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Abstract

Background Concurrent heatwave and drought events may have larger health impacts than each event separately;
however, no US-based studies have examined differential mental health impacts of compound drought and heatwave
events in pediatric populations.

Objective To examine the spatial patterns of mood disorders and suicide-related emergency department (ED) visits in
children during heatwave, drought, and compound heatwave and drought events. We tested whether the occurrence
of compound heatwave and drought events have a synergistic (multiplicative) effect on the risk of mental health related
outcomes in children as compared to the additive effect of each individual climate hazard. Lastly, we identified household
and community-level determinants of geographic variability of high psychiatric burden.

Methods Daily counts of psychiatric ED visits in North Carolina from 2016 to 2019 (May to Sept) for pediatric popula-
tions were aggregated at the county scale. Bernoulli cluster analyses identified high-risk spatial clusters of psychiatric
morbidity during heatwave, drought, or compound heatwave and drought periods. Multivariate adaptive regression
models examined the individual importance of household and community-level determinants in predicting high-risk
clustering of mood disorders or suicidality across the three climate threats.

Results Results showed significant spatial clustering of suicide and mood disorder risks in children during heatwave,
drought, and compound event periods. Periods of drought were associated with the highest likelihood of spatial cluster-
ing for suicide and mood disorders, where the risk of an ED visit was 4.48 and 6.32 times higher, respectively, compared
to non-drought periods. Compounding events were associated with a threefold increase in both suicide and mood
disorder-related ED visits. Community and household vulnerability factors that most contributed to spatial clustering
varied across climate hazards, but consistent determinants included residential segregation, green space availability,
low English proficiency, overcrowding, no broadband access, no vehicle access, housing vacancy, and availability of
housing units.

Conclusion Findings advance understanding on the locations of vulnerable pediatric populations who are dispropor-
tionately exposed to compounding climate stressors and identify community resilience factors to target in public health
adaptation strategies.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/s44192-023-00055-0.
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1 Introduction

Climate change has already contributed to a rise in the occurrence of extreme events globally (NCA5). But the recent Sixth
Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) has drawn attention to an under-
studied trend in the simultaneous occurrence of multiple climate hazards, like heatwaves and droughts, that co-occur
in the same geographic region or close in time [1]. When multiple climate hazards or drivers co-occur —referred to as a
compound event—the societal impacts of these simultaneous hazards are often amplified [2, 3]. The co-occurrence of
these two extremes has resulted in excess heat-related deaths [4, 5], catastrophic forest fires in the summer [6-8], crop
failure [9, 10], and widespread economic losses globally [11-14]. Climate change is causing a shift in increased warming
that coincides with an increase in the intensity, frequency, duration, and seasonal length of drought events in North
America [15]. The probability of co-occurring droughts and heatwaves has increased during the observational period
in many areas of the world and will continue to increase, with projections showing a potentially doubling in occurrence
for the northern hemisphere [15-20].

Recent examples of drought events with low precipitation and extreme temperature include the 2014 California
droughts [13] as well as the 2018 and 2022 European Summers [21]. In the case of the 2014 California droughts, the precip-
itation was not at a record low value, though the co-occurring high temperatures created the conditions for the extreme
event. Traditional risk assessment methods are based on only one climate hazard and may significantly underestimate
the health impacts of climate extremes, particularly those co-occurring in time and space in US communities [22, 23].

Climate change will continue to increase the intensity and frequency of hot and dry extremes, including heatwaves
and droughts [1, 24], with significant implications for child health [25]. In fact, recent evidence shows that under current
high emission climate conditions, children born in 2020 are expected to encounter a two to seven fold increase in extreme
weather, particularly heatwaves events [26]. The impacts of the climate crisis on child mental health is a growing area
of concern, particularly when considering the potential impact these events may have on childrens’ rapidly developing
brains [22, 23]. Emerging research suggests that climate-related extreme heat events have led to increased mental-health
related emergency department (ED) visits, including self-inflicted injury/suicide and aggression among children [27,
28] and emotional distress and behavioral difficulties in adolescents [29]. Extreme temperatures have also been associ-
ated with an increase in emergency department visits for mood and behavioral disorders in children under the age of
fourteen [30]. Population-based exposure to extreme temperatures and drought has been separately associated with
deterioration in mental well-being and increased psychiatric-related ED visits, including elevated risks for suicide and
violent behavior, particularly for adult populations with pre-existing mental and behavioral disorders [25, 30-35] but
less is known about the health impacts of these co-occurring climate extremes on child and adolescent populations [36].

Children and adolescents may experience these impacts from extreme weather disproportionately due to their less
developed regulatory systems and limited capacity to mitigate and/or adapt to the impacts of extreme climate events
[37]. While the underlying mechanisms by which heat or drought alone, or heat and drought working synergistically, may
increase the risk of mental health consequences in young people are unclear, potential biological pathways linking these
two physical hazards to mental health may involve the following: dehydration or electrolyte imbalance [38, 39], altered
brain activity and connectivity [40], medications used to treat certain conditions may reduce thermoregulatory capacity
[40], sleep disruptions [40], or prior exposure to direct trauma from a heatwave or drought event [41]. More research is
needed to understand the protective effect of social and environmental factors within a community that reduces the
mental health consequences of extreme drought and heatwaves events in children.

The Southeastern United States region has historically experienced higher amounts of precipitation and water avail-
ability, but has been subject to multiple droughts in recent decades [42]. The U.S. National Climate Assessment (NCA)
reports that extreme wetness and dryness are expected to increase across the U.S. by the end of the century, with the
length of consecutive dry days to increase by 30% and longest consecutive dry period to increase by up to five days in
the Southeastern U.S [43]. Temperature and precipitation have a strong negative correlation during the summer [15]
due to weather systems that are favorable for extreme heat while unfavorable for rain [44].

To our knowledge, no US-based studies have examined differential mental health impacts of compounding drought
and heatwave events in pediatric populations. This critical research gap is concerning due to the forecasted increase in
concurrent heat and drought events as global warming levels increase [15-20, 42]. To address this gap, we examined the
spatial patterns of child, adolescent, and young adult mental health-related emergency department (ED) visits during
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heatwaves, droughts, and compounding heatwave and drought events. Additionally, we tested whether the compound-
ing nature of heatwave and drought events have a synergistic (multiplicative) effect on the risk of mental health related
outcomes in children as compared to an additive effect of each individual climate hazard. We then examined the influence
of individual sociodemographic and household or community-level contextual factors that explain geographic vari-
ability of heat and drought-related ED admissions among youth. Findings can advance understanding on the locations
of vulnerable child and adolescent populations who are being disproportionately exposed to compounding climate
stressors and identify community-level resilience pathways to target public health adaptation strategies that prioritize
safeguards for child health.

2 Methods
2.1 Study population and time period

The study population included children, adolescents, and young adults aged 6-24 years who had a mental health-related
visit to the emergency department (ED) during the warm season between the years 2016 and 2019 in North Carolina. For
the purposes of this study, the warm season was defined as May to September. Daily ED visit data were obtained from the
UNC Sheps Center and the study protocol was approved by the institutional review board (protocol 23452). Individual
factors included in the ED visit record included participant age (0-12 years, 13-18 years, 19-24 years), race (White, Black/
African American, Other), ethnicity (Hispanic, non-Hispanic), sex (male, female), and payor (commercial, Medicaid, Other
government, uninsured).

2.2 Child mental health outcomes

We relied on International Classification of Diseases, Tenth Revision (ICD-10) diagnosis codes to flag daily ED visits in
each county for the following mental health outcomes: (1) suicide attempts (ICD-10: R45851) and (2) mood affective
disorders (ICD-10: F30-F34, F38, F39) (i.e., a class of serious mental illnesses that encompass all types of depression and
bipolar disorders).

2.3 Compound hazard exposure assessment

We characterized county-level exposure to three separate climate stressors for the warm season between 2016 and 2019:
(1) heatwave days, (2) drought days, and (3) compound heatwave and drought days.

2.3.1 Defining heatwaves days

Daily average air temperature was obtained for every county in North Carolina from 2000 to 2019 using NOAA's nClimGrid
dataset to establish the local climatology [45]. A heatwave event was defined to begin the first day the daily average
temperature in a county exceeded the 90th percentile threshold for 3 consecutive days [46-51]. Similarly, a heatwave
event ended the first day when temperature conditions dropped below the 90th percentile and remained below this
threshold for three consecutive days. In order to capture early and late summer heatwave events, the 90th percentile
was evaluated for each calendar day using a centered 31-day moving window (15 days on either side of date of interest)
that spans over all years in the climatology data record for each county (2000 to 2019). For instance, the heatwave criteria
for May 1st would be based on the 90th percentile of all daily temperature observations captured in the climatology of
a particular county (2000 to 2019) between April 15th and May 15th [52]. (Fig. 1a). For a sensitivity analysis examining
heatwave definition, we also flagged high intensity heatwave days by relying on Nairn and Fawcett’s excess heat fac-
tor (EHF) metric for heatwave intensity (2015). EHF is unique in that the metric simultaneously takes into account (1)
the local climatology of a particular county (i.e., identifies a heatwave day when 3 or more days that exceeds the 95th
percentile of average temperature) and (2) the population acclimatization to temperature within the past 30 days. To
derive severity, we then computed the 85th percentile of all positive EHF values within the climatology of a particular
county and identified the heatwave as being high intensity.
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Fig. 1 Heatwave (a) and drought (b) event definitions. a Heatwaves were defined as having at least 3-days above the seasonally adjusted
90th percentile ending the last day above the 90th with 3 consecutive days below the threshold. b Drought events were defined at a weekly
scale when D1 (moderate drought) conditions were reached and ended after three consecutive weeks below Moderate (D1) drought condi-
tions

2.3.2 Defining drought days

Weekly drought data for each county was obtained from the U.S. Drought Monitor (USDM). The USDM uses a conver-
gence of evidence approach based on both a series of drought indicators (i.e., standardized precipitation index, Palmers
Drought Severity Index, and Evaporative Drought Demand Index, among others) and drought reports from local experts
(e.g.,, State Climatologists) to categorized drought into the following conditions: None, DO (Abnormally Dry), D1 (Moder-
ate drought), D2 (Severe drought) D3 (Extreme Drought) and D5 (Exceptional Drought) [53]. The first week in which a
county was determined to be in drought if the drought category exceeded D1 (Fig. 1b) and the end of the last week in
D1 conditions followed by three consecutive weeks of DO or None similar to Leeper et al. [54] approach. If a designated
week within a county was in drought conditions, every day of that week was flagged as a drought day.

2.3.3 Compound heatwave and drought days

Compound event days (yes/no) was defined as a day in which a heatwave and drought co-occurred in the same county.
Compound event days were operationalized to represent multiple heatwaves within a single drought and were consid-
ered as separate events.

2.4 Contextual community-level data

Decennial Census estimates for each county were used to calculate the Index of Concentration at the Extremes (ICE)
[55], a metric that quantifies the extent to which a population is concentrated into extremes of racial segregation (i.e.,
majority Black compared to majority White communities), economic segregation (majority low-income compared to
majority high-income communities), and the combined racialized economic segregation (i.e., majority Black, low-income
compared to majority White, high-income) [56-58]. The ICE metric characterizes spatial representations of inequality
and ranges in value between -1 to 1; where a value of -1 indicates all of the population is within the most economically
or racially segregated or deprived group while a value of 1 means that all of the population is within the most privileged
group [55]. This measure has been used in other climate impact papers on population health [59].

Data on individuals and households within each NC county were obtained from the Community Resilience Estimates
Equity Supplement (CRE for Equity) using the 2019 American Community Survey (ACS) 1-year microdata [60]. Variables
included were known to influence vulnerability, exposure and adaptive responses to climate hazards, including house-
holds with low educational attainment, no vehicle, low occupancy rate, overcrowding, high proportion of children and
aging populations (over 65), low English proficiency, no health care coverage, and no broadband access [59, 60] (See
Supplemental Table 1). Lastly, total greenspace per person in each county was derived using data from the USGS PADUS
[61] and ParkServe [62] using the methodology outlined in Runkle et al. [63]. Earlier studies have shown the protective
child mental health benefits of high availability of residential green and park space [64].
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2.5 Statistical analysis
2.5.1 Spatial clustering approach

For this retrospective ecologic study, a spatial scan approach employing the Bernoulli model within the SaTScan version
v10.0.2 software was used to examine the purely spatial clustering of mental health-related ED visits among youth inside
and outside heatwave, drought, and compounding heatwave and drought events. For the example of heatwaves, we
compared the binary occurrence of suicide-related ED visits during a heatwave event (i.e., cases) compared to a non-
heatwave event (i.e., controls) aggregated to the county level for the summer season. An elliptical moving window of
varying diameter was used to better estimate the number of observed and expected cases for each county [65], with a
size that included up to 25% of the total cases. We performed a sensitivity analysis using varying windows up to 50%;
however, because the spatial scan is at the county scale, a larger geographic area, we opted for a smaller window to allow
for the identification of more local clusters [66]. The window with the maximum likelihood is typically the cluster least
likely to have occurred by chance. The maximum likelihood ratio test with the Monte Carlo method using 999 permuta-
tions was used to test the alternative hypothesis that there was an elevated risk within the window compared to outside
the window. Clusters with a p <0.05 were considered to be statistically significant, and the cluster with the highest LLR
was considered to be the most likely or the primary cluster [67]. Counties within statistically significant primary and
secondary clusters (RR>1.0) who had a local cluster in which RR < 1.0 were removed to exclude neighboring regions
with non-elevated risk [68]. We then matched individual-level ED admissions with whether or not the case occurred in
a county designated as a high versus low risk cluster for each of the climate hazards.

2.5.2 Assessing additive, multiplicative, and synergistic interaction

To better assess the public health relevance of intervening on individual versus joint effects of each climate threat, inter-
action on the additive and multiplicative scale was assessed [69]. We estimated the relative excess risk due to interaction
(RERI) to approximate additive interaction using risk ratios in lieu of risks [70]. The synergy index (S) was also approximated
as an alternative measure of additive interaction [71] to determine if the risk ratios for both exposures (i.e., heatwave and
drought events) exceeded a value of one and whether or not this exceedance was larger than the rate ratio for the two
separate climate threats that each exceeded one [69, 72].

2.5.3 Household and community determinants of geographic variability of mental health risks

Next, we used multivariate adaptive regression splines (MARS), a popular machine learning method, to model the rela-
tionships between individual, household, and community-level predictors and the frequency of each outcome for the
three distinct climate threats in the high-risk clusters. Because of the likely non-linear and complex nature of these rela-
tionships, we preferred using the MARS algorithm over traditional regression analysis to express the predictor-outcome
relationships as piecewise linear models by assessing cutpoints (knots). One advantage of the MARS models is that they
can account for nonlinear relationships between the predictor and response variables. Furthermore, the exact form of
the nonlinearity does not need to be known or specified explicitly prior to model training; the estimation algorithm will
search for and discover nonlinearities in the data that help maximize predictive accuracy. This method is also useful when
many variables are considered and allows for the rapid interrogation of a large number of regressions that search all pos-
sible combinations of predictors [73, 74]. In our case, the univariate counts for each outcome in the high-risk clusters were
modeled using a Poisson distribution and forward and backwards selection methods were used to identify the predictors
retained in the final model [75, 76]. We then examined the individual importance of each household or community-level
factor in predicting high-risk clusters for pediatric suicide or mood disorders separately for each climate hazard. Variable
importance in this non parametric analysis can be conceptualized as the explained variability in the outcome of inter-
est (i.e, mood disorder or suicide-related ED admission) relative to the top-ranked predictors. A sensitivity analysis was
performed to examine the influence of heatwave definition. Our alternative definition for heatwave included the high
intensity heatwave metric and all MARS models were performed examining high intensity heatwave and compound
high intensity heatwave and drought events for each outcome separately. Multivariate adaptive regression models were
performed using the Adaptivereg procedure in SAS 9.4 [77, 78]. Data were first partitioned into training, testing, and

@ Springer



| https://doi.org/10.1007/544192-023-00055-0

(2024) 4:1

Discover Mental Health

Research

(eLLv)otL (LTes)8el (8LvE) S6T (€859)895 (85°09) €18 (Th'6€) 625 (L0V9) L6 (66'SE) L9L (85°€€)96S (2h'99)6LLL (05£S)SLSL (0S°Th) OTLL |elol
(€0€)8 (LT 9 (6g) T (s9'0) T (9£70) L€ (zr'L) 6l (¢ 8 (r6'l) 6 (Lo'1)6 (LD Ty (s€0) 29 (69°L) T¥ paJnsuiun
(s v wLi)e (9r1)o (g8°1) 9l (1977 s¢ (re1L) 8l (L) 8 (98°0) ¢ (e v (89°1) 8¢ (8L°1) L€ (¥6'L) LS |ejuswuIRA0b 1BYI0

(6897) L (9960082 (68'8L) €91 (£8'Ch)0LE (0TVE)6SY (L0VT) €2E (S6°0%) 061 (69707)96  (95°07) S9€ (S81¥)96L  (95°G€) L€6  (EL°LT)SLL presipsay

(6T9l) ey (ce6l) LS (SLTL)oll (#S8L)09L (L0'Le)e8T (6SCL)69L (L96l) L6  (0SCL)8S  (650L)88L (€9°ZL)€le  (L¥8L)S8Y  (¥8°LL) CLE |enJswwod

19Keq

(L6'L¥) 9TL (60°CS) LEL (TTYE)S6C (8£°99) £L9S (#9°09)SL8 (9€6€)6CS (SLH9) L6T (S8'SE)99L (09°€€) 965 (099)8LLL (S¥'£S)SLSL (SST) TTlLL |elo]

(or'ee)88 (8T60)LL (LSTO V6L (Mr6€)ove (91°9€) 98% (26'CT) 80E (CL'th) 61 (S6'00) L6 (LE1T)8LE (WS'LY) LEL (TELE)¥86  (60°97) 889 Slewsd

(srvL)8e  (18C0)09 (¢ LL) Lol (€€97) L2T (8¥va)6CE (P¥9l) Lee (€0z)coL (06'+L1)69 (6CT°CL)8lT (98¥%T) vy  (PL'0T) LES  (9¥'9L) eV SleN

X35

(L909) STl (6E€'6¥) CCl (¥89€) £L8C (9L°€9) t6t (€T09) LLL (LL6€)€ELS (SL°69)88T (STHE)0SL (LLGE) LLS (6T49)6E0L (90°£S) 0S¥l (¥6°Th) L60OL |elol
(£99) vL (98v) L (86°¢) L€ (86°€) L€ (£8Y) 65 (88%) €9 (919) LT (oze)vL (L6'T) 8Y (££€) 19 (88%) vl (¥5°€) 06 dluedsiy

(w6vy) LLL (ESPP)OLL (98'CE)9ST (8L'6S) LOY (99'SS)8LL (881€)0SY (65°6G) L9T (SO'LE)9EL (bLTE)62S (2S09)8L6  (8L'TS)9TeEL (6€°6€) LOOL dlueds|H-UoN

Awdiuy3

(9oLp) Lzl (9€72S) €€L (S8°€€) €8T (S1'99) €95 (¥S'19) 008 (91°8€) 00S (LT'€9) 08T (6£9€) €91 (66°TE) 04S (L0°£9)8SLL (6¥£S) €4¥L (LSTH) 6801 [elol
(LT9) 1T ¥se)6 (L¥'€) 6T (68°£) 99 (G8°9) 9L (SLY) ¥S (61°9) €T GN.NV (Sl 77 (5T'9) 801 (STv) 601 (08) €Tl _Y10

(ZLvl)oe  (€90l) Lz (LL01)06 (606)9L (bS'SL)COT (00FL)C8L (C€0T) 06 (Lsv) 0 (zog) 6L (SO'LL) L6l  (LEEL) LPE  (0€GL) T6E  UedLIBWY UedLYY/Xde|g

(0zs)v9 (6L'8€) L6  (T96L)¥9L (9L'6Y) LIy (SL°0¥) ¢S (LE0T) 9T (04°L€) L91 (T00E) €€l (28°12) LLE (LL'6¥) 658  (€6'6E) €COL (0V'TT) VLS SUYM

ERL=Y

(ELLY)9TL (LT'TS)8EL (8SLE)Tve (ThT9) 89S (£909) 918 (€€6€)6CS (LOV9) L6T (66'SE) L9L (L199) L66 (€8°€v)8LL  (L¥LS)9LSL (€S°TH) TTlLL |elol
(c6v) €L (89°6) L (9g7€) 6T (00°8) 69 (8gZ)zoL (Lo ¥S  (€L0L) Ly ((AWARSS (Le9)eLl (eovl)ebz  (LO0°LL)T6T (879) LLL -6l

(86'5€) G6  (€5°0V) LOL (8€'ST)6lT (65°6Y)8TY (V6'EV) L6S (96'67) OV (€9°LY) LTz (SEVT) ELL (0T9Y) 0Z8 (L9€T)6ly  (LS'LY)S60L (€6°0E)9L8 8L-¢ClL
(z89) 81 (909) 91 (S¥'9) LY (€T8) L (rLe) ezt (s€Q) L (ST9) 6 (€SY) LT (99°€) 99 (0z9)olLlL (68V) 6T (z1g) g€l -0

sieak ul aby
(%) u (%) u (%) u (%) u (%) u (%) u (%) u (%) u (%) u (%) u (%) u (%) u
oN SOA OoN SOA OoN SO\ OoN SOA OoN SOA OoN SOA
193N Ysu-ybiIH 133sn ) Ysu-ybiH 133N Ysu-ybiH 193N Ysu-ybiIH 1315 Ysu-ybiH 133sn ) Ysu-ybiH
punodwo) ybnoiqg EYCIVNCETH punodwo) ybnoig 9ABMIEIH
Ayjepiing s1aplosig poon

(6L0T-910C

Jaqwianrdas 03 Aely) euljoJeD YLON ‘SI93SN|D }SHU-MO| SNSISA -yb1Y ul AJijepIdins pue s1apiosip poow 4oy g3 Y3 03 bunuasaid suoneindod duyeipad jo sonsuaideleyd diydeibowaq | 3jqeL

pringer

Qs



Discover Mental Health (2024) 41 | https://doi.org/10.1007/544192-023-00055-0 Research

A) Heat Wave Events

Count of Heat Wave
Events

[]s5-28

[129-37

[ 38-46

I 47 - 53

I 54 -7

B) Drought Events

Count of Drought
Events

[Jo

[J1-12

I 13

B 14-98

B % - 175

C) Compound Heat Wave and
Drought Events

Count of Compound
Events

[Jo

[J1-6 N

I 7-8

. o-1s )
B - 36 | 1?0 Miles

Fig.2 Total counts of a heatwave, b drought, and ¢ compound heatwave and drought events by county in North Carolina, 2016-2019

@ Springer



Research Discover Mental Health (2024) 4:1 | https://doi.org/10.1007/544192-023-00055-0

validation using a third of the data. The generalized cross validation (GCV) and the GCV R-square criterion value were
used to determine model fit [77, 79].

3 Results

Table 1 shows the demographic characteristics of children presenting to the ED with a mood- or suicide-related com-
plaint in high-risk spatial clusters for each climate threat. In general, a higher proportion of African American (AA) youth
presented to the ED with a mood disorder during a heatwave and a higher proportion of cases with a mood disorder
during a drought event were female, younger than 12 years of age, identified as AA, and were insured by Medicaid. A
higher number of heatwaves occurred in the western portion of the state and droughts in the central part where the
Piedmont region transitions to the Coastal Plains; compound events clustered in the Southern Mountains and in central
Coastal Plain (Fig. 2). Temperatures were lower during compounding heatwave and drought days compared to heatwave
days alone (Supplemental Table 2), but results are sensitive to location (e.g., elevation, coast) and time of the year (e.g.,
early or late warm season).

3.1 Spatial patterns of psychiatric morbidity during heatwaves, droughts, and compound events

Results revealed statistically significant spatial clustering for ED-related mood disorder and suicide visits, indicating that
risks for these conditions were not randomly distributed across the three climate hazard types (Table 2, Fig. 3). The risk of
a suicide-related admission during a heatwave was 1.33 times the risk compared to a non-heatwave period in the primary
cluster and occurred in the metropolitan statistical area around Charlotte, the most populous city in NC. Pediatric mood
disorder admissions were 29% higher during a heatwave compared to non-heatwave period; the primary cluster was also
primarily located in Charlotte and then in Lumberton and Fayetteville, an area characterized by high heat. During drought
events, we observed that visits for suicide and mood disorders in youth were 4.48 and 6.32 times higher, respectively,
compared to non-drought periods in cluster locations located in the mountainous western portion of the state and along
the Coastal Plain. Finally, a threefold increase in suicide and mood disorder-related ED visits in the primary cluster was
detected during compound compared to non-compounding heatwave and drought days in the Southern Mountains.

Table2 Summary

A o Cases LLR No. of counties p-value RR
statistics for suicide and
mood disorder clusters in Mood disorders
children during heatwave,
drought, and compound Heatwave
heatwave +drought days 1st cluster 757 18.43 7 <0.0001 1.29
compared to non-event days 2nd cluster 365 9.42 8 0.011 1.27
Drought
1st cluster 671 616.57 16 <0.0001 6.32
2nd cluster 448 149.4 14 <0.0001 2.71
Concurrent
1st cluster 92 43.34 12 <0.0001 3.39
2nd cluster 49 12.01 6 0.0012 2.26
Suicidality
Heatwave
1st cluster 384 11.74 11 0.00263 1.33
2nd cluster 114 7.58 1 0.043 1.46
Drought
1st cluster 324 205.49 24 <0.0001 4.48
2nd cluster 204 68.79 14 <0.0001 2.7
Concurrent
1st cluster 49 18.84 10 <0.0001 2.94
2nd cluster 88 52 12 0.351 1.54

RR Relative Risk, LLR Log likelihood ratio, No. number
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Fig. 3 High-risk clusters for A suicide attempts and B mood disorders in pediatric populations for heatwave, drought, and compound heat-
wave and drought events in North Carolina, 2016-2019

3.2 Additive versus multiplicative interaction

The joint effects of co-occurring exposure to both climate threats were not larger than the individual effects of expo-
sure to either a heatwave or droughts event as revealed by negative interaction on both the additive and multiplicative
scale (Table 3). Further, negative interaction for both outcomes demonstrated that the public health consequences of
an intervention focused on reducing child ED visits for either suicide or mood disorders would be more effective if each
hazard was targeted separately.

3.3 Contextual determinants of spatial patterns of psychiatric morbidity across climate stressors

For mood disorders, significant heterogeneity was observed concerning which household or community determi-
nants contributed the most to high-risk geographic clustering across hazard types (Table 4). Factors like a higher
proportion of older adults, availability of greenspace per person, higher rental/housing vacancy, residence in a racially
segregated community, households characterized by overcrowding and a large proportion of Hispanic or Latino
dwellers were the most predictive of high-risk clustering of mood disorders attributable to heatwaves. Factors that
predicted living in a high-risk cluster for mood disorders during a drought event included housing availability, low
educational attainment, lack of health care coverage, older age, low English proficiency, overcrowding, no vehicle
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access, and limited availability of greenspace. Finally, housing vacancy and available housing units, a higher pro-
portion of veterans, households without a vehicle, residential segregation, older age, and greenspace per person
explained about 94% of the total variance of high risk clusters for mood disorder during a compound event (i.e., GCV
R-Square=0.939). Social determinants like age, household overcrowding, low English proficiency and environmental
determinants like availability of greenspace were shared vulnerability factors that contributed differentially to high-
risk clustering of mood-related ED visits across the three climate hazards.

Youth at high risk for a suicide-related ED visit during a heatwave were more likely to live in communities charac-
terized by overcrowding, poor availability of greenspace, low English proficiency, residential segregation, and low
educational attainment compared to children in low-risk areas (Table 4). Geographic hotspots of suicide risk dur-
ing drought events were similar in composition to geographic clusters for mood disorders with the exception that
residential segregation, household access to broadband, and a higher proportion of veterans were more predictive
of clustering. Unlike mood disorders, greenspace didn’t contribute to geographic variability of clustering of suicide
risk on drought days. During compound extreme heatwave and drought days, greenspace availability, residential
segregation, broadband access, housing availability, and access to health care coverage were the most predictive
factors of geographic clustering of high suicide risks for pediatric populations compared to non-compound heatwave
and drought days.

Results from the sensitivity analysis using the alternative heatwave definition did differ from the main analysis (Supp
Table 3 and 4). For example, the sensitivity analysis examining high intensity heatwaves and mood disorders revealed a
smaller list of predictive community-level factors and for factors that were present in both models, the order of impor-
tance varied. In general, models that did not use the high intensity heatwave definition performed better, indicated by
a lower Log Likelihood ratio test in SatScan clusters and higher GCV R-Square in MARS models. This may be due to the
fact that high intensity heatwaves are more severe and typically more rare occurrences; therefore, the sensitivity analysis
were characterized by a smaller sample of cases.

4 Discussion

This is the first US-based study to examine the mental health impacts of compounding drought and heatwave events
on pediatric populations. Findings revealed significant geographic clustering of elevated risk for suicide and mood
disorders in young people during heatwave, drought, and compound drought and heatwave days compared to non-
event days. Periods of drought were associated with the highest risk of spatial clustering for mood disorders followed
by suicide. Temporally compounding events were associated with a threefold risk in psychiatric admissions. Contrary to
expected, results demonstrated that the combined effect of drought and heatwave days was less than the sum of the
mental health effects for individual heatwave and drought events. Community and household vulnerability factors that
contributed the most to geographic clustering of increased mood and suicide-related risks varied across the climate
hazards. But consistent and shared spatial determinants of high-risk clustering of child psychiatric morbidity for all three
climate stressors included residential segregation, green space availability, low English proficiency, overcrowding, no
broadband access, no vehicle access, housing vacancy rates and availability of housing units. Local communities might
target enhancing availability of more and greener park spaces, transportation and affordable housing access, as well as
improving access to broadband internet in local climate policy and adaptation efforts.

Consistent with our findings, earlier studies have demonstrated elevated rates of mood disorders, like depression,
in children during periods of prolonged drought [29, 80, 81]. Studies have also found a direct association between
prolonged drought and worsened mental health in young people, particularly increased levels of emotional distress
[29, 82] and elevated risk of suicide [83]. Constant and long term drought patterns have also been associated with an
accumulated mental health burden for people living in rural areas in Australia, indicating that specific drought patterns
may be linked to increased mental distress attributed to family concerns, financial stress, worry about the future brought
on by a changing climate, social isolation, and perceived loss of connection to the land in agricultural communities [29,
84]. ED visits in adolescents for suicide and depression have also been shown to peak in the warm season [27, 85, 86],
but not in all studies [30, 87].

While all children are at risk, our results showed that a higher physical hazard-health burden is shouldered by those
in socially and economically overburdened communities and non-English-speaking households. Health risks from heat-
waves have been shown to be greater in low-income communities of color, where discriminatory policies such as redlin-
ing have resulted in urban heat islands and fewer resources to protect children from heat [25]. Emerging research shows
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that the health impacts of climate-related extreme weather events have been more severe among Black, Indigenous,
and children of color; whereby Black and Hispanic populations have been shown to experience greater adverse mental
health outcomes associated with temperature, including anxiety, psychosis, and substance use disorders, compared to
white populations [88]. Research has also shown that housing type, like multifamily rental units, and housing availability
with air conditioning are important determinants of heat risk disparities, particularly for urban, non-White communities
[89, 90]. Results showed that broadband access was an important predictor for high-risk clustering of suicide during
compounding events. Digital exclusion or more broadly limited Internet connectivity may be a significant modifiable
risk factor to enhance access to extreme weather warnings and mental health support resources for rural, non-English
speaking, and low-income or BIPOC families.

Greenspace has been linked with environmental health benefits including improved air quality and cooling and shade
from extreme heat [91-93]. Several studies have demonstrated the protective mental health effects of urban greenspace,
including a reduction in depression and suicide [94]. For children, green or park space provides a safe space to play and
connect with others. Research has shown a strong linkage between the greenest neighborhoods and fewer psychiat-
ric conditions in this age group, as well as improved mental health and well-being and neurocognitive development
[95-97]. A recent longitudinal study observed a strong positive relationship between higher average temperatures and
aggressive behaviors in children and revealed that children who resided in neighborhoods with high compared to low
concentrations of greenspace experienced a reduction in aggressive behavior [28]. More policy-focused and health
intervention research around the co-benefits of increased access to greenspace on health and climate change adapta-
tion and mitigation is needed.

4.1 Strengths and limitations

Prior studies have revealed significant spatial clustering of mortality in older adults during heatwaves in Paris [98] and
increased ED visits during heatwaves in rural communities [99]. None have examined the spatial co-occurrence of multiple
climate hazards and related health impacts on child mental health. By highlighting at-risk locations and this sensitive
population, spatial analysis improved limited understanding on the effects of co-occurring climate hazards. Explora-
tory findings from this study can be used to generate and test causal hypotheses in future research on the interlinkages
between social determinants and physical climate hazards to identify factors that can be leveraged to enhance adaptive
actions (e.g., increase availability of greenspace and broadband access) in at-risk communities. In addition, this study
utilized data from the community resilience equity supplement, a product that integrates publicly unavailable micro-
data from the Census, American Community Survey, and Planning database to provide more precise yearly estimates
of community resilience at the county scale [60]. CRE estimates are an enhancement from the typical ACS 1-year data
because the data used to derive these estimates originate from microdata from multiple data sources, including the 2010
Decennial Census, Population Estimates Program of the U.S. Census Bureau, and internal ACS microdata to produce ACS
estimates from various geographies. Lastly, this study relied on the robust MARS model, a machine learning algorithm
that, unlike other variable selection techniques, makes no assumptions between the independent predictors. Each pre-
dictor is scanned by the algorithm to identify splits that improve accuracy and unlike ordinary least squares regression
models, correlation among variables does not impede predictive accuracy [73, 74].

Our results are limited due to the retrospective and ecological study design. Ecological designs can introduce the
modifiable areal unit problems (MAUPs), as data aggregation can introduce statistical bias increasing the magnitude of
the effect at larger spatial scales (e.g., county) relative to smaller scales (e.g., individual household, zip code). Similarly,
because the administrative health data and drought data were only available at the county scale, we characterized expo-
sure to physical climate hazards by relying on data aggregated to the county boundary. This analysis considered only
one form of multi-hazard events, those with compound temporal and spatial relationships. While other forms of these
relationships exist such as consecutive, where two or more hazards occur in succession and their direct impacts overlap
spatially before recovery from a previous event is complete [100], may exhibit differential mental health relationships/
outcomes across compounding extreme hazard types. Lastly, while we relied on clinician diagnosis recorded in hospital
administrative data, a common epidemiologic approach, we did not have personal exposure data for each ED visit that
linked mood or suicidal tendencies with weather conditions for that day. Future analyses are needed at different scales
(e.g., the census tract) to better characterize both mental health and ambient exposure to physical hazards.
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5 Conclusion

There has been no research to-date on the concurrent impact of both heatwave and drought events on child mental
health burden. Our findings revealed clusters of high suicide and mood disorder risks for pediatric populations during
heatwaves, drought, and compounding event days. Important predictive factors included the availability of residential
green or park space, housing availability, residential segregation, vehicle access, and low English proficiency. There is a
growing call for a more reparative approach to advance community resilience that includes not just a wealth transfer
to address the legacies of injustice, but also a shift towards more equitable climate change policymaking. Examples
might include granting reparations and advancing land reclamations, scoring equity outcomes in climate change policy,
enhancing wealth and financial security of low-income households, investing in localized climate adaptation in majority-
Black neighborhoods, and integrating health into climate change policy [101]. Public health intervention efforts focused
on mental health risk reduction might include local policies that increase transportation and broadband access, more
targeted communication efforts in Latinx communities, and low-cost mental health support (e.g., crisis text or phone
hotlines) during these compounding extreme weather events.
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