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IMPORTANCE Few studies have projected future suicide burden associated with daily
temperatures in a warming climate.

OBJECTIVES To assess the burden of suicide death associated with daily nonoptimal
temperature and to project the change of suicide burden associated with nonoptimal
temperature in different regions and seasons under various climate change scenarios.

DESIGN, SETTING, AND PARTICIPANTS Between January 1, 2013, and December 31, 2019,
we conducted a time-stratified, case-control study among more than 430 000 individual
suicide decedents from all counties in mainland China.

EXPOSURES Daily meteorological data were obtained from the European Centre for
Medium-Range Weather Forecasts Reanalysis Fifth Generation (ERA5) reanalysis product.
Historical and future temperature series were projected under 3 scenarios of greenhouse-gas
emissions from 1980 to 2099, with 10 general circulation models.

MAIN OUTCOMES AND MEASURES The relative risk (RR) and burden of suicide death
associated with nonoptimal temperature (ie, temperatures greater than or less than
minimum-mortality temperature); the change of suicide burden associated with future
climate warming in different regions and seasons under various climate change scenarios.

RESULTS Of 432 008 individuals (mean [SD] age; 57.6 [19.0] years; 253 093 male [58.6%])
who died by suicide, 85.8% (370 577) had a middle school education or less. The
temperature-suicide associations were approximately linear, with increasing death risks at
higher temperatures. The excess risk was more prominent among older adults (ie, =75 years;
RR, 1.71; 95% Cl, 1.46-1.99) and those with low education level (ie, middle school education
or less; RR, 1.46; 95% Cl, 1.36-1.57). There were 15.2% suicide deaths (95% estimated Cl [eCl],
14.6%-15.6%) associated with nonoptimal temperature nationally. Consistent and drastic
increases in excess suicide deaths over this century were predicted under the high-emission
scenario, whereas a leveling-off trend after the mid-21st century was predicted under the
medium- and low-emission scenarios. Nationally, compared with the historical period
(1980-2009), excess suicide deaths were predicted to increase by 8.3% to 11.4% in the
2050s and 8.5% to 21.7% in the 2090s under the 3 scenarios. The projected percentage
increments of excess suicide deaths were predicted to be greater in the South (55.0%; 95%
eCl, 30.5%-85.6%) and in winter (54.5%; 95% eCl, 30.4%-77.0%) in the 2090s under the
high-emission scenario.

CONCLUSIONS AND RELEVANCE Findings of this nationwide case-control study suggest that
higher temperature may be associated with the risk and burden of suicide death in China.
These findings highlight the importance of implementing effective climate policies to reduce
greenhouse gas emissions and tailoring public health policies to adapt to global warming.
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limate change is a growing global crisis that is already

massive in scale and will continue to grow with

inaction.' A number of studies have well-documented
various physical health risks associated with nonoptimum am-
bient temperature and climate change.? Climate warming can
also exacerbate many social and environmental risk factors
for mental health and psychosocial well-being, which may con-
tribute to emotional distress, the development of new men-
tal disorders, and a worsening situation for people already liv-
ing with these illnesses.*> However, these adverse effects have
received far less attention than those on physical health. Be-
cause mental disorders are a major contributor to the global
burden of disease and disability, it is of great significance to
explore the impact of nonoptimum temperature on mental
health under climate warming.®

As the severest form of mental disorders, suicide is recog-
nized as a critical public health problem worldwide.”® Accord-
ing to the Global Burden of Disease Study,® more than 0.7 mil-
lion people died from suicide in 2019, and 77% of suicides
occurred in low- and middle-income countries. Higher tem-
perature has been recently identified to be a risk factor of
suicide.'°> However, most evidence was derived from ecologi-
cal time-series or case-control studies that used aggregate data
of suicide,'®'® making it difficult to control for individual-
level confounding factors. Although 2 case-control studies®®-2!
had evaluated the association between ambient temperature
and suicide at the individual level, they were conducted at a
single center with a very small sample size, consequently at-
tenuating the generalizability and robustness of the results.

Furthermore, quantifying the burden of suicide associated
with nonoptimum temperature and projecting the magnitude
and patterns of change in suicide burden under climate warm-
ing are essential for public policy formulation to prevent suicide.
A previous study has projected that unmitigated climate change
would lead to a combined 9000 to 40 000 additional suicides
across the US and Mexico by 2050.%% Another US study found
that warming of 1 to 6 °C would result in an annual increase of
28310 1660 additional suicide cases, corresponding to a popu-
lation attributable fraction of 0.7% to 4.1%.%* However, these pro-
jection studies were conducted at the monthly level and used
a uniform relative risk (RR) per unit temperature increase. In
addition, the magnitude of climate warming could vary consid-
erably by season, and the effect of seasonal heterogeneity on
changes in suicide burden remains unknown.

Using a national death registry of China, we conducted this
individual-level, case-control study to assess the burden of sui-
cide death associated with daily nonoptimum temperature. Po-
tential outcome modifications by sex, age, and education level
were also assessed. We further projected the change of suicide
death burden associated with nonoptimum temperature in dif-
ferent regions and seasons under various climate scenarios.

Methods

Historical Death and Temperature Data
The detailed descriptions on the overall study design were pro-
vided in eMethods 1 in Supplement 1. The institutional re-
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Key Points

Question How is nonoptimum temperature associated with
suicide death in a warming climate?

Findings In this case-control study of 432 008 of individuals, the
temperature-suicide associations were found to be approximately
linear, with increasing death risks associated with higher
temperature, and 15.2% of suicide deaths were associated with
nonoptimal temperature nationally. It is projected that there will
be consistent and drastic increases in excess suicide deaths over
this century under the high-emission scenario.

Meaning Results of this nationwide case-control study suggest
that higher temperature may be associated with an increase

in the risk and burden of suicide death; further, results suggest
a comprehensive picture of the suicide death burden under
climate warming in China.

view board at the School of Public Health, Fudan University,
deemed the study exempt from review and waived the re-
quirement for informed consent because the study involved
analysis of deidentified data. We obtained individual records
of suicide deaths from the China Cause of Death Reporting
System,?* which is the most representative national death reg-
istry in China. It collects the causes of deaths and the socio-
demographic information for all decedents occurring in the
whole of mainland China that covers 2844 county-level ad-
ministrative units.

For this study, we extracted anonymous individual rec-
ords for all suicide deaths from the China Cause of Death Re-
porting System between January 1, 2013, and December 31,
2019. Deaths from suicide were defined as those having an un-
derlying cause named intentional self-harm, which was coded
by the International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision codes X60-X84.9,
Y10-Y10.3, and Y87.0. Information on the date of death, de-
mographics (ie, sex, age, and education level), and geocoded
residential address was also obtained. This study followed
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guidelines.

The meteorological data (ie, temperature, relative humid-
ity, precipitation, cloud cover, wind speed) were obtained from
the European Centre for Medium-Range Weather Forecasts
Reanalysis Fifth Generation (ERA5) reanalysis product with
0.1° x 0.1° spatial and hourly temporal resolutions.?> The
hourly meteorological data were extracted from the nearest
grid cell in the ERAS5 data set, and for each grid cell, the mean
of all 24-hour estimates over the day was calculated as the
daily mean meteorological data.

Projected Temperature Data

We obtained daily mean temperature series projected by
10 general circulation models (GCMs) for the period 1980 to
2099 from the National Aeronautics and Space Administra-
tion Earth Exchange Global Daily Downscaled Projections
data set (eTable 1in Supplement 1). We selected 3 shared so-
cioeconomic pathway (SSP) scenarios of SSP126, SSP145, and
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SSP585.2° The detailed information on the climate change sce-
narios is provided in eMethods 2 in Supplement 1. We ex-
tracted simulated daily temperature series for each county
by associating the coordinates with the corresponding cells of
the grid. The resulting series was then calibrated with the ERA5
data using the bias-correction method developed within the
Inter-Sectoral Impact Model Intercomparison Project.?”

Statistical Analysis

Estimation of the Temperature-Suicide Association

The association between daily temperature and suicide death
at the national level and regional level (eFigure 1 in Supple-
ment 1) was estimated by an individual-level, time-stratified,
case-control approach.?® The detailed descriptions on the ap-
proach were provided in eMethods 3 in Supplement 1. We trun-
cated the temperature distribution from the 1st to the 99th per-
centiles at the national or regional level to reduce the statistical
uncertainty at temperature extremes.

We applied conditional logistic regression models to ana-
lyze the data. To explore possible nonlinear and lagged asso-
ciation with temperature, we incorporated a distributed lagged
nonlinear model (DLNM) into the conditional logistic regres-
sion model.?® Specifically, we introduced a cross-basis func-
tion of daily temperature built by the DLNM, which includes
a quadratic B spline with 3 internal knots placed at the 10th,
75th, and 90th centiles of national or region-specific daily tem-
perature distributions. We explored the lag response curves with
a natural cubic B spline with an intercept and 3 internal knots
placed at equally spaced values in the log scale, with a maxi-
mum lag up to 10 days (ie, from O- to 9-day lag).2°! In addi-
tion, our main model included natural cubic B splines with 3 de-
grees of freedom of relative humidity, precipitation, cloud cover,
wind speed, and a categorical variable of the holiday to control
for their potential confounding effects.?®->2 We estimated the
cumulative RR in subsequent analyses over a duration of lag days
until the RR approached 1.0. To better interpret the RR associ-
ated with nonoptimum temperature, we chose a reference tem-
perature that corresponds to the lowest risk (ie, minimum-
mortality temperature) in the exposure-response curve and
reported the RRs of suicide death and their 95% CI at the ex-
tremely high temperature (the 99th percentile) compared with
thereference temperature. To facilitate the comparison with pre-
vious findings, we additionally provided the percentage change
in death risk of suicide per 1 °C increase within the range be-
tween the extreme high temperature and the reference tem-
perature at both national and regional levels, under a linear as-
sociation assumption. To explore potential effect modifications,
we further performed stratified analyses at the national level
by age (<64, 65-74, and >75 years), sex (male vs female), and edu-
cation level (middle school or less vs high school or more).

Fractions of Suicide Death Associated With

Nonoptimum Temperature

We quantified the burden of suicide death associated with non-
optimum temperature using the backward method proposed
by a previous study.?? This method could provide more accu-
rate estimates of disease burden by accounting for the poten-
tially complex lag patterns in the temperature-associated
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risks.32-33 We calculated the attributable fraction (AF) at the
national level and regional level. We calculated the empirical
CIs (eCIs) of AF through Monte Carlo simulations.?3:3** The
detailed calculation procedures can be found in eMethods 4
in Supplement 1.

Projections of Suicide Burden Associated With

Future Climate Warming

We projected suicide death burden associated with climate
warming using the modeled daily series of temperature un-
der the assumption of no adaptation or population changes.>®
Briefly, for each county, we first used corresponding exposure-
response association curves for specific regions to obtain
the overall cumulative risks associated with each day’s mean
temperature relative to the referent temperature, and we then
computed the excess deaths associated with the present-day
nonoptimum temperature in the following lag days. After-
ward, we summed the excess suicide deaths associated with
daily nonoptimum temperature in each county.

We calculated the excess deaths separately for each county
and for each combination of GCMs and SSPs. We then com-
puted the excess deaths as GCM-ensemble averages by county,
decade, and SSP. We aggregated the county-specific excess sui-
cide deaths to derive the regional and national projections. We
used Monte Carlo simulations to obtain 95% eCls, so as to quan-
tify the uncertainty in both the estimation of the exposure-
lag-response associations and climate projections across GCMs.
Then, we calculated the differences of projected excess sui-
cide deaths in each decade of the scenario period (the 2010s,
2020s, through to the 2090s) compared with those in the
historical period (ie, the mean of excess suicide deaths in each
decade between 1980 and 2009). Finally, we assessed the bur-
den of suicide death associated with future climate warming
as the percentage change from the historical period.

We also calculated the AF of suicide death associated with
nonoptimum temperature at the county, regional, and na-
tional levels. Finally, we calculated the differences of AFs
in each decade of the scenario period compared with those
in the historical period. Detailed descriptions can be found in
eMethods 5 in Supplement 1.

All statistical analyses were performed using R software,
version 3.6.1 (R Project for Statistical Computing) with the dlnm
and survival packages. All analyses were 2-sided with an
alpha of .05. The cutoff for statistical significance was P < .05.

. |
Results

Descriptive Data

We evaluated a total of 432 008 individuals who died by sui-
cide (mean [SD] age; 57.6 [19.0] years; 253 093 male [58.6%];
178 915 female [41.4%]), of whom 85.8% (370 577) had amiddle
school education orless (eTable 2 in Supplement 1). The mean
(SD) annual temperature at all locations of deaths was 13.6 (11.2)
°Cwith the lowest in the Northeast (6.2 [14.1] °C) and the high-
estin the South (21.6 [6.1] °C). Nationally, the daily mean tem-
perature ranged from -17.4 °C (the 1st percentile) to 30.9 °C
(the 99th percentile).
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Spatiotemporal Trend in Projected

Annual Mean Temperatures

eFigure 2 in Supplement 1 shows consistently increasing trends
of projected annual-mean temperatures relative to the his-
torical period under various climate change scenarios, but the
magnitude of increases differs by region with larger incre-
ments in the Northeast, Northwest, and North. Future cli-
mate warming was more prominent in the SSP585 scenario (in-
crease of 5.5 °C by the 2090s) than in the SSP245 scenario
(3.0 °C) and the SSP126 scenario (2.0 °C) nationally (eTable 3
in Supplement 1). The differences of projected temperatures
among the 3 scenarios become more apparent after the 2050s
(eTable 3 in Supplement 1).

Temperature-Suicide Association and the Burden

Due to Nonoptimum Temperature

Figure 1depicts the lag pattern for the RRs of suicide death as-
sociated with extreme high temperatures at the national and re-
gional levels. The pattern is similar for various regions of China.
Specifically, the RR was strongest on the present day (ie, the day
of exposure to nonoptimum temperature [lag day 0]), attenu-
ated drastically until lag day 3, and became nonsignificant there-
after. Accordingly, we derived the association between tem-
perature and suicide death cumulated over lag O to lag day 3
in subsequent analyses and used this cumulative lagin disease
burden assessment.

As shown in Figure 2, the shape of the exposure-
response curves were largely similar across different regions.
They were approximately linear, with increasing risks for higher
temperature. For all regions, the minimum-mortality tem-
peratures were around the extreme low temperature (the 1st
percentile), which were thus used as the reference tempera-
tures in subsequent analyses.

The Table presents the RRs and the AFs of suicide death
associated with nonoptimum temperature at both national and
regional levels. The nationwide RR comparing the extreme high
temperature (30.9 °C) to the minimum-mortality tempera-
ture (-17.4 °C) was 1.44 (95% CI, 1.34-1.54). This indicates that
aper 1°Cincrease in daily temperature was associated with a
0.91% increase in risk of suicide death under a linear associa-
tion assumption. The RRs in the Northeast, Northwest, South-
west, North, and South were higher than the national esti-
mate. In total, there were 15.2% (95% eClI, 14.6%-15.6%) of
suicide deaths attributable to nonoptimum temperature
nationally, with higher AF in the East and the Southwest than
the national estimate.

Figure 3 demonstrates the results of stratified analyses by
age, sex, and education level. The RRs associated with ex-
treme high temperature were considerably higher for dece-
dents 75 years or older (RR, 1.71; 95% CI, 1.46-1.99) and those
with lower education level (RR, 1.46; 95% CI, 1.36-1.57). Male
decedents showed slightly larger RR than female decedents
(RR, 1.47; 95% CI, 1.35-1.60 vs RR, 1.39; 95% CI, 1.25-1.55).

Suicide Death Burden and Future Climate Warming

Figure 4 shows increases in future suicide deaths associated with
nonoptimum temperature relative to the historical period at
national and regional levels under 3 climate scenarios. Specifi-
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cally, there was a consistent and drastic increase over this cen-
tury under the SSP585 scenario, whereas there was a leveling-
off trend after the middle of the century under the SSP126 and
SSP245 scenarios. Nationally, compared with the historical pe-
riod, excess suicide deaths will increase by 2.3% to 2.6% in the
2010s, 8.3%t011.4%in the 2050s, and 8.5% to 21.7% in the 2090s
under the 3 scenarios (eTable 4 in Supplement 1). It is notewor-
thy that the model projected 21.7% more suicide deaths due to
climate warming at the end of the 21st century under the high-
emission scenario relative to the historical period. In the 2090s,
the number of excess suicide deaths will increase by 9429 (95%
eClI, 4453-15 697) under SSP126, 13 731 (95% eCl, 7501-21 160) un-
der SSP245, and 24 214 (95% eClI, 12 859-36 302) under SSP585
(eTable 5 in Supplement 1). eFigure 3 in Supplement 1 depicts
the decadal differences in the predicted fractions of suicide
deaths associated with nonoptimum temperature compared
with the historical period. Nationally, the AF will increase by 0.5%
inthe 2010s,1.6% to 2.3% in the 2050s, and 1.6% to 4.4% in the
2090s under the 3 scenarios (eTable 6 in Supplement 1).

The magnitude of projected increases in excess suicide
deaths differs by region. The percentage increases will be
greater in the South (55.0%; 95% eClI, 30.5%-85.6% during the
2090s under SSP585) than those in other regions (Figure 4;
eFigure 4 and eTable 4 in Supplement 1). The season-specific
projections revealed that the percentage increment in excess
suicide deaths will be the highest in winter in the 2090s un-
der the high-emission scenario (54.5%; 95% eClI, 30.4%-
77.0%) (eFigure 5, eTable 7, and eTable 8 in Supplement 1). Na-
tionally, the decade average number of excess suicide deaths
associated with nonoptimum temperatures was significantly
lower in winter (13 639) than in other seasons (spring, 28 476;
autumn, 28 960; summer, 40 176) during the historical pe-
riod. Compared with the historical period, excess suicide deaths
were predicted to increase by 54.5% in winter, 22.1% in au-
tumn, 19.3% in spring, and 11.9% in summer in the 2090s
under SSP585 nationally (eTable 7 in Supplement 1).

|
Discussion

In this national individual-level, case-control study, we ob-
served significant and approximately linear associations be-
tween daily mean temperature and suicide deaths, with in-
creasing risks with higher temperature. The excess associated
risk was more prominent among older adults and those with low
education level. We further assessed the burden of suicide death
associated with nonoptimum temperature, taking into consid-
eration the spatial heterogeneity and the slightly nonlinear
temperature-suicide association. We projected that the excess
suicide deaths will increase with the warming climate, charac-
terized by a consistent and drastic increase over this century un-
der the high-emission scenario. The percentage increments of
excess suicide deaths will be greater in the South and in win-
ter. This nationwide study used a solid data set from the most
representative death registry of China and an individual-level,
time-stratified, case-control approach to analyze the associa-
tion between daily temperature and suicide death, thereby
ensuring the representativeness of our results.
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Figure 1. Lag-Response Curves for the Relative Risk of Suicide Deaths Comparing Extreme High Temperatures (the 99th Percentile)
to the Minimum-Mortality Temperatures (the First Percentile) in Different Regions of China
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Figure 2. Exposure-Response Curves for the Association Between Daily Temperature and Suicide Deaths

in Different Regions of China
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Table. Relative Risk and Attributable Fraction of Suicide Deaths Associated With Nonoptimum Temperature
Over a O- to 3-Day Lag, Classified by Region

Mean (95% Cl)

Percentage changes

Region Relative risk® per 1 °C increase® Attributable fractions, % a The relative risk of suicide death

Nationwide 1.44 (1.34-1.54) 0.91(0.70-1.12) 15.2 (14.6-15.6) associated with extreme high

East 1.42(1.29-1.57) 1.23(0.85-1.67) 17.8 (17.5-18.0) temperature compared with the

Center 1.30 (1.18-1.45) 0.87 (0.52-1.31) 12.3(11.8-12.7) lowest-mortality temperature.

South 1.47 (1.20-1.79) 1.93(0.82-3.24) 15.1 (14.0-16.0) ®The percentage change in death risk
of suicide per 1°Cincrease was

Southwest 1.52 (1.32-1.74) 1.15 (0.71-1.64) 16.0 (15.5-16.2) calculated under a linear

North 1.45 (1.12-1.87) 0.94 (0.25-1.81) 14.4 (13.4-14.8) assumption within the range

Northeast 1.58 (1.24-2.00) 1.13(0.47-1.94) 15.1(13.9-15.8) between the extreme high

Northwest 1.57 (1.19-2.09) 1.19(0.40-2.29) 11.5(10.2-12.2) temperature and the

lowest-mortality temperature.

Figure 3. National Cumulative Relative Risk (RR), Mean, and 95% Cl of Suicide Deaths Associated
With Extreme High Temperature Over a O- to 3-day Lag, Stratified by Age, Sex, and Education

Lowest- | Extreme
mortality : high

Subgroup No. (%) RR (95% CI) temperature : temperature
Overall 432008 (100) 1.44(1.34-1.54) g
Age,y

<65 260979 (60.4) 1.43(1.31-1.55) —

265 to <74 88513(20.5) 1.27(1.09-1.48) —_—

275 91540 (21.2) 1.71(1.46-1.99) —_—
Sex

Male 253093 (58.6) 1.47 (1.35-1.60) —

Female 178915 (41.4) 1.39(1.25-1.55) —
Education

<Middle school 370577 (85.8) 1.46 (1.36-1.57) —

>High school 57933(13.4) 1.28(1.08-1.52) I ——

0.8 09 1 1.‘25 115 1.‘75 2

RR (95% CI)

Our results suggest that higher temperature was associ- lems and lead to suicide attempts through several pathways.
ated with an increased risk of suicide death with an approxi- One possible biological pathway is the suppression of the neu-
mately linear relationship, which is consistent with previous rotransmitter 5-hydroxytryptamine release by high tempera-
studies.'®1718:22 For example, a multicountry analysis indi-  tures, which may trigger impulsive, aggressive, and suicidal
cated that higher ambient temperature was associated within-  behaviors.>® Another potential etiological mechanism is the
creased risks of suicide death, with the country-specific RRs  disrupted sleep or daytime discomfort during periods of high
ranging from 1.31in the US to 1.61in South Korea,'° whichiscom-  ambient temperatures,”*® which may result in hopelessness,
parable to our estimate (RR = 1.44). We observed that therisk maladaptive anxiety, stress, and other poor mental health
was the strongest on the present day, which suggested the ne-  conditions.***! In addition to the excess risks associated with
cessity of prompt precaution of suicide risk when encounter-  higher temperature, climate warming could also lead to more
ing extremely hot days or heat waves. Furthermore, for the first  frequent and intense extreme events, such as elevated sea
time to our knowledge, we estimated a considerable propor-  levels, intensified and prolonged droughts, floods, and wildfire
tion (15.2%) of suicide death that could be associated withnon-  seasons.*? These consequences will change agricultural practices
optimum temperature, which could contribute to the develop-  and natural landscapes, destroy food and water resources, erode
ment of public policies for suicide prevention. We found that  infrastructure, exacerbate financial and relational stress, increase
nonoptimum temperature was associated with greaterrisksfor ~ violence and aggression, and displace entire communities,*>4*
older adults and those with lower education levels, whichmay  all of which will in turn increase the risks of suicide.’
be explained by the potential physical and socioeconomic vul- Although several epidemiological studies have docu-
nerability of these subgroups. This finding is important forthe = mented the increased risks of suicide associated with higher am-
development of evidence-based health protection planstoad-  bient temperature, few projection studies have estimated fu-
dress adverse mental health risks associated climate warming.  ture suicide burden in a warming climate. In contrast to the

The underlying mechanisms for the association between previous projection study based on the association between
higher temperature and suicide, albeit uncertain, are somewhat = monthly average temperature and monthly aggregate suicide
plausible. Heat may exacerbate preexisting mental health prob-  deaths,?? we made projections using the association between
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Figure 4. Projected Percentage Increments of Suicide Deaths Associated With Nonoptimum Temperatures Under Different Climate Scenarios
(Shared Socioeconomic Pathway [SSP1126, SSP245, and SSP585) Compared With the Historical Period (1980-2009), Classified By Region and Period
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daily mean temperature and suicide death from an individual-
level, case-control analysis. Unlike the previous studies using
a uniform risk estimate per unit temperature increase for dif-
ferent temperature levels,??-2® we derived varying RRs at
different daily temperatures according to the specific referent
temperatures. These analysis methods could improve the ac-
curacy of our projections on suicide burden. Our study find-
ings suggest that future climate warming may further aggra-
vate the burden of suicide, especially when no adequate climate
policies are adopted. These results also highlight the necessity
of implementation of effective climate policies in mitigating
global warming and the associated public health challenges.
Another contribution of the present study is that we found
significant spatial and seasonal heterogeneity in future suicide
burden change under climate warming. We projected that the per-
centage increases will be greater in the South than those in other
regions. This kind of spatial differences could be attributed to the
regional differences in baseline temperature-suicide associations
and magnitude of future warming. The spatial heterogeneity is
also influenced by local factors, including socioeconomic char-
acteristics, population vulnerability, and climate features.*>4®
Meanwhile, climate warming will amplify regional differences
in temperature and climate conditions, which will eventually re-
sult in larger spatial heterogeneity.*” We found that winter will
experience the largest percentage increments in excess suicide
deaths. This finding could be interpreted by the following pos-
sible reasons. First, there are significantly fewer excess suicide
deaths associated with nonoptimum temperature in winter (de-
cade average: 13 639) than in other seasons (spring: 28 476; fall:
28 960; summer: 40 176) during the historical period. Second,
people in winter tend to be more sensitive to abnormal tempera-
ture increases because of the weakened ability of heat adapta-
tion in this season.'* Third, future warming is likely to be more
prominent in winter than in the other seasons.*®4° Therefore,
our results support more tailored strategies according to differ-

Assessing the Burden of Suicide Death Associated With Nonoptimum Temperature in a Changing Climate

ent locations and seasons to reduce the mental disease burden
associated with climate change.

Limitations

The limitations of our study should be acknowledged. First,
although our study covers all areas in mainland China, the re-
sults may not be easily generalizable to other countries with
different socioeconomic characteristics. Second, exposure
errors are inevitable as we could only measure ambient but
not personal temperature levels. Third, our projections of fu-
ture suicide death burden are virtually based on the current
socioeconomic conditions, population structure, and level of
vulnerability.>%->! Future work should take into account these
population differences and the effects of demographic change,
urbanization patterns, and population migration/dynamics on
mental health risks from climate change. We were not able to
explore the possible mediation roles of other types of ex-
treme weather events (floods, droughts, etc) in the observed
association of temperature increase with suicide death due to
the lack of data.

. |
Conclusions

Results of this nationwide, individual-level, case-control study
suggest that higher temperature could increase the risk and
burden of suicide death. Findings further suggest that cli-
mate warming may lead to significant increases in future bur-
den of suicide death associated with nonoptimum tempera-
ture, especially in the high-emission scenario. In addition, our
study reveals significant spatial and seasonal heterogeneity in
future suicide burden under climate warming with the most
prominent percentage increments in the South and in winter.
Overall, this study could contribute ample and reliable scien-
tific knowledge to the broad field of climate and mental health.

ARTICLE INFORMATION
Accepted for Publication: January 11, 2023.

Published Online: March 29, 2023.
doi:10.1001/jamapsychiatry.2023.0301

Author Affiliations: National Center for Chronic

Noncommunicable Disease Control and Prevention,

Chinese Center for Disease Control and Prevention,
Beijing, China (Y. Zhou, Yin, Liu, M. Zhou);
Department of Biostatistics, School of Public
Health, Cheeloo College of Medicine, Shandong
University, Jinan, China (Y. Zhou); Department of
Environmental Health, School of Public Health,
Key Lab of Public Health Safety of the Ministry of
Education, NHC Key Lab of Health Technology
Assessment, Integrated Research on Disaster Risk
International Center of Excellence on Risk
Interconnectivity and Governance on Weather/
Climate Extremes Impact and Public Health, Fudan
University, Shanghai, China (Gao, He, Kan, Chen).

Author Contributions: Drs Chen and M. Zhou had
full access to all of the data in the study and take
responsibility for the integrity of the data and

the accuracy of the data analysis. Ms Y. Zhou

and Mr Gao contributed equally to this work.
Concept and design: He, Kan, M. Zhou, Chen.

JAMA Psychiatry May 2023 Volume 80, Number 5

Acquisition, analysis, or interpretation of data:
Y. Zhou, Gao, Yin, He, Liu, Chen.

Drafting of the manuscript: Y. Zhou, Gao, Kan.
Critical revision of the manuscript for important
intellectual content: Yin, He, Liu, M. Zhou, Chen.
Statistical analysis: Y. Zhou, Gao, Yin, He, Liu.
Obtained funding: Chen.

Administrative, technical, or material support:

Y. Zhou, Gao, Yin, He, Kan, M. Zhou.
Supervision: He, Kan, M. Zhou, Chen.

Conflict of Interest Disclosures: None reported.

Funding/Support: This research was supported
by grant 2022YFC3702701 from the National Key
Research and Development Program, grant
21TQO15 from the Shanghai Municipal Science and
Technology Commission, and grant 21230780200
from Shanghai International Science and
Technology Partnership Project.

Role of the Funder/Sponsor: The funders had no
role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review,

or approval of the manuscript; and decision to
submit the manuscript for publication.

Data Sharing Statement: See Supplement 2.

Additional Contributions: We thank the entire
staff at the 31 provincial Centers for Disease
Control and Prevention (CDC), and all other
local CDCs in Disease Surveillance Point Systems
for assisting with data collection, cleaning, and
management. No one received financial
compensation for this contribution.

REFERENCES:

1. Romanello M, McGushin A, Di Napoli C, et al.
The 2021 report of the Lancet Countdown on
health and climate change: code red for a healthy
future. Lancet. 2021;398(10311):1619-1662.
doi:10.1016/50140-6736(21)01787-6

2. EbiKL, Capon A, Berry P, et al. Hot weather
and heat extremes: health risks. Lancet. 2021;398
(10301):698-708. doi:10.1016/S0140-6736/(21)
01208-3

3. Patz JA, Frumkin H, Holloway T, Vimont DJ,
Haines A. Climate change: challenges and
opportunities for global health. JAMA. 2014;312(15):
1565-1580. doi:10.1001/jama.2014.13186

4. Cianconi P, Betro S, Janiri L. The impact of
climate change on mental health: a systematic
descriptive review. Front Psychiatry. 2020;11:74.
doi:10.3389/fpsyt.2020.00074

jamapsychiatry.com

© 2023 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Chinese Center for Disease Control and Prevention, Yuchang Zhou on 01/07/2026


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2023.0301?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2023.0301
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2023.0301?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2023.0301
https://dx.doi.org/10.1016/S0140-6736(21)01787-6
https://dx.doi.org/10.1016/S0140-6736(21)01208-3
https://dx.doi.org/10.1016/S0140-6736(21)01208-3
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2014.13186?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2023.0301
https://dx.doi.org/10.3389/fpsyt.2020.00074
http://www.jamapsychiatry.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2023.0301

Assessing the Burden of Suicide Death Associated With Nonoptimum Temperature in a Changing Climate

5. Hwong AR, Wang M, Khan H, et al. Climate
change and mental health research methods, gaps,
and priorities: a scoping review. Lancet Planet Health.
2022;6(3):e281-e291. doi:10.1016/52542-5196/(22)
00012-2

6. GBD 2019 Mental Disorders Collaborators.
Global, regional, and national burden of 12 mental
disorders in 204 countries and territories,
1990-2019: a systematic analysis for the Global
Burden of Disease Study 2019. Lancet Psychiatry.
2022;9(2):137-150. doi:10.1016/52215-0366(21)
00395-3

7. GBD 2019 Diseases and Injuries Collaborators.
Global burden of 369 diseases and injuries in 204
countries and territories, 1990-2019: a systematic
analysis for the Global Burden of Disease Study
2019. Lancet. 2020;396(10258):1204-1222.
doi:10.1016/50140-6736(20)30925-9

8. Naghavi M; Global Burden of Disease Self-Harm
Collaborators. Global, regional, and national burden
of suicide mortality 1990 to 2016: systematic
analysis for the Global Burden of Disease Study
2016. BMJ. 2019;364:194. doi:10.1136/bmj.1I94

9. World Health Organization. Suicide Worldwide
in 2019: Global Health Estimates. World Health
Organization; 2021.

10. Mullins JT, White C. Temperature and mental
health: Evidence from the spectrum of mental
health outcomes. J Health Econ. 2019;68:102240.
doi:10.1016/j.jhealeco.2019.102240

11. Thompson R, Hornigold R, Page L, Waite T.
Associations between high ambient temperatures
and heat waves with mental health outcomes:

a systematic review. Public Health. 2018;161:
171-191. doi:10.1016/j.puhe.2018.06.008

12. Gao J, Cheng Q, Duan J, et al. Ambient
temperature, sunlight duration, and suicide:

a systematic review and meta-analysis. Sci Total
Environ. 2019;646:1021-1029. doi:10.1016/j.scitotenv.
2018.07.098

13. Cheng§S, Plouffe R, Nanos SM, Qamar M,
Fisman DN, Soucy JR. The effect of average
temperature on suicide rates in 5 urban California
counties, 1999-2019: an ecological time series
analysis. BVIC Public Health. 2021;21(1):974.
doi:10.1186/512889-021-11001-6

14. Sim K, Kim'Y, Hashizume M, et al. Nonlinear
temperature-suicide association in Japan from 1972
to 2015: its heterogeneity and the role of climate,
demographic, and socioeconomic factors. Environ
Int. 2020;142:105829. doi:10.1016/j.envint.2020.
105829

15. Luan G, Yin P, Wang L, Zhou M. Associations
between ambient high temperatures and suicide
mortality: a multicity time-series study in China.
Environ Sci Pollut Res Int. 2019;26(20):20377-20385.
doi:10.1007/s11356-019-05252-5

16. Page LA, Hajat S, Kovats RS. Relationship
between daily suicide counts and temperature in
England and Wales. Br J Psychiatry. 2007;191:106-
112. doi:10.1192/bjp.bp.106.031948

17. KimY, Kim H, Kim DS. Association between
daily environmental temperature and suicide
mortality in Korea (2001-2005). Psychiatry Res.
2011;186(2-3):390-396. doi:10.1016/j.psychres.2010.
08.006

18. KimY, Kim H, HondaYY, et al. Suicide and
ambient temperature in East Asian countries:

a time-stratified case-crossover analysis. Environ
Health Perspect. 2016;124(1):75-80. doi:10.1289/
ehp.1409392

19. Kim'Y, Kim H, Gasparrini A, et al. Suicide and
ambient temperature: a multicountry multicity

jamapsychiatry.com

study. Environ Health Perspect. 2019;127(11):117007.
doi:10.1289/EHP4898

20. Casas L, Cox B, Nemery B, Deboosere P,
Nawrot TS. High temperatures trigger suicide
mortality in Brussels, Belgium: a case-crossover
study (2002-2011). Environ Res. 2022;207:112159.
doi:10.1016/j.envres.2021.112159

21. Yarza S, Vodonos A, Hassan L, Shalev H, Novack
V, Novack L. Suicide behavior and meteorological
characteristics in hot and arid climate. Environ Res.
2020;184:109314. doi:10.1016/j.envres.2020.109314

22. Burke M, Gonzélez F, Baylis P, et al. Higher
temperatures increase suicide rates in the US and
Mexico. Nat Clim Chang. 2018;8(8):723-729.
doi:10.1038/s41558-018-0222-x

23. Belova A, Gould CA, Munson K, et al. Projecting
the suicide burden of climate change in the US.
Geohealth. 2022;6(5): e2021GHO00580.

24. Zeng X, Adair T, Wang L, et al. Measuring the
completeness of death registration in 2844 Chinese
counties in 2018. BMC Med. 2020;18(1):176.
doi:10.1186/512916-020-01632-8

25. Mufioz-Sabater J, Dutra E, Agusti-Panareda A,
et al. ERA5-Land: a state-of-the-art global
reanalysis dataset for land applications. Earth Syst
Sci Data. 2021;13(9):4349-4383. doi:10.5194/essd-
13-4349-2021

26. Thrasher B, Wang W, Michaelis A, Melton F,
Lee T, Nemani R. NASA global daily downscaled
projections, CMIP6. Sci Data. 2022;9(1):262.
doi:10.1038/s41597-022-01393-4

27. Hempel S, Frieler K, Warszawski L, Schewe J,
Piontek F. A trend-preserving bias correction—the
ISI-MIP approach. Earth Syst Dyn. 2013;4(2):219-236.
doi:10.5194/esd-4-219-2013

28. ChenJ, GaoY, JiangYV, et al. Low ambient
temperature and temperature drop between
neighbouring days and acute aortic dissection:
a case-crossover study. Eur Heart J. 2022;43(3):
228-235. doi:10.1093/eurheartj/ehab803

29. Gasparrini A. Modeling exposure-lag-response
associations with distributed lag nonlinear models.
Stat Med. 2014;33(5):881-899. doi:10.1002/sim.5963

30. ChenR, Yin P, WangL, et al. Association
between ambient temperature and mortality risk
and burden: time series study in 272 main Chinese
cities. BMJ. 2018;363:k4306. doi:10.1136/bmj.k4306

31. Guo'Y, Gasparrini A, Armstrong BG, et al.
Heat wave and mortality: a multicountry,
multicommunity study. Environ Health Perspect.
2017;125(8):087006. doi:10.1289/EHP1026

32. JiangY, Hu J, Peng L, et al. Nonoptimum
temperature increases risk and burden of acute
myocardial infarction onset: A nationwide
case-crossover study at hourly level in 324 Chinese
cities. EClinicalMedicine. 2022;50:101501.
doi:10.1016/j.eclinm.2022.101501

33. Gasparrini A, Leone M. Attributable risk from
distributed lag models. BVIC Med Res Methodol.
2014;14:55. doi:10.1186/1471-2288-14-55

34. Faustini A, Davoli M. Attributable risk to assess
the health impact of air pollution: advances,
controversies, state of the art and future needs.
Int J Environ Res Public Health. 2020;17(12):4512.
doi:10.3390/ijerph17124512

35. Vicedo-Cabrera AM, Sera F, Gasparrini A.
Hands-on tutorial on a modeling framework for
projections of climate change impacts on health.
Epidemiology. 2019;30(3):321-329. doi:10.1097/EDE.
0000000000000982

36. Brewerton TD, Putnam KT, Lewine RRJ,
Risch SC. Seasonality of cerebrospinal fluid

Original Investigation Research

monoamine metabolite concentrations and their
associations with meteorological variables in
humans. J Psychiatr Res. 2018;99:76-82.
doi:10.1016/j.jpsychires.2018.01.004

37. Okamoto-Mizuno K, Mizuno K. Effects of
thermal environment on sleep and circadian
rhythm. J Physiol Anthropol. 2012;31(1):14.
doi:10.1186/1880-6805-31-14

38. Obradovich N, Migliorini R, Mednick SC,
Fowler JH. Nighttime temperature and human
sleep loss in a changing climate. Sci Adv. 2017;3(5):
€1601555. doi:10.1126/sciadv.1601555

39. Nori-Sarma A, SunS, Sun', et al. Association
between ambient heat and risk of emergency
department visits for mental health among US
adults, 2010 to 2019. JAMA Psychiatry. 2022;79(4):
341-349. doi:10.1001/jamapsychiatry.2021.4369

40. Liu J, Varghese BM, Hansen A, et al. Is there
an association between hot weather and poor
mental health outcomes? a systematic review
and meta-analysis. Environ Int. 2021;153:106533.
doi:10.1016/j.envint.2021.106533

41. Pigeon WR, Pinquart M, Conner K.
Meta-analysis of sleep disturbance and suicidal
thoughts and behaviors. J Clin Psychiatry. 2012;73
(9):e1160-e1167. doi:10.4088/JCP.11r07586

42. Watts N, Amann M, Arnell N, et al. The 2020
report of the Lancet countdown on health and
climate change: responding to converging crises.
Lancet. 2021;397(10269):129-170. doi:10.1016/
50140-6736(20)32290-X

43. Berry HL, Bowen K, Kjellstrom T. Climate
change and mental health: a causal pathways
framework. Int J Public Health. 2010;55(2):123-132.
doi:10.1007/s00038-009-0112-0

44. Clayton S. Climate change and mental health.
Curr Environ Health Rep. 2021;8(1):1-6. doi:10.1007/
s40572-020-00303-3

45. McGeehin MA, Mirabelli M. The potential
impacts of climate variability and change on
temperature-related morbidity and mortality in the
US. Environ Health Perspect. 2001;109 suppl 2(suppl
2):185-189.

46. SeraF, Armstrong B, Tobias A, et al. How urban
characteristics affect vulnerability to heat and cold:
amulticountry analysis. Int J Epidemiol. 2019;48(4):
1101-1112. doi:10.1093/ije/dyz008

47. Yang J, Zhou M, Ren Z, et al. Projecting
heat-related excess mortality under climate change
scenarios in China. Nat Commun. 2021;12(1):1039.
doi:10.1038/541467-021-21305-1

48. You Q, Min J, Fraedrich K, et al. Projected
trends in mean, maximum, and minimum surface
temperature in China from simulations. Global
Planet Change. 2014;112:53-63. doi:10.1016/j.
gloplacha.2013.11.006

49. Salman SA, Shahid S, Ismail T, Ahmed K,

Wang X-J. Selection of climate models for projection
of spatiotemporal changes in temperature of Iraq
with uncertainties. Atmos Res. 2018;213:509-522.
doi:10.1016/j.atmosres.2018.07.008

50. Gasparrini A, Guo'Y, Sera F, et al. Projections of
temperature-related excess mortality under climate
change scenarios. Lancet Planet Health. 2017;1(9):
e360-e367. doi:10.1016/52542-5196(17)30156-0

51. Martinez-Solanas E, Quijal-Zamorano M,
Achebak H, et al. Projections of temperature-
attributable mortality in Europe: a time series
analysis of 147 contiguous regions in 16 countries.
Lancet Planet Health. 2021;5(7):e446-e454.
doi:10.1016/52542-5196(21)00150-9

JAMA Psychiatry May 2023 Volume 80, Number 5

© 2023 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Chinese Center for Disease Control and Prevention, Yuchang Zhou on 01/07/2026

497


https://dx.doi.org/10.1016/S2542-5196(22)00012-2
https://dx.doi.org/10.1016/S2542-5196(22)00012-2
https://dx.doi.org/10.1016/S2215-0366(21)00395-3
https://dx.doi.org/10.1016/S2215-0366(21)00395-3
https://dx.doi.org/10.1016/S0140-6736(20)30925-9
https://dx.doi.org/10.1136/bmj.l94
https://dx.doi.org/10.1016/j.jhealeco.2019.102240
https://dx.doi.org/10.1016/j.puhe.2018.06.008
https://dx.doi.org/10.1016/j.scitotenv.2018.07.098
https://dx.doi.org/10.1016/j.scitotenv.2018.07.098
https://dx.doi.org/10.1186/s12889-021-11001-6
https://dx.doi.org/10.1016/j.envint.2020.105829
https://dx.doi.org/10.1016/j.envint.2020.105829
https://dx.doi.org/10.1007/s11356-019-05252-5
https://dx.doi.org/10.1192/bjp.bp.106.031948
https://dx.doi.org/10.1016/j.psychres.2010.08.006
https://dx.doi.org/10.1016/j.psychres.2010.08.006
https://dx.doi.org/10.1289/ehp.1409392
https://dx.doi.org/10.1289/ehp.1409392
https://dx.doi.org/10.1289/EHP4898
https://dx.doi.org/10.1016/j.envres.2021.112159
https://dx.doi.org/10.1016/j.envres.2020.109314
https://dx.doi.org/10.1038/s41558-018-0222-x
https://www.ncbi.nlm.nih.gov/pubmed/35582318
https://dx.doi.org/10.1186/s12916-020-01632-8
https://dx.doi.org/10.5194/essd-13-4349-2021
https://dx.doi.org/10.5194/essd-13-4349-2021
https://dx.doi.org/10.1038/s41597-022-01393-4
https://dx.doi.org/10.5194/esd-4-219-2013
https://dx.doi.org/10.1093/eurheartj/ehab803
https://dx.doi.org/10.1002/sim.5963
https://dx.doi.org/10.1136/bmj.k4306
https://dx.doi.org/10.1289/EHP1026
https://dx.doi.org/10.1016/j.eclinm.2022.101501
https://dx.doi.org/10.1186/1471-2288-14-55
https://dx.doi.org/10.3390/ijerph17124512
https://dx.doi.org/10.1097/EDE.0000000000000982
https://dx.doi.org/10.1097/EDE.0000000000000982
https://dx.doi.org/10.1016/j.jpsychires.2018.01.004
https://dx.doi.org/10.1186/1880-6805-31-14
https://dx.doi.org/10.1126/sciadv.1601555
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapsychiatry.2021.4369?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2023.0301
https://dx.doi.org/10.1016/j.envint.2021.106533
https://dx.doi.org/10.4088/JCP.11r07586
https://dx.doi.org/10.1016/S0140-6736(20)32290-X
https://dx.doi.org/10.1016/S0140-6736(20)32290-X
https://dx.doi.org/10.1007/s00038-009-0112-0
https://dx.doi.org/10.1007/s40572-020-00303-3
https://dx.doi.org/10.1007/s40572-020-00303-3
https://www.ncbi.nlm.nih.gov/pubmed/11359685
https://www.ncbi.nlm.nih.gov/pubmed/11359685
https://dx.doi.org/10.1093/ije/dyz008
https://dx.doi.org/10.1038/s41467-021-21305-1
https://dx.doi.org/10.1016/j.gloplacha.2013.11.006
https://dx.doi.org/10.1016/j.gloplacha.2013.11.006
https://dx.doi.org/10.1016/j.atmosres.2018.07.008
https://dx.doi.org/10.1016/S2542-5196(17)30156-0
https://dx.doi.org/10.1016/S2542-5196(21)00150-9
http://www.jamapsychiatry.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapsychiatry.2023.0301

