duration (days) and average daily maximum temperature (Tmax), 2000/01 - 2017/18
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The UK approach identified the fewest heatwave episodes and associated heatwave days. It measured
21 heatwave days across seven heatwave episodes, each with a duration of three days (Figure 11). On
average, there were 0.4 heatwave episodes per year.

The 2015/16 and 2017/18 summer seasons had the most heatwave days (three days) across three
episodes, with the 2015/16 season having a higher excess temperature.

Figure 11: Number of heatwave episodes and heatwave days, and excess heat during heatwave
episodes, UK approach, 2000/01 - 2017/18
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As the UK approach only identified seven heatwave episodes across the study period, these were all
ranked based on excess temperature (Figure 12). Excess temperature was calculated as the
cumulative temperature above the threshold for each heatwave episode, therefore taking duration
and temperature into consideration. Episode 4 (season 2015/16) had the highest excess temperature
(12.6°C) with a duration of only three days but a very high average daily maximum temperature (Tmax)
of 33.2°C.
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Figure 12: Seven heatwave episodes identified using the UK approach, duration (days) and average
daily maximum temperature (Tmax), 2000/01 - 2017/18
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Note: Only seven heatwave episodes were identified over the study period using the UK approach, so only seven
episodes are presented here, rather than the ten worst heatwave episodes as previously presented for the EHF
and MfE/Stats NZ approaches.
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Comparison of three approaches for identifying heatwaves

The EHF approach identified heatwave episodes in almost 90% (16/18) of all studied seasons, whereas
the MfE/Stats NZ and the UK approach only identified heatwave events in two-thirds (11/18 seasons)
and one-third of seasons (5/18 seasons) respectively.

Across all approaches, 37.5% of all identified heatwave days occurred in January, 29.4% in February
and 20.5% in December (Figure 13).

Figure 13: Distribution of heatwave days by month (percentage of heatwave days, among all
heatwave days), 2000/01 to 2017/18
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Across the study period, 21 heatwave days were identified by all three approaches (Table 4),
representing the heatwave days identified by the strict UK approach. When looking at heatwave days
identified by the EHF and the MfE/Stats NZ approach, there were 67 shared days across the study
period. Most heatwave days identified by either all three approaches or the EHF and MfE/Stats NZ
approach can be found in the seasons 2017/18 and 2015/16, which was to be expected as all three
approaches identified the most heatwave episodes and days in these seasons.
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Table 4: Comparison of mutually identified heatwave days, 2000/01 - 2017/18

2000/01

2001/02 3
2002/03 3

2003/04 4
2004/05

2005/06 3
2006/07

2007/08

2008/09 3 7
2009/10 3 7
2010/11 5
2011/12

2012/13

2013/14

2014/15

2015/16 6 19
2016/17 3
2017/18 6 16
Total 21 67

The distribution of the duration of heatwave episodes versus the average daily maximum
temperatures (Tmax), Shows that the UK approach tends to identify short but very hot heatwaves
(Figure 14). The EHF approach, on the other hand, identifies longer and relatively cooler heatwaves.
The MfE/Stats NZ approach identifies heatwaves with medium duration and medium T .

Figure 14: Comparison of heatwave duration (days) versus average Tmax
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When looking at only the worst heatwave episodes identified by all three approaches (based on excess
temperature, see Figures 8, 10 and 12), the seasons 2015/16 and 2017/18 had the highest number of
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episodes (Figure 15). This is consistent with results from NIWA’s seven station temperature series
(Ministry for the Environment and Stats NZ 2020), which found the years 1998, 1999, 2016, 2018, and
2019 were the five warmest years on record since measurements began in 19009.

Figure 15: Duration (days) and average Tmax for the worst heatwave episodes, 2000/01 - 2017/18
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As previously mentioned, the worst heatwave episodes (based on excess temperature) occurred
during the summer seasons of 2015/16 (Figure 16) and 2017/18 (Figure 17).

In the 2015/16 season, the longest heatwave identified by the EHF approach had a duration of six days
(Figure 16). The EHF approach identified seven heatwaves in the 2015/16 season, while the MfE/Stats
NZ approach identified five heatwaves, and the UK approach identified two heatwaves.

In the 2017/18 season, the above-average temperatures were especially picked up by the EHF
approach (Figure 17), which recorded the longest heatwave of this study in January 2018, with a
duration of 21 days. In this 2017/18 season, the EHF approach identified six heatwaves overall,
followed by the MfE/Stats NZ approach (four heatwaves) and the UK approach (two heatwaves).
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Heatwave episodes during the 2015/16 season, observed and baseline mortality, and Tmax

Figure 16

for all three approaches
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Estimating excess mortality

A retrospective analysis of the summer seasons from 2000/01 to 2017/18 was carried out to quantify
excess mortality during heatwave episodes. The following sections discuss the association between
heatwave episodes identified by three different approaches and excess mortality.

Excess mortality across study period (2000/01-2017/2018)

Overall, the EHF approach had the highest estimated number of excess deaths on identified heatwave
days across the study period (79.6, 95% confidence interval -28.6 - 187.8) (Table 5, Figure 18),
although it also identified the most heatwave days. Even though the UK approach identified the least
amount of heatwave days, it resulted in an estimated 13.6 (-16.0 - 43.2) excess deaths, whereas the
MfE/Stats NZ approach only resulted in an estimated 1.1 (-61.4 - 63.7) excess deaths. This might be the
result of the UK approach strictly identifying the hottest days of the year, therefore identifying
heatwave days with the highest impact on health. However, none of these results are statistically
significant due to low mortality numbers and therefore, wide confidence intervals.

Table 5: Summary of key heatwave and mortality variables for each heatwave approach (on heatwave
days), total (2000/01 to 2017/18)

Method Heatwave Heatwave Baseline  Observed Excess mortality
episodes days mortality mortality
59 291 2610.4 2690 | 79.6 (-28.6 to 187.8)
MfE 23 93 855.9 857 | 1.1(-61.4t063.7)
UK 7 21 194.4 208 | 13.6 (-16.0t0 43.2)

Figure 18: Number of cumulative excess deaths during heatwave episodes, total (2000/01 to 2017/18)
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Excess mortality for 2015/16 and 2017/18 seasons

The number of excess deaths between 2015/16 (Table 6) and 2017/18 (Table 7) shows a marked
difference (Figure 19). In the 2015/16 season, no excess deaths were estimated by any approach. By
contrast, excess deaths occurred for each approach during 2017/18 (albeit not statistically significant).
This difference likely highlights that the summer of 2017/18 was the hottest summer on record (NIWA
nd) when prolonged above-average temperatures would have contributed to an increase in mortality.

Table 6: Heatwave characteristics for each approach, 2015/16 season

Method Heatwave episodes Observed Baseline mortality Excess mortality
mortality

EHF 24/11/2015-27/11/2015 | 35 40.5 -5.5(-332.7-21.7)
01/12/2015-03/12/2015 | 34 30.3 3.7(-15.0-22.5)
20/01/2016 - 25/01/2016 | 50 51.3 -1.3(-8.9-6.3)
02/02/2016 - 04/02/2016 | 26 25.9 0.1(-26.0-26.3)
14/02/2016 - 19/02/2016 | 45 57.4 -12.4 (-40.2 - 15.4)
23/02/2016 - 28/02/2016 | 54 56.3 -2.3(-19.2 - 14.6)
18/03/2016 - 22/03/2016 | 50 48.9 1.1(-19.9-22.2)
Total 294 310.5 -16.5 (-53.3 - 20.3)

MfE/Stats | 24/11/2015 - 28/11/2015 @ 44 49.8 -5.8(-28.8-17.2)

Nz 21/01/2016 - 23/01/2016 | 24 24.6 -0.6(-13.5-12.3)
15/02/2016 - 18/02/2016 | 32 38.3 -6.3 (-37.0 - 24.5)
24/02/2016 - 27/02/2016 | 31 37.4 -6.4(-19.6 - 6.7)
19/03/2016 - 22/03/2016 | 38 39.1 -1.1(-24.6 - 22.5)
Total 169 189.2 -20.2 (-50.0-9.7)

UK 25/02/2016 - 27/02/2016 | 25 27.7 -2.7(-18.2-12.9)
19/03/2016 - 21/03/2016 | 30 29.4 0.6 (-31.9-33.1)
Total 55 57.1 -2.1(-22.2 -18.0)
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Table 7: Heatwave characteristics for each approach, 2017/18 season

Method Heatwave episodes Observed mortality

Baseline

mortality

Excess mortality

EHF 02/12/2017 - 11/12/2017 103 92.8 10.2 (-13.9-34.3)
15/12/2017 - 17/12/2017 @ 26 26.4 -0.4 (-4.7-3.9)
31/12/2017 - 04/01/2018 | 53 49.9 3.1(-10.5-16.7)
13/01/2018 - 02/02/2018 @ 201 191.0 10.0 (-21.5-41.5)
11/02/2018 - 19/02/2018 @ 80 79.1 0.9(-20.0-21.7)
02/03/2018 - 04/03/2018 | 28 27.7 0.3(-11.1-11.7)
Total 491 466.9 24.1(-18.2 - 66.3)
MfE/Stats = 02/12/2017 - 05/12/2017 @38 39.8 -1.8(-10.0-6.4)
NZ 08/12/2017 - 11/12/2017 | 51 34.4 16.6 (-8.6 - 41.7)
30/01/2018 - 01/02/2018 | 28 274 0.6 (-25.5-26.8)
15/02/2018 - 19/02/2018 @ 43 41.9 1.1(-17.9-20.0)
Total 160 143.5 16.5(-11.0 - 44.0)
UK 08/12/2017 - 10/12/2017 | 35 25.7 9.3(-20.8-19.3)
30/01/2018 - 01/02/2018 | 28 274 0.6 (-25.5-9.4)
Total 63 53.1 9.9 (-12.9 - 13.7)

Figure 19: Number of excess deaths, 2015/16 and 2017/18

Numberof deaths

W EHF
(excess mortality)

MfE/Stats NZ B UK

a0.0

60.0

40.0

20.0

0.0

-40.0

| S
o =1 ,T
1

-60.0

-80.0
2015/16

35

Season

2017/18




Excess mortality for the seven worst heatwave episodes during 2001-2018

Figure 20 focuses on the seven worst episodes (based on excess temperature) identified by each
approach (as the UK approach identified a total of seven episodes throughout the study period). The
EHF approach identified the highest number of excess deaths during the seven worst episodes (39.3, -
16.6 - 95.2). The MfE/Stats NZ approach identified a similar number of excess deaths (37.3, -7.2 - 81.8).
The UK approach identified the smallest number of excess deaths (13.6, -16.0 - 43.2) (Figure 20).

Figure 20: Number of excess deaths during the seven worst heatwave episodes identified by each
approach, 2000/01 to 2017/18
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Table 8: Heatwave characteristics for the seven worst heatwave episodes by each approach, 2017/18

season

Heatwave episodes

Observed mortality

Baseline

mortality

Excess mortality

EHF 29/11/2001 - 04/12/2001 | 43 53.4 -10.4 (-32.3-11.6)
05/01/2009 - 10/01/2009 | 62 54.1 7.9(-12.3-28.0)
16/12/2010 - 23/12/2010 = 94 68.9 25.1(-10.7-61.0)
20/01/2016 - 25/01/2016 | 50 51.3 -1.3(-8.9-6.3)
23/02/2016 - 28/02/2016 54 56.3 -2.3(-19.2 - 14.6)
02/12/2017 - 11/12/2017 | 103 92.8 10.2 (-13.9-34.3)
13/01/2018 - 02/02/2018 = 201 191.0 10.0 (-21.5-41.5)
Total 607 567.7 39.3(-16.6 - 95.2)

MfE/Stats 10/11/2005-12/11/2005 31 28.0 3.0(-1.3-7.3)

Nz 07/01/2009 - 09/01/2009 | 37 26.4 10.6 (-4.9-26.1)
18/12/2010 - 22/12/2010 @ 63 42.5 20.5(-22.0-63.0)
24/11/2015-28/11/2015 44 49.8 -5.8(-28.8-17.2)
24/02/2016 - 27/02/2016 | 31 37.4 -6.4 (-19.6 - 6.7)
19/03/2016 - 22/03/2016 = 38 39.1 -1.1(-24.6 - 22.5)
08/12/2017 - 11/12/2017 | 51 34.4 16.6 (-8.6 -41.7)
Total 295 257.7 37.3(-7.2-81.8)

UK 01/01/2004 - 03/01/2004 @ 23 28.9 -5.9(-29.9 - 18.0)
07/01/2009 - 09/01/2009 | 37 26.4 10.6 (-4.9-26.1)
01/01/2010 - 03/01/2010 | 30 28.9 1.1(-13.8-16.0)
25/02/2016 - 27/02/2016 | 25 27.7 -2.7(-18.2-12.9)
19/03/2016 - 21/03/2016 = 30 29.4 0.6 (-31.9-33.1)
08/12/2017 - 10/12/2017 | 35 25.7 9.3(-20.8-39.4)
30/01/2018 - 01/02/2018 @ 28 27.4 0.6 (-25.5-26.8)
Total 208 194.4 13.6 (-16.0 - 43.2)
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Across the study period of 2000-2018, there were 21 heatwave days identified by all three heatwave
approaches in the Canterbury district. The number of excess deaths due to heatwaves over this time
period varied depending on the approach used to define heatwaves. Across all heatwave episodes
that each approach identified from 2000 to 2018, the EHF approach found the highest level of excess
mortality (79.6 excess deaths across 59 heatwave episodes), followed by the UK approach (13.6 excess
deaths across seven heatwave episodes), with the MfE/Stats NZ approach only identifying 1.1 excess
deaths (across 26 heatwave episodes).

Most heatwave days identified by all three approaches were in the two summer seasons of 2015/16
and 2017/18. These two seasons also represented the worst heatwave seasons, based on excess
temperature. For the 2017/18 season, all three approaches found an excess of deaths due to
heatwaves (24.1 for EHF, 16.5 for MfE/Stats, and 9.9 for UK approach). However, no excess deaths were
found due to heatwaves in the 2015/16 season (-16.5,-20.2 and -2.1 excess deaths for EHF, MfE/Stats
and UK approaches respectively).

When looking at the seven worst heatwave episodes (based on excess heat) for each approach across
the study period, the EHF and MfE/Stats NZ approaches found a similar number of excess deaths (39.3
and 37.3 respectively), while the UK approach found 13.6 excess deaths.

It should be noted that none of the above findings were statistically significant. Because of a small
number of deaths in the Canterbury district (only about nine deaths per day), the estimates of excess
deaths had wide 95% confidence intervals that overlapped zero.

Deciding which heatwave definition to use depends considerably on the intended audience and the
desired outcomes. For example, heatwave definitions can be used when setting up early warning
systems and/or to monitor the health impacts of heatwaves on the population. The considerations for
the selection of heatwave definition may differ depending on the proposed use.

For both early warning systems and monitoring purposes, selecting the heatwave definition driving
the highest health burden is crucial to preventing and mitigating the impacts of heatwaves and
gaining maximum benefit from the system (Kanti et al 2022). Additionally, when setting up a heat-
health warning system, the selection of “an appropriate definition of heatwaves should consider both
the number of alerts it could trigger (in terms of the number of heatwave days identified) and the
scales for heatwave effect measures (RR and attributable mortality)” (Kanti et al 2022). This suggests
that the definition should identify a ‘middle-ground’ of heatwave episodes in any given season, that is,
not too many to make the definition meaningless and not too few to highlight only one-off events. The
heatwave definition should also be sufficiently flexible to cope with the effects of future climate
change and should allow for easy communication with the public.
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Among the three heatwave definitions compared in this study, the MfE/Stats NZ and the UK
approaches take only the daily maximum temperature (Tmax) into account, whereas the EHF approach
uses both the daily maximum (Tma,) and daily minimum (Tmin) temperatures in its calculations, to allow
for high minimum temperatures and therefore accumulated heat load, which can have a health
impact (Kanti et al 2022). The three approaches use the 1981-2010 Climate Normal Period as a
benchmark in their analysis and identified heatwaves in the hottest summer on record, 2017/18.
Furthermore, all three approaches agreed that the worst episodes based on excess temperature
occurred in seasons 2015/16 and 2017/18.

In general, the EHF approach identified heatwaves that were long but with relatively cooler
temperatures. The UK approach identified short but very hot heatwaves. This was expected, as by
definition of the 90t percentile, the temperature threshold of the UK approach is not often exceeded
(McCarthy et al 2019). In the middle, the MfE/Stats NZ approach identified heatwaves that were of
medium length and with medium temperatures. Excess mortality was highest with the EHF approach,
which might in part be related to it identifying the most heatwave days.

From a climatological standpoint, the EHF approach makes the most sense as it includes both the
daily maximum (Tmax) @and minimum (Tmin) temperatures in the same index (Perkins and Alexander
2013). For public health, it is useful to account for higher nighttime temperatures, as these tend to
aggravate already warm daytime temperatures (while cooler nighttime temperatures can somewhat
counteract hot daytime temperatures, as it allows for cooling and recovery). By accounting for
minimum temperature and the climatology of each location, the EHF also intrinsically includes
humidity, according to the authors (Nairn and Fawcett 2015, Wondmagegn et al 2021). Furthermore,
the EHF approach considers the conditions leading up to a potential heatwave and compares this to a
95™ percentile value to gain an understanding of the severity of a potential heatwave.

Additionally, the EHF has been developed as an indicator of health-relevant heat events (Oliveira et al
2022), and has been shown to be associated with higher levels of attributable mortality due to
heatwaves compared with other heatwave definitions (Kanti et al 2022). The EHF has been used in a
number of different countries to measure the health impacts of heatwaves (Nairn et al 2018),
including mid-latitude countries where humidity tends not to be too high (Oliveira et al 2022),
European countries (Oliveira et al 2022), South Australia (Borg et al 2019, Wondmagegn et al 2021),
Greece (Tolika 2019) and France (Kanti et al 2022). The EHF has also been used and/or trialled as a
heat alert system in a number of countries (Nairn et al 2018), and has been shown to predict higher
levels of mortality (Kanti et al 2022), health service utilisation (Scalley et al 2015), ED presentations
and associated costs (Wondmagegn et al 2021), work-related injuries and illnesses (Varghese et al
2019), ambulance callouts (Hatvani-Kovacs et al 2016) and heatwave-related urinary disease (Borg et
al 2019). When used for public warnings, the option of using a more severe category from the EHF is
available, through the EHF severity metric (Nairn et al 2018, Hatvani-Kovacs et al 2016).

Given that the EHF approach identifies many episodes and days per season (seven episodes in
2015/16 for example), it has the potential to considerably lower the impact of heatwaves on public
health. However, too many alerts during a summer season might result in the public not taking the
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warnings seriously. Furthermore, this methodology, application, and communication is slightly more
complicated than the rather more straightforward MfE/Stats NZ and UK approaches. This suggests
that the EHF is a useful measure for monitoring the health impacts of heatwaves, but if used for a heat
alert system, a subset of the alerts (eg moderate/severe) may need to be considered (Varghese et al
2019).

By contrast, the UK approach might miss heatwaves that have relatively cooler temperatures but go
on for longer, which is known to have a significant impact on public health. However, the UK has a
similar climate to New Zealand, and therefore the UK approach might be usefully considered here.
One downside of this approach is that it applies one temperature threshold to the whole summer
period rather than using monthly thresholds.

The MfE/Stats NZ approach takes a middle ground. However, the heatwave episodes identified by this
approach correlated with a very low excess mortality overall (1.1 excess deaths over the study period),
which may make it less useful from a health perspective. Nonetheless, the approach is straightforward
and can easily be applied.

There are two main potential applications of this study for public health action. Firstly, the results may
help to inform the development of a heat-health warning system in New Zealand. These systems are
being developed and applied overseas to alert the public to hot days and heatwaves, so that
preventive actions can be taken if needed. Early warning systems can also give alerts to the health
sector, such as ambulances and ED departments. For example, the Australian Bureau of Meterology
has used the EHF to publicly release national 7-day heatwave severity maps since 2014 (Nairn et al
2018). Of note, in New Zealand, the MetService has been recently trialling a new heat alert system
during the 2021/2022 and 2022/23 summer seasons. This heat alert system is based on temperature,
humidity and wind to calculate a ‘feels like’ temperature, which is measured against a daily maximum
temperature threshold for the location. These calculations are likely more complex than the
approaches trialled here (given the additional variables of humidity and wind used in analysis). It is
unknown how the hot days and heatwaves identified through the MetService’s system relate to those
identified through the three approaches trialled in this study or how the identified hot days link to
health outcomes.

Secondly, Environmental Health Intelligence NZ (EHINZ) could use these results to develop a national
surveillance system for New Zealand to monitor heatwaves and their effect on mortality. No
surveillance system for heatwaves and health impacts currently exists in New Zealand to measure the
burden of heat-attributable mortality. With an increasing number of heatwaves likely due to climate
change, it will become increasingly important to monitor the impact of heatwaves on the health of
New Zealanders. NIWA temperature data could be used to identify heatwaves in each summer season
for geographic areas (such as territorial authorities or urban areas) across New Zealand. Excess
mortality could then potentially be estimated nationally and for each district and/or for specific
districts where heatwaves are likely to be a problem. It should be noted that smaller population sizes
may limit the statistically significant excess deaths that can be identified regionally.
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If the results of this study were to be used to inform ongoing monitoring of heatwaves and their health
impacts (either through a heat-alert warning system and/or a monitoring system of heatwaves and
their health impacts), the following issues could be considered before implementation.

Excess mortality results for each heatwave approach resulted in values that were not statistically
significant. This might be due to relatively low daily numbers of observed mortality and/or a low
impact of heat on mortality. Further analysis around excess mortality and the link with temperature
might be useful, particularly to expand the analysis to include a larger population. The Canterbury
district had about nine deaths per day in the summer season, and about 3500-4000 deaths per year.
By contrast, New Zealand generally has more than 30,000 deaths per year, so carrying out a similar
analysis for the whole of New Zealand might allow for increased numbers of deaths, and therefore
hopefully more precise estimates for excess deaths, at the national level.

Some refinements to the above approaches for defining heatwaves could potentially be considered.
For example, for the EHF approach, some studies have categorised heatwaves based on EHF severity
categories (eg no heatwave; low-intensity, moderate-severity, high-severity), and may only use certain
categories used for public alerts (Varghese el al 2019).

For the UK approach, varying monthly temperature thresholds might be useful to test, to be similar to
the MfE/Stats NZ approach. This would ensure that heatwaves in the cooler summer months are not
missed. Additionally, for the MfE/Stats NZ approach, it might be useful to alter the approach to
include Tmin in the calculation to account for nighttime temperatures.

Additionally, the recent MetService trial of heat alerts was implemented late in this project, and has
not been included in this analysis. However, this method may need future evaluation against
mortality data once the required outcomes for a heat alert system are certain. The same approach as
used in this project could be used to evaluate the MetService heat alerts, as long as appropriate data
was available.

The methodology for the baseline mortality calculations could also have an effect on the results.
Different methods could lead to varying baseline values, consequently affecting excess mortality
values (Rustemeyer and Howells 2021). For example, it might be useful to analyse the impact of all
three heatwave approaches using a longer baseline of 5 years prior (Rustemeyer and Howells 2021).
This would decrease the study period as more years are needed to calculate a baseline mortality,
although any heatwave impact on mortality may become more visible.

We did not investigate the effect of time lag on mortality, however, there is evidence that most heat-
related deaths take place around one to three days after the heatwave episode has started. This is
especially true for deaths due to respiratory and cardiovascular illnesses. Therefore, low excess
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mortality might be impacted by under-reporting (Rustemeyer and Howells 2021). On the other hand,
heatwaves can lead to a short-term mortality displacement effect (‘harvesting effect’), which
increases the number of deaths during and after the heatwave episode for a short time period. This
would lead to an overreporting of heat-related mortality (Rustemeyer and Howells 2021, Stanojevic et
al 2014).

This study recognises that high temperatures might not be the only cause of deaths as there might be
confounders and covariates (such as humidity or air pollution) present, which also contribute to
excess mortality during heat wave episodes (Rustemeyer and Howells 2021).

We also did not investigate the effect of Urban Heat Islands on excess mortality as we only analysed
mortality data for the total Canterbury district. Urban areas experience higher temperatures
compared to more rural areas due to the built environment. The population in urban areas is
therefore exposed to higher temperatures making them more vulnerable in heatwave conditions.

Approaches such as the ones discussed in this study, which compare values against a historic baseline
or Climate Normal Period, are subject to future saturation (Harrington 2021). In a future where daily
temperatures are becoming increasingly higher, the comparison to the historic baseline will result in
most days being identified as heatwave days. This study uses the 1981-2010 Climate Normal Period,
the latest available period at the start of the study, which should be re-analysed with the most current
period, 1991-2020, in a future update.

If the results of this project are implemented at the national level, further work would be required to
determine the most appropriate geographic level to carry out analyses (such as territorial authorities
or urban areas). This decision may be based on data availability (eg climate data), utility by end-users,
and appropriateness of climatic regions.

Some population groups, including the young and the old, are particularly vulnerable to the impacts
of heatwaves. We did not account for any population factors in our analysis. However, it will be
important to consider social vulnerability to heatwaves alongside any further analysis, for example
using the Social Vulnerability Indicators (SVIs) for natural hazards that EHINZ has developed (Mason et
al,2021), and/or using these SVIs to create a heat vulnerability index. These types of indicators could
be used to identify areas in New Zealand with highly vulnerable populations (such as young children
and older adults), who may be most likely to benefit from a heat-health warning system and/or
education and public health preventive action during the summer season.

This project analysed the association between heatwaves and mortality counts across the Canterbury
district between 2000/01 and 2017/18, using three heatwave definitions. Excess mortality was
calculated for each approach and its identified heatwave episodes. By comparing the approaches and
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their findings, we found that heatwave characteristics can vary widely depending on the definition
used. Each approach resulted in heatwaves that were distinctly different from each other in terms of
duration and average daily maximum temperature (Tma), and therefore the number of heatwave
episodes and days for each approach differed as well. Due to the difference in the number of
heatwave episodes and days, excess mortality varied across approaches. The Excess Heat Factor
(EHF) approach identified the most heatwave days, which also resulted in the highest excess
mortality.

Deciding which heatwave definition to use may depend on the intended audience and the desired
outcomes. The UK approach, for example, takes an acute and higher-risk approach, it identifies a few
short, but very hot heatwave episodes. The EHF approach identifies a greater number of heatwaves
that were long but with relatively cooler temperatures. The MfE/Stats NZ approach identifies an
intermediate number of heatwaves with medium length, and medium temperatures. Additionally, the
MetService trial of heat alerts was implemented late in this project, so was not able to be included;
however, these heat alert thresholds may need future evaluation against mortality data once the
required outcomes are certain.

On balance, the EHF approach appears to be the most appropriate method to use. It identified the
greatest number of heatwaves and the highest excess mortality from heatwaves. It has been used
elsewhere in the world, and has been shown to work well in a range of countries, including mid-
latitude countries where humidity tends not to be too high. The results of this study could be used to
inform the development of a heat-health warning system in New Zealand, and could also form the
basis for Environmental Health Intelligence NZ to develop a national system for monitoring heatwaves
and their health impacts.

43



Basu R and Samet JM. 2002. Relation between elevated ambient temperature and mortality: a review
of the epidemiologic evidence. Epidemiologic Reviews 24(2): 190-202.

Beck HE, Zimmermann NE, McVicar TR et al. 2018. Present and future Koppen-Geiger climate
classification maps at 1-km resolution. Scientific Data 5: 180214. DOI: 10.1038/sdata.2018.214
(accessed 22 March 2022).

Borg M, Nitschke M, Williams S et al. 2019. Using the excess heat factor to indicate heatwave-related
urinary disease: A case study in Adelaide, South Australia. International Journal of Biometerology 63:
435 - 447.

Department of Human Services. 2009. Heatwave Planning Guide. Development of heatwave plans in
local councils in Victoria. Environmental Health Unit: Melbourne. URL:
https://www?2.health.vic.gov.au/about/publications/policiesandguidelines/Heatwave-Planning-

Guide-Development-of-heatwave-plans-in-local-councils-in-Victoria (accessed 15 February 2022).

De Perez EC, van Aalst M, Bischiniotis K, Mason S, Nissan H, Pappenberger F, Stephens E, Zsoter E and
van den Hurk B. 2018. Global predictability of temperature extremes. Environmental Research Letters
13.

EHINZ. 2021. Metadata: Number of days over 25°C. Wellington: Environmental Health Intelligence NZ.
Available online: https://www.ehinz.ac.nz/assets/Factsheets/Metadata/Metadata HotDays.pdf
(accessed 7 March 2023).

Gosling SN, Lowe JA, McGregor GR et al. 2009. Associations between elevated atmospheric
temperature and human mortality: a critical review of the literature. Climatic Change 92: 299-341. DOI:
10.1007/s10584-008-9441-x (accessed 15 February 2022).

Hanigan I, Hall G, Dear KBG. 2006. A comparison of methods for calculating population exposure
estimates of daily weather for health research. International Journal of Health Geographics 5(38). DOI:
10.1186/1476-072X-5-38.

Hajat S, Sheridan SC, Allen MJ, et al. 2010. Heat-Health Warning Systems: A comparison of the
predictive capacity of different approaches to identifying dangerously hot days. American Journal of
Public Health 100 (6): 1137-1144. DOI: 10.2105/AJPH.2009.169748 (accessed 15 February 2022).

Harrington L. 2021. Rethinking extreme heat in a cool climate: a New Zealand case study.
Environmental Research Letters 16. DOI: 10.1088/1748-9326/abbd61 (accessed 15 February 2022).

Hatvani-Kovacs G, Belusko M, Pockett J, Boland J. 2016. Can the Excess Heat Factor indicate
heatwave-related morbidity? A case study in Adelaide, South Australia. EcoHealth 13: 100-110.

Kanti FS, Alari A, Chaix B, Benmarhnia T. 2022. Comparison of various heat waves definitions and the
burden of heat-related mortality in France: Implications for existing early warning systems.
Environmental Research, 215 (2): 114359. DOI: https://doi.org/10.1016/j.envres.2022.114359 (accessed
9 March 2023).

44


https://www.nature.com/articles/sdata2018214
https://www2.health.vic.gov.au/about/publications/policiesandguidelines/Heatwave-Planning-Guide-Development-of-heatwave-plans-in-local-councils-in-Victoria
https://www2.health.vic.gov.au/about/publications/policiesandguidelines/Heatwave-Planning-Guide-Development-of-heatwave-plans-in-local-councils-in-Victoria
https://www.ehinz.ac.nz/assets/Factsheets/Metadata/Metadata_HotDays.pdf
https://link.springer.com/article/10.1007/s10584-008-9441-x#citeas
https://ij-healthgeographics.biomedcentral.com/articles/10.1186/1476-072X-5-38
https://ajph.aphapublications.org/doi/full/10.2105/AJPH.2009.169748
https://iopscience.iop.org/article/10.1088/1748-9326/abbd61
https://doi.org/10.1016/j.envres.2022.114359

Macara GR. 2016. The climate and weather of Canterbury. 2" Edition. NIWA Science and Technology
Series 68. Wellington: NIWA. URL: https://niwa.co.nz/our-science/climate/publications/regional-

climatologies/canterbury (accessed 15 February 2022).

Mason K, Lindberg K, Haenfling C, Schori A, Marsters H, Read D, Borman B. 2021. Social vulnerability
indicators for flooding in Aotearoa New Zealand. International Journal of Environmental Research and
Public Health. 18(8):3952. https://doi.org/10.3390/ijerph18083952.

Mayrhuber E, Diickers M, Wallner P et al. 2018. Vulnerability to heatwaves and implications for public
health interventions - A scoping review. Environmental Research 166: 42-54. DOI:
10.1016/j.envres.2018.05.021 (accessed 15 February 2022).

McCarthy A, Armstrong L, Armstrong N. 2019. A new heatwave definition for the UK. Weather 74(11):
382 -387.DO0I: 10.1002/wea.3629 (accessed 15 February 2022).

Met Office UK. nd. What is a heatwave?. URL: https://www.metoffice.gov.uk/weather/learn-

about/weather/types-of-weather/temperature/heatwave (accessed 16 November 2021).

Ministry of Health. 2018. Heat Health Plans: Guidelines. Wellington: Ministry of Health. URL:
https://www.health.govt.nz/publication/heat-health-plans (accessed 15 February 2022).

Ministry for the Environment. 2018. Climate Change projections for New Zealand. Atmospheric
projections based on simulations undertaken for the IPCC 5% Assessment. Ministry for the
Environment: Wellington. URL: https://environment.govt.nz/publications/climate-change-

projections-for-new-zealand/ (accessed 15 February 2022).

Ministry for the Environment and Stats NZ. 2020. New Zealand’s Environmental Reporting Series: Our
atmosphere and climate 2020. Wellington: Ministry for the Environment and Stats NZ. URL:
https://environment.govt.nz/publications/our-atmosphere-and-climate-2020/ (accessed 15 February
2022).

Morton J. 2022, 20 December. Extreme heat alerts: MetService-led summer trial to cover 44 centres.
New Zealand Herald. https://www.nzherald.co.nz/nz/extreme-heat-alerts-metservice-led-summer-
trial-to-cover-44-centres/FH7JYVGYHZDATJHFM546PDHTTQ/ (accessed 27 September 2023).

Nairn JR, Fawcett RJB, Ray D. 2009. Defining and predicting excessive heat events, a National system.
The Centre for Australian Weather and Climate Research (CAWCR). Understanding High Impact
Weather: Modelling Workshop, 30 Nov to 2 Dec 2009. URL:
https://www.researchgate.net/publication/265007843 Defining and predicting Excessive Heat eve

nts_a National system (accessed 15 February 2022).

Nairn JR and Fawcett RJB. 2013. Defining heatwaves: heatwave defined as a heat-impact event
servicing all community and business sectors in Australia. The Centre for Australian Weather and
Climate Research (CAWCR). Technical Report 060. URL: https://www.cawcr.gov.au/technical-
reports/CTR _060.pdf (accessed 15 February 2022).

45


https://niwa.co.nz/our-science/climate/publications/regional-climatologies/canterbury
https://niwa.co.nz/our-science/climate/publications/regional-climatologies/canterbury
https://doi.org/10.3390/ijerph18083952
https://doi.org/10.1016/j.envres.2018.05.021
https://rmets.onlinelibrary.wiley.com/doi/10.1002/wea.3629
https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/temperature/heatwave
https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/temperature/heatwave
https://www.health.govt.nz/publication/heat-health-plans
https://environment.govt.nz/publications/climate-change-projections-for-new-zealand/
https://environment.govt.nz/publications/climate-change-projections-for-new-zealand/
https://environment.govt.nz/publications/our-atmosphere-and-climate-2020/
https://www.nzherald.co.nz/nz/extreme-heat-alerts-metservice-led-summer-trial-to-cover-44-centres/FH7JYVGYHZDA7JHFM546PDHTTQ/
https://www.nzherald.co.nz/nz/extreme-heat-alerts-metservice-led-summer-trial-to-cover-44-centres/FH7JYVGYHZDA7JHFM546PDHTTQ/
https://www.researchgate.net/publication/265007843_Defining_and_predicting_Excessive_Heat_events_a_National_system
https://www.researchgate.net/publication/265007843_Defining_and_predicting_Excessive_Heat_events_a_National_system
https://www.cawcr.gov.au/technical-reports/CTR_060.pdf
https://www.cawcr.gov.au/technical-reports/CTR_060.pdf

Nairn JR and Fawcett RJB. 2015. The Excess Heat Factor: A metric for heatwave intensity and its use in
classifying heatwave severity. International Journal of Environmental Research and Public Health 12:
227-253.DOI: 10.3390/ijerph120100227 (accessed 15 February 2022).

Nairn J, Ostendorf B, Bi P. 2018. Performance of excess heat factor severity as a global heatwave
health impact index. International Journal of Environmental Research and Public Health 15, 2494.

NIWA (National Institute of Water and Atmospheric Research). Nd. Soil Moisture Deficit (SMD). URL:
https://www.niwa.co.nz/climate/nz-drought-monitor/droughtindicatormaps/soil-moisture-deficit-

smd (accessed 27 November 2018).

NIWA. 2020. Ministry for the Environment Atmosphere and Climate Report 2020. Updated Datasets
supplied by NIWA. Prepared for Ministry for the Environment. Wellington: NIWA. URL:
https://environment.govt.nz/publications/ministry-for-the-environment-atmosphere-and-climate-

report-2020-updated-datasets-supplied-by-niwa/ (accessed 15 February 2022).

NIWA (National Institute of Water and Atmospheric Research). Nd. ‘Seven-station’ series temperature

data. URL: https://niwa.co.nz/seven-stations (accessed February 2022).

Oliveira A, Lopes A, Soares A. 2022. Excess Heat Factor climatology, trends, and exposure across
European functional urban areas. Weather and Climate Extremes 36:100455. DOI:
https://doi.org/10.1016/j.wace.2022.100455 (acessed 9 March 2023).

Perkins SE and Alexander LV. 2013. On the measurement of heat waves. Journal of Climate 26 (13):
4500 - 4517. DOI: 10.1175/JCLI-D-12-00383.1 (accessed 15 February 2022).

RCCC (Red Cross Red Crescent Climate Centre). 2019. Heatwave Guide for Cities. International
Federation of Red Cross and Red Crescent Societies (IFRC): Geneva. URL:
https://www.climatecentre.org/downloads/files/IFRCGeneva/RCCC%20Heatwave%20Guide%202019
%20A4%20RR%200NLINE%20copy.pdf (accessed December 2019).

Rustemeyer N and Howells M. 2021. Excess mortality in England during the 2019 summer heatwaves.
Climate 9 (14). DOI: 10.3390/cli9010014 (accessed 15 February 2022).

Scalley BD, Spicer T, Jian L et al. 2015. Responding to heatwave intensity: Excess Heat Factor is a
superior predictor of health service utilisation and a trigger for heatwave plans. Australian and New
Zealand Journal of Public Health 39 (6): 582 - 587.

Stanojevic G, Stojilkovic¢ J, Spalevi¢ A et al. 2014. The impact of heat waves on daily mortality in
Belgrade (Serbia) during summer. Environmental Hazards 13 (4): 329 - 342. DOI:
10.1080/17477891.2014.932268 (accessed 15 February 2022).

Tolika K. 2019. Assessing heat waves over Greece using the Excess Heat Factor (EHF). Climate 7, 9.

Varghese BM, Barnett AG, Hansen AL et al. 2019. Characterising the impact of heatwaves on work-
related injuries and illness in three Australian cities using a standard heatwave definition- Excess Heat
Factor (EHF). Journal of Exposure Science & Environmental Epidemiology 29: 821 - 830.

46


https://www.mdpi.com/1660-4601/12/1/227
https://www.niwa.co.nz/climate/nz-drought-monitor/droughtindicatormaps/soil-moisture-deficit-smd
https://www.niwa.co.nz/climate/nz-drought-monitor/droughtindicatormaps/soil-moisture-deficit-smd
https://environment.govt.nz/publications/ministry-for-the-environment-atmosphere-and-climate-report-2020-updated-datasets-supplied-by-niwa/
https://environment.govt.nz/publications/ministry-for-the-environment-atmosphere-and-climate-report-2020-updated-datasets-supplied-by-niwa/
https://niwa.co.nz/seven-stations
https://doi.org/10.1016/j.wace.2022.100455
https://journals.ametsoc.org/view/journals/clim/26/13/jcli-d-12-00383.1.xml
https://www.climatecentre.org/downloads/files/IFRCGeneva/RCCC%20Heatwave%20Guide%202019%20A4%20RR%20ONLINE%20copy.pdf
https://www.climatecentre.org/downloads/files/IFRCGeneva/RCCC%20Heatwave%20Guide%202019%20A4%20RR%20ONLINE%20copy.pdf
https://www.mdpi.com/2225-1154/9/1/14
https://www.tandfonline.com/doi/full/10.1080/17477891.2014.932268

Victoria University of Wellington - Te Herenga Waka. 2021. Heat alert project aims to help reduce
health impacts from warming climate. URL: https://www.wgtn.ac.nz/news/2021/12/heat-alert-
project-aims-to-help-reduce-health-impacts-from-warming-climate (accessed 15 February 2022).

Wondmagegn BY, Xiang J, Dear K et al. 2021. Impact of heatwave intensity using excess heat factor on
emergency department presentations and related healthcare costs in Adelaide, South Australia.
Science of the Total Environment 781 (2021) 146815.

WMO (World Meteorological Organization). 2017. WMO Guidelines on the Calculation of Climate
Normals. Geneva: World Meteorological Organization. URL:
https://library.wmo.int/index.php?lvl=notice display&id=20130#.X8WhOMO0za70 (accessed 3
November 2020).

WMO and WHO (World Meteorological Organization and World Health Organization). 2015. Heatwaves
and Health: Guidance on Warning-System Development. Geneva: WMO and WHO. URL:
https://public.wmo.int/en/resources/library/heatwaves-and-health-guidance-warning-system-

development (accessed 15 February 2022).

47


https://www.wgtn.ac.nz/news/2021/12/heat-alert-project-aims-to-help-reduce-health-impacts-from-warming-climate
https://www.wgtn.ac.nz/news/2021/12/heat-alert-project-aims-to-help-reduce-health-impacts-from-warming-climate
https://library.wmo.int/index.php?lvl=notice_display&id=20130#.X8WhOM0za70
https://public.wmo.int/en/resources/library/heatwaves-and-health-guidance-warning-system-development
https://public.wmo.int/en/resources/library/heatwaves-and-health-guidance-warning-system-development

