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Abstract: The influence of global climate change on temperature-related health outcomes among
vulnerable populations, particularly young children, is underexplored. Using a case time series
design, we analysed 647,000 hospital admissions of children aged under five years old in New
Zealand, born between 2000 and 2019. We explored the relationship between daily maximum
temperatures and hospital admissions across 2139 statistical areas. We used quasi-Poisson distributed
lag non-linear models to account for the delayed effects of temperature over a 0–21-day window.
We identified broad ICD code categories associated with heat before combining these for the main
analyses. We conducted stratified analyses by ethnicity, sex, and residency, and tested for interactions
with long-term temperature, socioeconomic position, and housing tenure. We found J-shaped
temperature–response curves with increased risks of hospital admission above 24.1 ◦C, with greater
sensitivity among Māori, Pacific, and Asian compared to European children. Spatial–temporal
analysis from 2013–2019 showed rising attributable fractions (AFs) of admissions associated with
increasing temperatures, especially in eastern coastal and densely populated areas. Interactive maps
were created to allow policymakers to prioritise interventions. Findings emphasize the need for child-
specific and location-specific climate change adaptation policies, particularly for socioeconomically
disadvantaged groups.

Keywords: climate change; heat stress; child morbidity; hospitalisation; deprivation; ethnicity

1. Introduction

Global climate change has been described as one of this century’s greatest threats to
public health [1]. However, most countries have been sluggish in addressing this issue,
risking severe and potentially irreversible health consequences [2]. Although the 2015
Paris Agreement aims to limit global average temperature rise to well below 2 ◦C, present
international commitments are insufficient to achieve this goal [3]. Children are physiologi-
cally and metabolically more sensitive to unfavourable climate than adults [4] and bear an
estimated 88% of the burden of climate-related diseases, primarily because their young age
leads to a greater loss of healthy life years [5]. One reason for this increased vulnerability
is that children have a higher surface area-to-body mass ratio compared to adults, which
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makes them more susceptible to heat and dehydration [6]. Additionally, their developing
immune systems and incomplete physiologic responses make them more vulnerable to ex-
treme weather conditions [6]. Furthermore, children’s exposure to pollutants and allergens
can be exacerbated by climate change, leading to respiratory diseases such as asthma [7].

One of the most rapidly worsening climate hazards is the increasing frequency of
extreme heat events [8]. A recent study found that as much as a third of heat-related
deaths in the past 20 years can be attributed to human-induced climate change [9]. With
global warming of 2 ◦C, locally extreme hot days (defined as having a 0.2% chance of
occurrence in any year in a pre-industrial climate) are expected to occur 14 times more
often, and are projected to cause severe and widespread impacts on heat-related morbidity
and mortality [10]. Enhancing our understanding of young children’s susceptibility to heat
will help policymakers and stakeholders make more informed decisions [11,12]. Year-on-
year increases in global temperatures point to the need for concerted efforts to safeguard
public health and well-being, particularly for future generations, who are projected to suffer
more frequently than the current generation.

Very few previous studies have reported associations between children’s exposure to
high temperatures and daily hospital admissions [4,13,14]. Admissions of young children
to hospital disrupt preschool and family activities, and may signal enduring health issues
that persist into adulthood [15]. The impact of temperature on health typically follows a
“U-shaped” pattern, where risks of illness increase as temperatures deviate from an optimal
range [16,17]. Due to acclimatisation and social adaptation, this optimal range varies from
country to country, and could be lower in high-latitude countries, such as Canada, Sweden,
and the United Kingdom [18].

In Aotearoa New Zealand (NZ), local climates vary considerably, ranging from sub-
tropical to temperate in the north, while much colder inland alpine and subantarctic
conditions apply in the south. Similarly, the ethnic composition of the population also
varies significantly from north to south, with higher proportions of Māori and Pacific Island
communities in the north, and a greater predominance of European communities in the
south. Furthermore, childhood hospital admission rates differ by ethnicity: admission
rates are higher for Māori and Pacific Island children than for other ethnic groups. For
instance, between 2017 and 2021, Māori and Pacific children’s hospitalisation rates for
respiratory conditions were 2 and 2.5 times higher than those of children of European
or other ethnicities [19]. Ensuring environmental equity is crucial to maintaining a fair
distribution of resources to protect against environmental impacts, including heat-related
health effects. Assessing heat–health relationships by spatial, socio-demographic, housing,
and environmental factors can help target interventions where they are most needed. This
is particularly important in NZ, where historical and ongoing disparities have resulted in
inequitable exposure and vulnerability to environmental hazards by ethnicity [20].

We aimed to quantify short-term associations between local ambient temperatures
and childhood hospitalisation; assess whether these associations varied by individual-level
and area-level factors; and estimate temporal and spatial patterns of related health impacts.

2. Materials and Methods

Analyses were conducted in the secure data laboratory of the Integrated Data Infras-
tructure (IDI), a database managed by Statistics New Zealand that integrates de-identified
data from the government and various sectors. This facility supports statistical analyses
by tracking individuals’ life events over time. We included 647,000 hospital admissions
from children born between 1 January 2000 and 31 December 2019, who were admitted
to public hospitals during the same period and were under five years old at the time of
admission (hereafter “child admissions”). We excluded hospital admissions within the first
five days post-birth to eliminate early readmissions unrelated to heat [21]. We accounted
for same-day multiple admissions by retaining only the last event per day, addressing
same-day referrals between hospitals and leveraging the diagnostic insights from the final
hospital visited. Hospital records provided by the Ministry of Health included the date
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of hospital admission, date of birth, and diagnosis codes according to the International
Classification of Diseases, tenth revision (ICD-10). We analysed the principal and the first
two secondary causes of hospital admission, i.e., the first three causes, that were potentially
associated with ambient heat exposure. Note that New Zealand adopted the use of the
ICD-10 in 1999, ahead of several other countries, including the United States, France, Italy,
South Africa, and China.

Our selection of ICD code(s) relevant to heat-related child admissions was done in
three stages: (i) We initially combined ICD codes broadly derived from general population
studies to define the model parameters. (ii) We stratified daily admission counts by broad
categories of selected ICD codes to assess statistical associations and biological plausibility
for each category. (iii) We then refined the ICD codes within each category and combined
all categories that showed statistical associations with heat, creating our definition of heat-
related causes for child admissions. This definition was subsequently used to aggregate
daily admission counts, which were applied to the main statistical model for analyses.

Based on child and parental records in the IDI, we linked hospital admission records to
the most contemporaneous meshblock of residence (meshblocks are the smallest available
geographical units in NZ, containing approximately 100 people on average, N = 46,637).
Daily total admission counts were summed within statistical areas (SA2, N = 2139), medium-
sized geographic areas. We chose to model the full range of temperature effects, although
our primary interest was in heat effects. Initial exploratory models used either daily
minimum, mean, or maximum temperature or apparent temperature from land station time
series as the main explanatory variable of interest. The daily maximum temperature gave
consistent results and was used in all subsequent models. Daily maximum temperatures
from 2000 to 2019 were based on gridded data from the Virtual Climate Station Network
(VCSN) at a 5 km resolution [22]. Meshblock-level temperature data were aggregated to
the SA2 level based on the maximum within each SA2.

We used the case time series design to examine the effects of temperature on admis-
sions across small areas (SA2s) [23]. This is a variation of the distributed lag non-linear
model (DLNM), which controls for time-invariant confounders at the SA2 level by design
and for which there are well-established methods of model selection [18].

As in previous studies, we used a fixed effect quasi-Poisson DLNM, with an exposure–
lag window spanning 0 to 21 days [24] to capture delayed effects of heat and cold (Supple-
mental Figure S1). Natural cubic splines were employed to model temperature effects, with
knots placed at the 50th and 90th percentiles of daily maximum temperature (Supplemental
Figure S2). The data were stratified by year, month, and location (SA2) [23]. The day of the
week was included as a dummy variable. The model expression is

logE [yt,i] = αi + βYt + θMt + λDoWt + γB (Tt,i, L) + µXi

where yt,i is the number of admissions for date t in the ith SA2 level; αi represents the SA2
level-specific effect; Yt is the year dummy variable; Mt is the month dummy variable; DoWt
is the day-of-week dummy variable; B(Tt,i, L) is the bi-dimensional exposure–lag crossbasis
function of temperature, and T with lag 0 to L days and αi is the fixed effect of the ith SA2
level. Xi is a scaled additional covariate associated with the SA2 level, applied in some
models to test for interaction.

We estimated relative risks (RRs) of hospital admission relative to the reference tem-
perature at which the risk of hospital admission is minimised. We fitted models stratified
by individual-level factors, including ethnicity (total responses in Māori; Pacific Peoples;
Asian; sole European; and Other for all other residual groups, including ethnic groups from
the Middle East, Latin America, and Africa), sex (male, female), and residency (resident,
non-resident). Additionally, we explored interaction effects for area-level factors, including
population-weighted long-term average temperature, socioeconomic deprivation (using
population-weighted average NZDep2013 scores), and home ownership (categorized by
proportions of home-owning households, as detailed in Supplemental Figure S3). This
approach provides an indirect estimation by testing one hypothesis at a time and separately
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exploring the effects at low or high levels of these factors. For cases where minimised RRs
were not observed, we confined the reference temperature to within ±3 ◦C of the main
model’s reference temperature.

We calculated the attributable fractions (AFs) in lag 0–21 days for each SA2 using a
backward method [25]:

AF =
∑J

j=1

(
(RRj−1)

RRj
nj

)
∑J

j=1 nj

where nj is the number of admissions at day j; J is the total number of days.
Due to computing capacity limitations, we calculated the AF based on the model from

the last seven years of the study period (2013–2019). This was done using the main model’s
reference temperature after evaluating its temporal (Supplemental Figure S4) and spatial
(Supplemental Figure S5) representativeness.

We plotted temporal patterns of the AF from 2013 to 2019 alongside population-
weighted metrics of temperature data. Further, we used attributable numbers (ANs), using
AN = AF × n, to evaluate the impact of climate change, assuming a uniform increase across
all daily maximum temperatures of up to 3 ◦C. Spatial patterns of AFs were illustrated
on the maps for this period. We also illustrated the attributable density (AD) on the map,
defined as AN per 10 km2.

We used SAS (Enterprise Guide version 7.1), for data management, and R (version 4.3.1),
for data analyses. We obtained ethics approval (UAHPEC23785) for research and IDI
approval (MAA2022-01) for using de-identified data in compliance with the confidentiality
requirements.

3. Results

Daily maximum temperatures at the meshblock level ranged from −9.4 ◦C to 40.5 ◦C.
Figure 1 shows this temperature range over time, alongside population-weighted average
values aggregated at the meshblock level. The proximity of the population-weighted
average series (mean 18.1 ◦C, range 7.1 ◦C to 28.1 ◦C) to the maximum series suggests
that most of the population resided in relatively warmer areas. Over this 20-year period,
weeks 3 to 6 (from mid-January to early February) had higher weighted average values
(mean > 23 ◦C) than the other weeks (mean < 23 ◦C). On the other hand, weeks 31 to 34
(from late July to late August) had higher average child hospital admission counts than
the other weeks (Figure 1). Nevertheless, the average child admissions during weeks 3
to 6 were 45% of those during weeks 31 to 34. Average annual rates of heat-related child
hospital admissions in this period were 11.9% among Māori, 13.4% for Pacific Peoples, 6.1%
for Asian, 7.3% for sole European, and 5.5% for Other ethnic groups.

Figure 2 presents the selected ICD codes that were used to define heat-related child ad-
missions on cumulative lags of 0–21 days (see also Supplemental Figure S6). These included
infectious diseases (A01-49, 65-69, 75-99; B00-15, 17.2, 25-99), haematologic and immune
disorders (D50-89), endocrine, nutritional, and metabolic diseases (E00-89), nervous sys-
tem diseases (G00-99), eye and ear diseases (H00-95), circulatory system diseases (I00-99),
respiratory system diseases (J00-99), skin and subcutaneous tissue diseases (L00-99), renal
disorders (N12, 15, 17-19), and conditions originating in the perinatal period (P00-96). In
addition, hospital admissions related to symptoms, signs, and abnormal findings (R00-99),
injuries and external causes (S00-99, T00-98, V00-99), and observations for suspected condi-
tions (Z03) were also associated with heat effects.

Figure 3a illustrates the association between temperature and child admissions for
the above ICD codes combined, over lag 0–21 days. At 35 ◦C, the risk of admission was
increased on day 0 (RR: 1.027 [95%CI: 1.013–1.083]) and on day 21 (1.101 [1.080–1.123]). At
5 ◦C, the risk of admission was increased at intermediate times, for example on day 11 (RR
1.045 [1.040–1.049]).
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Figure 1. Patterns of (a) daily maximum temperatures and (b) daily child hospital admissions from
2000 to 2019. (Note: meshblock-level aggregation for maximum of daily maximum temperature
(red), minimum of daily maximum temperature (blue), and population-weighted average of daily
maximum temperature (black); daily child admission counts were processed by seasonal-trend
decomposition based on LOESS before normalizing to each year’s value between 0 and 1).

The following description of Figure 3 focuses on RR at 30 ◦C and 35 ◦C to reflect
children’s sensitivities to heat effects at higher temperatures. Figure 3b shows a J-shaped
cumulative-lag exposure–response pattern in our main model over lag 0 to 21 days. The
reference temperature was 24.1 ◦C, with the RR increasing both above and below this point.
The increase in risk was steeper at higher temperatures; RR was 1.331 [1.233–1.438] at 30 ◦C
and 2.379 [1.950–2.902] at 35 ◦C.

Figure 3c,d show that when the child admission counts were stratified by ethnic-
ity, Pacific children appeared most sensitive (RR from 1.501 [1.370–1.644] at 30 ◦C to
3.219 [2.550–4.063] at 35 ◦C), followed by Asian children (from 1.449 [1.307–1.608] to 2.825
[2.170–3.677]), Māori children (from 1.313 [1.205–1.430] to 2.314 [1.850–2.894]), and Euro-
pean children (from 1.201 [1.093–1.318] to 1.813 [1.417–2.319]). No significant effects of heat
were found among children in the Other ethnic groups.

When stratified by sex (Figure 3e), female children appeared more sensitive to heat
(from 1.379 [1.258–1.513] to 2.623 [2.068–3.326]) than male children (from 1.296 [1.188–1.415]
to 2.208 [1.761–2.769]).

When stratified by residency status (Figure 3f), residents appeared more sensitive
to heat (from 1.329 [1.229–1.438] to 2.370 [1.936–2.900]) than non-residents (from 1.183
[1.064–1.315] to 1.669 [1.264–2.205]).

Figure 3g shows effect modification by area-level long-term temperatures (Chi-square
p < 0.001), indicating that children in the top 20% high-temperature areas, compared to
the remainder, were sensitive to heat (from 1.421 [1.291–1.563] to 2.811 [2.194–3.602]). For
children in the bottom 20% low-temperature areas, heat effects at higher temperatures were
not significantly different (from 1.076 [0.949–1.221] to 1.328 [0.937–1.883]) when compared
to the rest.
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Figure 2. Temperature–response curves (cumulative lag 0–21 days) for child admissions in 2000–
2019, stratified by ICD categories. (Note: 95% CI are shaded. Model-predicted RR and 95% CI be-
yond observable temperature range for admissions are in dotted line and lighter shade. For C00-
D49, K00-99, M00-99, Q00-99, and S00-V99, reference temperature (RT) of 24.1 °C from the main 

Figure 2. Temperature–response curves (cumulative lag 0–21 days) for child admissions in 2000–2019,
stratified by ICD categories. (Note: 95% CI are shaded. Model-predicted RR and 95% CI beyond
observable temperature range for admissions are in dotted line and lighter shade. For C00-D49,
K00-99, M00-99, Q00-99, and S00-V99, reference temperature (RT) of 24.1 ◦C from the main model
was used because minimal RR was not reached. Green: ICD codes selected to define heat-related
causes. Brown: ICD codes not selected as part of heat-related causes).



Int. J. Environ. Res. Public Health 2024, 21, 1236 7 of 18

Int. J. Environ. Res. Public Health 2024, 21, x  7 of 19 
 

 

model was used because minimal RR was not reached. Green: ICD codes selected to define heat-
related causes. Brown: ICD codes not selected as part of heat-related causes). 

Figure 3a illustrates the association between temperature and child admissions for 
the above ICD codes combined, over lag 0–21 days. At 35 °C, the risk of admission was 
increased on day 0 (RR: 1.027 [95%CI: 1.013–1.083]) and on day 21 (1.101 [1.080–1.123]). At 
5 °C, the risk of admission was increased at intermediate times, for example on day 11 (RR 
1.045 [1.040–1.049]). 

 
Figure 3. Temperature–response patterns (lag 0–21 days) for all child admissions and by sub-cate-
gories, 2000–2019. (Note: for (b–i), 95% CI are shaded, model-predicted RR and 95% CI beyond ob-
servable temperature range for admissions are in dotted line and lighter shade). 
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Figure 3h shows effect modification by area-level deprivation (p < 0.001), showing
that children in the 20% most-deprived areas, compared to the remainder, were more
sensitive to heat (from 1.345 [1.242–1.456] to 2.439 [1.987–2.994]). Conversely, children in
the 20% least-deprived areas were also sensitive to heat, but the effect was weaker (from
1.243 [1.108–1.394] to 1.967 [1.460–2.649]).

Figure 3i shows the effect modification by home ownership (p = 0.001). Children in ar-
eas with ≤20% owner-occupied households, compared to the remainder, showed increased
sensitivity to heat (from 1.432 [1.275–1.608] to 2.934 [2.174–3.959]). Similar patterns were
also observed for the proportion of privately rented homes (Supplemental Figure S7), but
the effect modification was not statistically significant.
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Figures 4 and 5 are based on analyses of the last seven years of the study period,
2013–2019.
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Figure 4. Child hospital admissions (2013–2019) attributable to heat effects >24.1 ◦C (cumulative lag
0–21 days): (a) attributable fractions (%), (b) annual temperature, (c) temperature exceedance, and
(d) overall attributable numbers across three climate change scenarios. (Note: (b–c) were based on
population-weighted average from meshblock-level data from 2013).
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in statistical area (SA2) level. (Note: see interactive HTML maps in Supplemental Figure S9).

Figure 4 shows the increasing trends of attributable fractions (AFs) of child admis-
sions attributed to heat effects > 24.1 ◦C (Figure 4a), population-weighted annual average
temperatures (Figure 4b), and the average number of days exceeding 24.1 ◦C (Figure 4c),
all of which exhibit similar patterns. The average AF increased from 0.60% in 2013 to 1.15%
in 2019, consistent with observed temperature trends.
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Figure 4d shows that between 2013 and 2019, on average, there were 290 child ad-
missions per year due to heat effects exceeding 24.1 ◦C. If daily maximum temperatures
are to rise by 1 ◦C, 2 ◦C, and 3 ◦C due to climate change, these admissions are projected
to increase to 510, 840, and 1300, respectively. The areas more exposed to higher temper-
atures (Supplemental Figure S8) are projected to be more impacted by further increases
in temperature.

The spatial patterns of AFs are shown in Figure 5a. AFs were higher along the east coast
of both the North and South Islands compared to the west. Some areas had particularly
high AFs, including in the North Island: Waikato Region (Tuakau South 6.06%, Miranda-
Pūkorokoro 3.33%), Hawke’s Bay Region (Napier Central 3.51%, Mangateretere 3.04%,
Poraiti Flat 3.04%), and Gisborne Region (Makaraka-Awapuni 3.19%); and in the South
Island: Canterbury Region (Aviemore 8.07%, Christchurch Airport 5.51%, Russley 3.82%,
Parnassus 3.70%, Mackenzie Lakes 3.19%, Sydenham Central 3.04%), Otago Region (Clyde
4.51%, Earnscleugh 4.20%, Kingston 3.59%, Dunstan-Galloway 3.54%), and Marlborough
Region (Lower Wairau 3.02%). The AFs in the remaining SA2s were below 3% (Figure 5a,
interactive map in Supplemental Figure S9a).

Spatial patterns of the attributable density (AD) showed a different variation across
SA2s, with a mean of 7.1 admissions per 10 km2 and a median of 1.8. AD was highest in the
populated areas (Figure 5b). Some SA2s had particularly high ADs, including areas in the
North Island: Hawke’s Bay Region (Lochain Park 130.1, Flaxmere South 126.3, Flaxmere
West 122.1, Maraenui 72.5, Camberley 66.6), Waikato Region (Crawshaw 97.4, Swarbrick
94.3, Enderley North 79.6, Enderley South 75.2, Bader 63.8, Fairfield of Hamilton City 63.1,
Melville North 63.0, Kahikatea 62.5), and Auckland Region (Randwick Park West 81.1,
Sutton Park 72.0, Clendon Park West 68.3, Clendon Park East 62.9, Hobson Ridge Central
62.6); and in the South Island: Canterbury Region (Aranui 60.1). The remaining SA2s were
below 60 per 10 km2 (Figure 5b, interactive map in Supplemental Figure S9b).

4. Discussion

We report short-term associations between ambient temperatures and daily child
admissions over the past two decades in NZ. Our study applied distributed lag non-linear
models (DLNMs) using a case time series study design. Given the sufficient sample size and
the selection of high-quality national data, our study was able to obtain precise estimates,
providing detailed insights into exposure–response relationships [23].

Our study had several strengths. We were able to access long time series of high-
quality national weather and health outcome information. The ability to link administrative
datasets in the data laboratory allowed us to explore the effect of individual-level factors
on temperature effects. We had sufficient statistical power to demonstrate heat effects
by cause of hospital admission (Supplemental Table S1). This assessment allowed us to
capture a wide spectrum of potential heat-related health impacts, providing a more holistic
understanding of the overall public health impact.

Statistically significant associations have been reported between higher temperatures
and hospital admissions in children for diseases categorized under ICD-10 codes A, B:
infectious diseases; D50-89: hematologic and immune disorders; E: endocrine, nutritional,
and metabolic diseases; G: nervous system; H60-95: (ear); J: respiratory; L: skin, N: geni-
tourinary system; R: symptoms, signs, and abnormal clinical and laboratory findings; S, T:
injury, poisoning; and V: external causes of morbidity [24,26,27]. For other ICD categories,
no previous studies reported the associations that we found in children, including H00-59:
eye, I: cardiovascular; P: conditions originating in the perinatal period, and Z03: medical
observation for suspected diseases and conditions ruled out. However, while others have
found associations with ICD category K: digestive system [26], our study did not find such
associations. A shorter cumulative lag structure (e.g., lag 0–1 days) might capture potential
heat-related exacerbation of symptoms in diseases that are not directly related to short-term
effects of heat in children, such as neoplasms (C00-D49) and congenital conditions (Q00-99)
(Supplemental Figure S6).



Int. J. Environ. Res. Public Health 2024, 21, 1236 10 of 18

The rationale for breaking down the ICD codes in our method lies in the need to
capture the diverse ways in which heat exposure might influence health outcomes. By
analysing the principal and the first two secondary causes of hospital admissions, we ensure
that we account for both direct and indirect effects of heat, as these effects may manifest
through multiple, sometimes less obvious, causes. Stratifying daily admission counts
by broad ICD code categories helps in identifying statistical associations and assessing
biological plausibility, enabling a more precise understanding of which conditions are truly
heat-related. This approach allows us to refine the definition of heat-related admissions,
improving the characterization of heat impacts within the healthcare system. It also ensures
that our model parameters reflect a comprehensive view of the potential health risks
associated with ambient heat exposure, making the results more applicable for healthcare
planning and policy.

The overall lag pattern of heat effects in our study (Figure 3) aligns with findings
from Australia, where both immediate and delayed heat-related health impacts were
identified, with the most pronounced delayed effects occurring on day 21 [24]. Heat-
related health impacts can accumulate over days or even weeks, especially among children,
who are particularly vulnerable to sustained environmental stress. Initial heat exposure
may not result in immediate hospitalisation, but serious illness or complications can still
emerge after 2–3 weeks (Supplemental Figure S1b). These delays may be due to the
incubation period of certain infectious diseases in children (up to 21 days) [28,29], delayed
health-seeking behaviours of parents (up to 14 days for their children under five) [30],
prolonged hypohydration effects (among >50% of children) [31], or cumulative impacts
due to combinations of these or other factors.

However, it is also important to consider that some of the observed heat effects at
longer lags could be due to model artefacts, especially given the complexities involved in
accurately capturing long-term environmental exposures and delayed health outcomes in
time series models.

Our findings align with the documented adverse health outcomes among Māori and
Pacific children [32], such as increased hospitalisation rates. These children face greater
hospital admission risks compared to their European and Other ethnic counterparts. The
health disparities experienced by Māori and Pacific children exist within a broader context
of structural disadvantages and persistent inequities across various sectors including
poverty, housing, education, and justice [33]. Moreover, our study indicates that, relative
to Europeans, Asian children were more vulnerable to heat effects (though less so to
cold). While Asians are not typically considered the most at-risk group in terms of health
disparities, the compounded effects of stress-related racial prejudice and discrimination
might reduce their resilience, leading to poorer health and well-being [34], particularly
under heat-stress conditions.

Deprivation, closely linked to ethnicity, lessens the material resources that individuals,
families, and communities might use to mitigate the impacts of rising temperatures due
to climate change or to minimise exposure [35]. The level of deprivation influences the
affordability of housing in terms of quality, location, and measures to cope with heat. Our
research further indicates that children in the most deprived areas were more sensitive to
heat-related effects. This heightened sensitivity may be due to the ethnic concentrations in
specific regions, such as Māori children in the Bay of Plenty and Pacific children in North-
land and Waikato. These areas exhibit high levels of deprivation, affecting employment,
income, crime rates, housing quality, health, education, and access to services [36]. Our
study maps these vulnerable areas with greater detail (Supplemental Figure S9). Although
these geographical and deprivation domains provide some insights, they do not fully
account for the nuances in smaller areas. Further research is needed to explore ethnic-
specific data with a focus on modifiable factors [35], such as health service access routes for
Māori and Pacific populations and decision-making processes of parents or caregivers—
particularly whether children aged 0–5 years should be taken to a hospital or primary care.



Int. J. Environ. Res. Public Health 2024, 21, 1236 11 of 18

Studies should also examine ethnic-specific protective factors, including multigenerational
living, communal child-rearing, and co-sleeping practices [37,38].

In contrast to a previous study of heat wave effects on child hospital admissions in
South Korea [14], we found that girls appeared to be more sensitive to heat than boys.
Although evidence for gender disparity among children is otherwise scarce [27], it has
been suggested that adult females may need more heat acclimatisation sessions than males
to achieve similar physiological adaptations [39]. The underlying mechanisms are not
clear, but may include hormonal factors, differences in sweat gland distribution, and
variations in body composition. Females generally have a higher body fat percentage
and lower skin surface area-to-mass ratio, which can affect heat dissipation and overall
thermal comfort [39].

In the main models, steeper slopes at higher temperatures, compared to the flatter
slopes at lower temperatures, suggest that young children were generally more sensitive
to heat than to cold. Our findings suggest that non-resident children (mainly migrants)
were less sensitive to heat but significantly more sensitive to cold compared to local
children. Currently, no studies have reported similar associations. New Zealand receives a
substantial number of migrants from lower-latitude countries, particularly India and the
Philippines [40]. An acclimatisation study in Japan found that individuals from tropical
regions have higher heat tolerance but are less adapted to cold environments [41]. This
might explain our observations regarding migrant children’s sensitivity to temperatures;
however, existing data remain insufficient to draw definitive conclusions.

We found that children living in areas with higher long-term average temperatures
appeared to be more sensitive to heat. We found no other research showing similar
sensitivity patterns among children. This finding might reflect the higher proportion of
Māori and Pacific ethnicities in these areas. Persistent exposure to higher temperatures in
the general population can lead to cumulative stress, worsen underlying health conditions,
and increase mortality and morbidity rates [42].

We also show that homeowners’ children appear to be less sensitive to heat. Home-
owners typically have more resources and incentives to invest in housing adaptations [43]
that enhance the resilience of their homes to extreme heat, such as better ventilation and
installation of shading, which can significantly reduce indoor temperatures during heat
waves. Further research on heat-related effects among children will help substantiate our
findings and provide a deeper understanding of the impacts of heat exposure on different
demographic groups.

The attributable fraction of heat-related child admissions varied according to annual
temperature patterns; in 2019 the AF was 1.15%. This highlights the importance of monitor-
ing temperature trends and implementing effective heat mitigation strategies to protect
young children in Aotearoa New Zealand.

We estimated that 290 child hospital admissions per year were attributable to heat
effects. The number of admissions rises exponentially with each 1 ◦C increase in tempera-
ture, reaching up to 1300 admissions per year with a 3 ◦C increase, assuming no adaptation.
This suggests that children’s vulnerability to heat stress is highly sensitive to temperature
changes, consistent with existing research that indicates children are particularly suscep-
tible to heat-related illnesses due to their developing physiological systems and higher
metabolic rates [4].

The significant rise in hospital admissions with increasing temperatures underscores
the urgency for public health interventions and climate adaptation strategies. These
strategies should include enhancing community awareness about the dangers of heat
exposure, improving access to cooling facilities, and ensuring that urban planning and
housing infrastructure are designed to mitigate heat effects. Such measures are crucial to
prevent the escalating burden on healthcare systems and to protect public health as global
temperatures continue to rise.

We estimated the attributable fractions for finer spatial areas (SA2s) and created
interactive maps (Supplemental Figure S9) to indicate localized small-area health impact
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estimations. These maps are useful for policymakers to identify local hot spots with higher
heat-related impacts on young children. It should be noted that the map of attributable
fractions (Figure 5a) does not account for the density of the vulnerable population. Some
places with larger attributable fractions appeared to be associated with more days with
hotter temperatures (Supplemental Figure S8), particularly in Central Otago, Hawke’s Bay,
and Gisborne.

The map of attributable number density (which accounts for the density of the vulner-
able population) and the map of attributable fraction serve different purposes and should
be used accordingly from a policy perspective. The map of attributable fraction is best used
when identifying regions with a higher relative impact of heat-related child admissions, re-
gardless of population size. This map is useful for highlighting areas where the proportion
of heat-related health impacts is highest, regardless of the rurality, allowing policymakers
to prioritise interventions in regions with the greatest relative risk, raise awareness, and
allocate resources for community-based prevention programmes. Conversely, the map
of attributable density is more suitable for identifying regions with the highest absolute
number of heat-related events. This map is crucial for understanding the total impact
and planning targeted interventions, such as deploying healthcare resources, emergency
services, and infrastructure improvements in areas with the greatest absolute burden of
heat-related incidents. Thus, while the map of attributable fraction focuses on relative risks,
the map of attributable density addresses the absolute burden, guiding effective resource
allocation and intervention planning.

This study has focused only on childhood hospital admissions in the context of high
temperatures. However, other studies also demonstrate clear evidence of statistically
significant relationships between heat and adverse health outcomes in vulnerable older
populations [44]. Future research is needed to assess this risk within a New Zealand context,
particularly given that the size of the national population aged over 85 years is projected to
quadruple within the next fifty years [45].

Our study had some limitations. We lacked detailed individual-level information
about housing quality and socioeconomic position that might better explain the observed
patterns of the heat effect. Due to limitations of computing power in the secure data
laboratory, we were unable to estimate AFs for the whole study period. Uncertainty in these
statistical models increases when analysing extremely high temperatures, especially those
predicted beyond the range with observed hospital admissions. Despite this, these results
consistently indicate elevated health risks associated with locally extreme temperatures
across all regions of the country (Supplemental Figure S5). Since our study focused on
the under-five population, the generalizability of our findings to older children is limited.
Nevertheless, evidence suggests that children under five are more sensitive to heat than
those aged 5 to 9 years old [24].

While we controlled for seasonality and long-term trends using the year and month in
the model, other environmental factors, such as the El Niño–Southern Oscillation (ENSO)
phenomenon, variations in humidity, and rainfall, could have an impact on how heat affects
young children. The ENSO, in particular, is known to cause significant fluctuations in
temperature and can lead to extreme heat or cold spells, which could amplify or mitigate
the short-term effects of ambient heat on child health. These temperature anomalies may
influence both the frequency and intensity of heat-related hospitalisations, as extreme
weather patterns often coincide with other environmental stressors such as droughts or
heavy rainfall, further exacerbating health risks. Additionally, humidity and rainfall can
modify how heat is experienced by young children. High humidity, for instance, can impair
the body’s ability to cool down through sweat, potentially increasing the risk of heat stress,
while variations in rainfall can affect waterborne diseases, which may interact with heat
exposure to influence child morbidity. The above-mentioned factors were not explicitly
accounted for in our model. Further research is needed to provide a better understanding
of how complex climatic factors interact with heat-related health outcomes in children.
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Given New Zealand’s predominantly temperate climate, there may be limited aware-
ness and preparedness for exposure to high temperatures, including heat waves, which
could impact readiness for future trends or risks. This underestimation of heat risks was
also observed in Scotland, a country with generally cooler temperatures than New Zealand,
presenting unique challenges for managing heat-related health issues [46]. Child-specific
temperature policies should take into account the various environments where children
spend significant amounts of time, such as homes, play centres, educational institutions,
local neighbourhoods, and parks, and during transport. Existing health and sectoral plans
might require adjustments. For instance, while heat waves are not recognised as a national
hazard in New Zealand’s Civil Defence Plan, they are acknowledged in the Heat Health
Plans [47]. Regular updates to these plans are crucial for addressing emerging climate
challenges and health risks, ensuring proactive measures for community safety and re-
silience [48]. Potential policy approaches to reduce temperature-related risks, summarised
in Table 1, are based on relevant literature [49] and insights from individuals in government
and non-government agencies. National adaptation plans need to include child-specific
adaptation measures, acknowledging their heightened susceptibility to heat and other
climate-related effects [50].

Table 1. Opportunities to reduce heat-related health impacts to pregnant mothers, infants, and children.

Policy Examples

a. Promoting and honouring the Treaty of Waitangi (Te Tiriti o Waitangi)

Advancing indigenous perspectives
and solutions

(1) Collaboratively design solutions, and (2) jointly implement actions that specifically cater to the
needs of Māori, Pacific, and Asian children, including indigenous solutions.

b. Promoting equity and equitable solutions

All policy promotes equity and
equitable solutions

(1) Respect and uphold the principles of absolute sovereignty and self-determination (tino
rangatiratanga), and allocate funds to support kaupapa approaches. (2) The most vulnerable and at-risk
children are prioritised.

c. Knowing the facts: climate change is increasing temperatures in New Zealand and children are increasingly exposed

Knowledge transfer (1) Share research findings and create opportunities to share knowledge on child-related health impacts,
prevention, and adaptation to heat, (2) with a focus on pregnant women and infants and children.

Mainstreaming existing policies

(2) Craft policy briefs to effectively communicate research findings and facilitate their widespread
distribution. (3) Incorporate temperature and health impacts into pertinent policy documents for
comprehensive consideration. (4) Integrate and recognise synergies with existing climate adaptation
plans, such as the Health National Adaptation Plan. (5) Develop national guidelines for educational
initiatives addressing maximum temperatures to safeguard health and ensure safety. (6) Encompass
climate mitigation and strategies for coping with extreme temperatures within Long-Term Plans.
(7) Embrace a “Health in All Policies” approach, fostering a comprehensive consideration of health
implications across all policy domains.

d. Focus on prevention

Risk communication and surveillance (1) Pregnant mothers, parents, carers, and those working with children have the knowledge to reduce
the risk of heat-related impacts.

Enhancing governance in child
heat health

(2) Foster cross-sectoral collaboration at both local and national levels, forging connections with
established experts, such as the National Emergency Management Agency’s heat health group,
MetService, the Ministry for the Environment, and the Ministry of Health. (3) Ensure adequate
resourcing to effectively implement policy approaches. (4) Comply with and leverage existing
legislation to strengthen the foundation of the initiatives and enhance their effectiveness.

e. Treatment in healthcare facilities

Review healthcare practices for pregnant
women, infants, and children

(1) Enable diagnosis of heat-related illness in clinical settings. (2) Establish case management flows for
diagnosing and treating heat-related illness in vulnerable populations. (3) Understand medications,
complications, and comorbidities that relate to heat stress. (4) Understand comorbidities and the impact
of health emergencies.
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Table 1. Cont.

Policy Examples

f. Invest in preparedness

Preparing child-specific and Early
Childhood Education (ECE) centres

(1) Incorporate critical considerations into health and safety assessments and ensure compliance,
including the provision of adequate shade, ventilation, water, and cooling/air conditioning. (2) Provide
support for non-governmental organizations (NGOs) and independent groups, such as play centres, to
enhance their capacity and effectiveness in implementing these considerations.

Preparing healthcare facilities
(3) Implement strategies for shade provision, cooling methods, emissions reduction, and adequate
access to water resources. (4) Develop and enact Regional Heat Health Plans to address localized
challenges and ensure comprehensive heat management strategies.

Planning and implementation of risk
communication and outreach campaigns
for educational or behavioural change

(5) Develop targeted public health messaging with tailored advice for parents and child caregivers.
(6) Launch campaigns aimed at raising public awareness and delivering essential services for effective
heat wave management. (7) Ensure consistent messaging that draws connections between addressing
health impacts associated with both hot and cold temperatures, as well as air quality concerns.
(8) Implement early warning systems that are integrated into healthcare planning and ECE settings for
a proactive response.

g. Promote national action: heat adaptation measures that can be implemented by national governments

Advancing housing standards
and guidelines

(1) Introduce new standards, codes, action plans, or infrastructural upgrades for buildings to enhance
thermal comfort, keeping homes cool in summer and warm in winter. (2) Ensure rental houses adhere
to guidelines for mitigating heat and cold, such as the Rental Warrant of Fitness and World Health
Organization housing and health recommendations.

Addressing the interplay between
housing and socioeconomic factors

(3) Provide support for vulnerable populations to prevent heating/cooling poverty, including initiatives
like the Healthy Homes initiative, and (4) the expansion of grants from the Energy Efficiency and
Conservation Authority or the Ministry for Business, Innovation and Employment. (5) Enhance safety
in neighbourhoods and buildings through improved security features, facilitating natural ventilation.

h. Promote local action: heat adaptation measures that can be implemented by local or regional governments

Navigating the intersection of housing
and urban planning in
local neighbourhoods

(1) Mitigate the urban heat island effect by incorporating strategic tree provision, recognising the
necessary time for trees to mature, especially in new housing developments. (2) Enhance access to
green and blue spaces, addressing disparities in tree canopy coverage. (3) Install drinking water
fountains in schools, playgrounds, and other public areas. (4) Implement shading in parks and
playgrounds to create comfortable outdoor spaces. (5) Strengthen the resilience of the water supply and
critical infrastructure to manage increased demand during heat waves. (6) Provide shade and shelter in
transportation settings. (7) Establish cooling centres, utilizing recreation facilities and other public
spaces like shopping malls, and promote active health opportunities, such as swimming and
indoor sports.

Promoting green and natural
infrastructure

(8) Implement nature-based greening and water solutions to promote sustainable and environmentally
friendly practices.

i. Promote a multisectoral national response plan

Developing a Health National
Adaptation Plan with a focus on children

and other vulnerable populations

(1) Provide effective co-ordination mechanisms to protect human health from excess heat. (2) Provide
effective polices for coping with excess heat. (3) Provide early warning and notification systems.
(4) Ensure a primary healthcare approach to protecting children and other vulnerable populations from
heat stress. (5) Adapt built environments for the long term (see g.1 to g.5 and h.1 to h.3).

Conducting comprehensive research
and evaluation

(6) Draw insights from adaptation examples in countries with extensive experience in managing heat
health, such as Australia. (7) Foster connections and effective communication channels for
disseminating heat-related research to the appropriate end users. (8) Evaluate the return on investment
of implemented policies to better understand their effectiveness and impact.

5. Conclusions

Our findings demonstrate significant short-term associations between local ambi-
ent temperatures and childhood hospital admissions in Aotearoa New Zealand. The
temperature–response curve shows that child morbidity is sensitive to daily temperature,
especially among socioeconomically disadvantaged and vulnerable ethnic groups such as
Māori, Pacific, and Asian children. This heat sensitivity varies by individual- and area-level
factors, indicating the importance of tailored interventions. Climate change policies should
follow a “Health in All Policies” approach, encompassing the health sector, public health,
and community health approaches that connect with wider determinants of health.
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