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Climate Anomalies’” Enduring Impacts on U.S.
Health Landscape

Executive Summary

This report establishes a U.S.-focused, policy-relevant framework to quantify how El Nifio—Southern Oscillation
(ENSO) anomalies affect public health, using cause-specific mortality as the primary outcome and a distributed-lag
econometric design supplemented by life-table attribution and economic valuation. This framework measures both
short-run and persistent effects in historical data, attributes life-expectancy changes to individual causes, monetizes
welfare losses, and projects future burdens under alternative climate pathways.

Key findings are threefold. First, El Nifio persistently impedes mortality improvement in major diseases, most
notably circulatory system diseases and external causes, with effects that intensify among middle and older ages.
Second, the 1982—-83 and 1997-98 events produced substantial life-expectancy losses and multi-trillion-dollar
welfare costs, concentrated in circulatory causes. Third, under intensified ENSO variability, mid-century to end-of-
century projections indicate material erosion of U.S. life-expectancy gains, with growing scenario-dependent
uncertainty under higher emissions.

The main insights and implications are summarized as follows:

e Interpretation and mechanisms. The pattern of ENSO-health links is consistent with climate and behavioral
pathways: heat and humidity stress and degraded air quality elevating cardiovascular risks; and
environmental and systemic stresses increasing injury and external-cause mortality. The signal is persistent,
indicating that El Nifio’s health burden propagates beyond the event window rather than being fully offset
by quick rebounds in mortality improvement.

e  Position within the literature and actuarial insights. U.S.-based studies have reported ENSO associations
with infectious disease hospitalizations and influenza mortality, but findings were episodic and disease-
specific. This study extends that line of work with a unified, quantitative national risk model that integrates
multi-cause mortality analysis, scenario-based projections, and economic valuation with traditional
actuarial framework. It provides the actuarial community with a quantitative evidence base for
understanding how climate anomalies shape population mortality assumptions, health trajectories, and
insurance exposures.

e  Granularity and attribution. Through life-expectancy changes decomposition and sub-causes analysis (e.g.,
heart disease within circulatory; transport accidents within external causes), this study identifies dominant
causal pathways and illustrates how age-specific vulnerabilities evolve from immediate to cumulative five-
year horizons. These insights enable actuaries and health system planners to refine stress-testing
frameworks, longevity models, and capital adequacy projections under climate risk scenarios.
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Section1l Introduction

Climate anomalies are multi-month departures from average climate conditions that span large regions. A leading
example is the El Nifio—Southern Oscillation (ENSO) (McPhaden et al., 2006; Zebiak et al., 2015), whose warm (El
Nifio) and cool (La Nifia) phases arise from anomalous equatorial Pacific sea-surface temperatures and associated
atmospheric changes (McPhaden et al., 2006; Philander et al., 1984; C. Wang & Fiedler, 2006). Unlike short-lived,
localized hazards (Marlier et al., 2013; Ward et al., 2014; Zhang et al., 2012) (e.g., cyclones, floods, and droughts),
ENSO modulates the frequency and intensity of multiple hazards over wide areas and over extended periods
(Marlier et al., 2013; Ward et al., 2014; Zhang et al., 2012).

ENSO anomalies generate material economic and health consequences via teleconnections (Cai et al., 2015; Kovats
et al., 2003; McGregor & Ebi, 2018), with direct implications for insurers and health systems (Serre, 2022). The
2015-16 El Nifio has been linked to multi-trillion-dollar global losses (Liu et al., 2023). Health pathways include
degraded air quality, heat and humidity stress, infectious-disease dynamics, and disaster-related injuries; for
example, ENSO-related circulation can elevate particulate matter in parts of East and Southeast Asia (Marlier et al.,
2013), and the 2015-16 El Nifio coincided with increased child underweight in developing countries (Anttila-Hughes
etal., 2021).

In the continental U.S., El Nifio’s teleconnection is strongest in winter and shows a north—south contrast, roughly
divided around 38°N (Figure 1). Northern states tend to experience warmer, drier winters, whereas southern states
are typically wetter and cooler.

Figure 1
EL NINO IMPACT ON CONTINENTAL U.S. DURING WINTER

Winter teleconnections by States

Winter teleconnections associated with El Nifio across the continental United States. Colors indicate the typical temperature and
precipitation anomalies during El Nifio winters, with warmer and wetter conditions shown in red and blue shades, respectively. States
south of approximately 38° N generally experience cooler and wetter winters, while northern states tend to experience warmer and
drier conditions.

Despite these observations, most existing studies examine isolated mechanisms or single episodes of El Nifio
impacts, such as outbreaks of infectious diseases or localized mortality shocks, without establishing a
comprehensive, quantitative framework that links ENSO variability to long-term health and cause-specific mortality
risks.

Copyright © 2025 Society of Actuaries Research Institute



Emerging evidence further indicates that El Nifio impacts can persist well beyond the event window. For example, El
Nifio can depress economic output (Callahan & Mankin, 2023) and slow down mortality improvement (Xu et al.,
2025) for over a decade, and ENSO variability has been connected to delayed but severe outcomes such as the
2019-20 Australian “Black Summer” fires (Ehsani et al., 2020; G. Wang & Cai, 2020). Yet, the extent to which such
persistence propagates through health systems, insurance outcomes, and actuarial forecasts, remains weakly
guantified.

This report addresses that gap. It quantifies the impact of ENSO-driven climate anomalies on U.S. health outcomes
and healthcare demand. The health-specific impact of ENSO is evaluated using cause-specific mortality
improvement as the primary outcome measure. This research uses cause-specific mortality improvement—defined
as the first-order log difference of cause-specific mortality rates—as the health impact measure. This transformation
reduces potential non-stationarity and yields a more stable, statistically robust specification, allowing identification
of both short- and long-term ENSO effects more reliably. The research develops and applies an econometric
framework to measure ENSO-related health losses in the past and to estimate the associated demand on healthcare
expenditure under future climates. The analysis first quantifies the short-run and persistent effects of ENSO on
mortality and health outcomes using historical data with explicit identification and robustness checks (Sections 4.1—
4.4). It then monetizes the loss relevant for providers and insurers (Sections 4.5). Finally, it projects future losses and
capacity demand under climate-change scenarios by combining the estimated relationships with modelled changes
in ENSO and related anomalies under SSP1, SSP2, SSP3, and SSP5 (Section 4.6).

This report presents, to the authors’ knowledge, the first U.S.-focused, policy-oriented modelling framework that
jointly quantifies ENSO-driven health outcomes and future losses intensified by anthropogenic climate change. This
study provides the actuarial community quantitative evidence linking climate anomalies to shifts in cause-specific
mortality improvement and health-care cost trajectories. The findings underscore three key policy and actuarial
priorities: (i) embedding climate-sensitive assumptions into mortality and morbidity models; (ii) integrating ENSO
early-warning indicators into public-health preparedness and insurer stress-testing frameworks; and (iii)
strengthening coordination between climate forecasting, actuarial modelling, and health-system resource planning.

The rest of the report is organized as follows. Section 2 reviews existing evidence on ENSQ'’s effects on U.S. public
health. Section 3 describes the data and actuarial methods. Section 4 presents the results. Section 5 concludes and
discusses policy implications.
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Section 2 Existing Evidence of ENSO Impacts on U.S. Public Health

On the health and mortality front, research within the U.S. context is more limited but consistently indicates that
ENSO influences a wide range of health outcomes. Fisman et al. (2016) found that, across multiple U.S. census
regions, ENSO phases were associated with significant variations in hospitalizations for infectious diseases,
suggesting that large-scale climate anomalies can shape national morbidity patterns. At the state level, Choi et al.
(2006) reported a statistically significant link between El Nifio conditions and elevated influenza-related mortality in
California.

Building on these findings, Xu et al. (2025) provided the first quantitative national-level assessment of ENSO’s
impact on U.S. mortality and welfare loss. Using an econometric framework linking the ENSO E-index to age-specific
mortality improvements, the study estimated that the five-year cumulative impact of El Nifio events on all-cause
mortality improvement was 2.1 percentage points (p.p.; 95% Cl: 0.6—3.6). The associated life-expectancy loss was
0.8 years for the 1982—-83 event and 0.4 years for the 1997-98 event, corresponding to welfare losses of
approximately USD 2.0 trillion and 3.6 trillion (2020 dollars), respectively. These results indicate that ENSO-induced
health impacts can rival the scale of major macroeconomic shocks and underscore the persistence of their effects
on population wellbeing.

Together, this body of evidence suggests that ENSO exerts measurable and economically significant influences on
U.S. health outcomes, yet systematic assessments remain scarce. The present report extends this line of inquiry by
developing a formal econometric framework to quantify these health losses, evaluate their implications for
healthcare expenditure, and project their evolution under future climate scenarios.
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Section3  Methods

3.1 DATA

3.1.1  CAUSE-SPECIFIC MORTALITY DATA

The cause-specific mortality data is concluded from the state-level mortality data and the life-level cause-specific
death dataset. State-level total population mortality data is obtained from the U.S. Human Mortality Database
(United States Mortality DataBase, 2024). For all mortality tables, five-year age intervals and one-year time intervals
(i.e., 5x1) are selected. Life-level cause-specific death data is obtained from 1981 to 2023 from the CDC Wonder
database (Centers for Disease Control and Prevention, 2024).

Deaths are aggregated by state-year-age group, merged with the mortality tables, and cause-specific mortality rates
are computed by allocating each state-year’s total mortality rate across causes using that state-year’s cause-of-
death shares from CDC Wonder.

3.1.2 ECONOMIC CONTROL DATA

Because El Nifio significantly affects the macroeconomy (Burke et al., 2015; Callahan & Mankin, 2023; Hsiang &
Meng, 2015), state-level macroeconomic conditions are controlled for using the Federal Reserve Economic
Database (FRED Economic Data, 2024), specifically per-capita personal income and the unemployment rate.

3.1.3  HISTORICAL METEOROLOGICAL DATA

Monthly land surface air temperature are used from Berkeley Earth (Rohde & Hausfather, 2020), sea-surface
temperature (SST) from HadISST (Rayner et al., 2003), and precipitation data from GPCC (Schneider et al., 2016).
Data are used at the native 1°x1° latitude—longitude resolution. Berkeley Earth and GPCC are then summarized to
state-level time series for analysis.

3.14 CLIMATE PROJECTION DATA

Climate simulations for future sea surface temperature data are used from Coupled Model Intercomparison Project
Phase 6 (CMIP6) (O’Neill et al., 2016). The data span from 1850 to 2099 covering historical simulations and Shared
Socioeconomic Pathways (SSP) projections (SSPs; SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). These scenarios cover
a broad spectrum of potential future policies, from significant mitigation efforts (SSP1-2.6) to scenarios of continued
high emissions (SSP5-8.5). These scenarios span strong mitigation (SSP1-2.6) to continued high emissions (SSP5-8.5).
By 2081-2100 relative to 19952014, the multimodel warming is on the order of ~1.2°C (SSP1-2.6), ~2.1°C (SSP2-
4.5),~3.2°C (SSP3-7.0), and ~4.0°C (SSP5-8.5) (O’Neill et al., 2016; Tebaldi et al., 2021).

Many CMIP6 models struggle to capture the physics of ENSO (Karamperidou et al., 2017; Seager et al., 2019). To
screen for more realistic simulations, prior work is followed that quantifies ENSO nonlinearity using the quadratic
coefficient (a) from a regression of first and second Principal Components (PC) (see Section 3.2 for details).
Observations yield a = -0.34, indicating strong nonlinearity and a clear separation between eastern-Pacific and
central-Pacific El Nifio flavors (Callahan & Mankin, 2023). Following Cai et al. (2022), simulations with a <-0.17 are
retained. Starting from MIROCG6 (Tatebe et al., 2019), this criterion yields 198 ensembles across four SSPs (48 for
SSP1-2.6, 50 for SSP2-4.5, 50 for SSP3-7.0, and 50 for SSP5-8.5).
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3.1.5 FUTURE POPULATION AND PRODUCTION PROJECTION DATA

Following Xu et al. (2025), the national level future Gross Domestic production (GDP) and population projection data
is obtained from the International Institute for Applied Systems Analysis (IIASA) SSP Database version 2. The [IASA
database provides population projections by five-year age groups, which allows to account for future demographic
shifts in estimates.

3.2 ENSO MEASURE

3.2.1 INTENSITY MEASURES

To quantify ENSO, the E-C index framework is used (Cai et al., 2020, 2022; Callahan & Mankin, 2023; Jia et al., 2021;
Ng et al., 2021; Takahashi et al., 2011). The E index measures variability of SST anomalies in the eastern equatorial
Pacific (the canonical EP type), while the C index measures variability in the central Pacific (the CP type). The two
indices are constructed from a rotation of the first two PCs of tropical Pacific SST anomalies and are orthogonal by
design (uncorrelated at zero lag). Positive E (C) denotes an EP-type (CP-type) El Nifio, and negative values denote
the corresponding La Nifia. Unlike Nifio-3/Nifio-4, which can be correlated and partly redundant, the E and C indices
provide separate, non-overlapping measures of eastern vs. central Pacific ENSO variability.

The E and Cindices are derived from the first two PCs of an empirical orthogonal function analysis of tropical Pacific
SST anomalies (20°S—20°N, 140°E—-80°W, shown in Figure 2) (Callahan & Mankin, 2023; Takahashi et al., 2011) over

1960-2023. The PCs identify the dominant spatial modes and their associated time series: E = (PC1-PC2)/ \/E
and C =(PCl1+PC2)/ \/E isolate EP and CP ENSO variability, respectively.

Figure 2
REGION OF SEA SURFACE TEMPERATURE ESTIMATION

Raster Plot with Specified Region

— Specified Region

Latitude
o

150 200
Longitude

Global raster of sea surface temperature example. The black rectangle marks the SST study domain (20°S—20°N, 140°E—80°W) spanning
the Maritime Continent and equatorial Pacific used for the regional statistics/index calculations.

For each year, the E index over DJF (December—February) is averaged to target the season of peak ENSO influence
(Ngetal., 2021). For climate projections, DJF E and C is computed analogously in CMIP6, using quadratically
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detrended SST anomalies referenced to 1850—-2014 monthly means. The DJF E-C indices obtained for each year are
presented in Figure 3.

Figure 3
E-INDEX AND C-INDEX BY YEAR

A E-index (December-January-Feburary)

B C-index (December-January-Feburary)

T T T T T T T
1960 1970 1980 1990 2000 2010 2020
Year

December-January-February E-C indices. (A) E-index and (B) C-index.

Previous analyses shows that the C index and its teleconnections have limited explanatory power for changes in
mortality improvement compared with E (Xu et al., 2025), consistent with recent findings on the dominant impacts
of EP-type El Nifio on socioeconomic outcomes (Cai et al., 2022; Callahan & Mankin, 2023). This research, therefore,
focuses on E and omits C from the main model to conserve degrees of freedom.

3.2.2 TELECONNECTIONS

To quantify spatial heterogeneity in ENSO sensitivity, state-specific teleconnection metrics are constructed. For each
state, monthly surface temperature and precipitation are standardized by removing the 1960 to 2023 monthly
climatology and dividing by the corresponding monthly standard deviation; the resulting anomalies are then linearly
detrended to suppress warming and other low-frequency variability.

Teleconnections are computed by correlating these standardized anomalies with the DJF E-index month by month
for each state (Callahan & Mankin, 2023; Liu et al., 2023). Because El Nifio typically develops in year t-1, peaks in the
winter, and decays through spring—summer of year t, influence from June of t-1 through August of t is allowed,
yielding 15 monthly correlations per state for temperature and for precipitation (see Figure 4). The state
teleconnection is the average of these 15 coefficients, denoted as t' and t°, respectively.

Figure 4

Copyright © 2025 Society of Actuaries Research Institute
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STATE-LEVEL TEMPERATURE AND PRECIPITATION ENSO TELECONNECTIONS

A Temperature teleconnections B Precipitation teleconnections

N |
II‘,‘

-0.10 -0.05 0.00 0.05 0.10 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
E-index teleconnection strength E-index teleconnection strength

U.S. state-level teleconnections with the ENSO E-index. (A) Temperature and (B) precipitation.

3.3 CAUSE-SPECIFIC MORTALITY IMPROVEMENT

The effect of extreme ENSO events on cause-specific mortality improvement and life expectancy are studied using
the observed cause- and age-specific mortality rate mg for each cause ¢, year t and age x (Dickson et al., 2009).

The cause-specific mortality improvement for age x from t-1 to t is the log change in the observed rate:
miy = logmy, —logmy 4 . (1.1)

Using the econometric specification described below, the impact of extreme ENSO on the improvement rate, AS; is

estimated. A counter factual improvement is formed by removing this impact:
mig =mig — A% . (1.2)

Next, the counterfactual mortality rate m,, is recovered by applying the counterfactual improvement forward from

the baseline year to:

My -exp[rﬁift] fort >t,,

My = (1.3)

My fort =t,.

Finally, observed and counterfactual life expectancies are computed from their respective mortality schedules using
standard life-table methods.

Mortality improvement is generally negative, reflecting ongoing advances in technology and economic
development. Therefore, a positive shift in mortality improvement indicates an impediment to progress.
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3.4 ECONOMETRIC MODEL

The lasting effect of ENSO on cause-specific mortality improvement is estimated using a distributed-lag regression
with country—age fixed effects. The distributed lag regression model is extended with fixed effect employed by Xu et
al. (2025) to cause-specified mortality improvement, estimated using Ordinary Least Squares (OLS):

L
mig = (B8 + 65 -t + B5 - 17 ) E + Controlsy +Ug + & (1.4)
1=0

Here, the mortality improvement for cause ¢, state i, age group x, and year t as miS, are indexed. E; represents the
E-index in year t. The interaction of E; with TiT and TF allows the effect of ENSO to vary by state via temperature

and precipitation teleconnections. Fixed effect U is used to capture time-invariant cause-state-age heterogeneity.

A year-fixed effect is omitted in the model, because the E-index is a cross-sectional constant within each year.
Instead, a pandemic dummy is included to account for the impact of COVID-19 from 2020 to 2022.

The distributed-lag structure distinguishes transient shocks from enduring changes. A purely short-lived disruption
would be followed by a rebound in mortality improvement. Accordingly, the inference centers on the cumulative
effect over L years:

|L—Z(,B0|+ﬂ1| T+ 55 TT) (1.5)

1=0

If ®% = Ois statistically significant, the hypothesis that El Nifio has only a short-term effect is rejected. The

interaction of the two variables enables the calculation of the cumulative effect for each state over lag length L.

To assess statistical significance and guard against occasional outliers or within-group correlation, bootstrap
resampling with 1,000 iterations is used. The coefficients are estimated for each cause separately to control for
cause heterogeneity.

3.5 PROJECTED FUTURE LIFE EXPECTANCY LOSS

To quantify the role of ENSO itself, an ENSO-neutral counterfactual was constructed. A scenario was imposed in
which the ENSO is always neutral (E-index=0), from the historical baseline through 2099. This counterfactual
removes all interannual ENSO variability while holding the rest of the climate projection fixed. This ENSO-neutral run
is compared with the “realistic” scenario, in which the E-index is allowed to vary according to the model-projected
future SSTs. For each year and realization (2020—2099), mortality improvements using the cause- and state-specific
lag responses are computed, and the cumulative ENSO impact is defined as the difference between the ENSO-
varying scenario and the ENSO-neutral counterfactual:

Ay = (/BOI+ﬂ1I T+ 55 TT)( ét) (1.6)

The counterfactual mortality improvement is then calculated for year by removing Afx(m) from the corresponding

actual mortality improvement following Eq. (1.2).

Previous literature usually adjusts the ENSO amplitude to its historical level (as in Callahan & Mankin, 2023; Xu et al.,
2025), but this method gives a cleaner identification of the ENSO contribution. ENSO is removed altogether rather
than making assumptions about how much its amplitude should be scaled, thus the difference is therefore fully
attributable to “having ENSO vs. not having ENSO.”
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3.6 MONETIZE LIFE EXPECTANCY LOSS

The monetary burden of life expectancy loss from El Nifio is estimated using a willingness-to-pay approach,
specifically the Value of Statistical Life (VSL) method. VSL is a widely used concept in health economics and policy for
guantifying the trade-off between income and the risk of death (Aldy & Viscusi, 2008; Nandi et al., 2022; Scott et al.,
2021; Viscusi & Masterman, 2017).

VSL measures the marginal rate of substitution between wealth and the probability of dying. For example, if the
average individual is willing to pay $1,000 for a one in 10,000 reduction in their probability of death, then it would
require 10,000 such individuals to make this payment collectively to reduce the expected number of deaths by one
“statistical life.” This corresponds to a collective willingness to pay (or VSL) of $10 million.

The 2020 U.S. median VSL is taken as the baseline and project VSL in subsequent years using Gross National Income
per Capita (GNIPC). According to the U.S. Department of Health and Human Services (HHS), the median VSL in 2020
was $11.4 million (2020 dollars). Because VSL is positively correlated with income (Aldy & Viscusi, 2008; Nandi et al.,
2022; Scott et al., 2021; Viscusi & Masterman, 2017), it is adjusted over time (and across countries) using GNIPC.
After adjusting for inflation and expressing all values in constant 2020 dollars, the VSL for any country i in year t can
be estimated as:

4
VSLt :VSLgogo . w . (17)
GNIPC 550

The parameter ¢ represents the income elasticity of VSL, which measures the percentage change in VSL associated

with a 1% change in real income. Following the literature convention (Nandi et al., 2022, Robinson et al., 2019; Xu et
al., 2025) and recommendation of HHS, £ = 1is chosen.

Following previous research on the valuation of changes in life expectancy (Nandi et al., 2022; Robinson et al., 2019;
Xu et al., 2025), the concept of the value of a statistical life year (VSLY) is applied to estimate the economic value of
life years lost due to El Nifio for each age group. The VSLY is derived by distributing the VSL over the remaining life
expectancy at the average age (€ ) without discounting:

The country-age-year-specific per statistical life monetary value loss from El Nifio is computed by multiplying the

country-year-specific VSLY with the country-age-year-specific life expectancy loss, discounted over the remaining life
expectancy:

L0SSix =VSLY;; - (Eix —€ix )-exp(—rei ). (1.9)
Here, realized life expectancy €, and counterfactual life expectancy €.
To estimate future VSL under each SSP, future GNIPC is projected. First a linear regression model is fit between

historical national GNI and GDP of each year, then model is used to estimate projected GNI using the future GDP
projection (see Section 3.1.5) under each scenario:

GNI, = gy + BGDPR, + &, . (1.10)

Combining the GNI projection with projected population, the GNIPC by year is obtained for each scenario. The
future VSL under each SSP is then projected using Equation (1.7) with reference to VSL and GNIPC for year 2020.
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3.7 ATTRIBUTE LIFE EXPECTANCY TO CAUSE

Changes in life expectancy at birth are attributed to each cause of death using the Pollard decomposition method
(Pollard, 1982, 1988). This approach decomposes the total change in life expectancy between two time points into
additive contributions from age- and cause-specific mortality differences. Specifically, Pollard showed that the
difference in life expectancy between observed and counterfactual can be expressed as:

€y —€= IO (my —rhy )-w(x)dx, (1.11)
where éo and €y denote the counterfactual and observed life expectancy at age 0, and W(X) is a weighting

function defined as
1., =~
w(x) :E(Ixex _Ixex)~ (1.12)

For an age specific interval [X, X+ N), the contribution to the change in life expectancy is calculated as:
n A
Ay :—E[w(x)+w(x+n)]-(mx—mx), (1.13)

This decomposition provides a rigorous way to identify the contribution of each age and cause of death to the
overall change in life expectancy. It allows for distinguishing whether observed life expectancy losses during El Nifio
years arise primarily from changes in chronic diseases, external causes, or other health categories, forming the basis
for the cause-specific attribution.

Figure 5 reports the life expectancy at birth attribution to circulatory system, external causes, and other causes. The
results show that over the past two decades, circulatory system mortality accounted for the largest share of life
expectancy gains (=1.34 years), while improvements in other causes contributed an additional 1.19 years. In
contrast, external causes exerted a negative contribution (-0.38 years), partially offsetting overall health progress.

Copyright © 2025 Society of Actuaries Research Institute



Figure 5

LIFE EXPECTANCY IMPROVEMENT ATTRIBUTION TO CAUSE OF DEATH
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Life expectancy improvement in the United States attributed to major causes of death from 2000 to 2019. The stacked areas show the
cumulative contributions of circulatory system diseases (blue), external causes (red), and all other causes (light blue) to total life
expectancy improvement, with the black line indicating the overall trend. The results show that over the past two decades, circulatory
system mortality accounted for the largest share of life expectancy gains (=1.34 years), while improvements in other causes contributed
an additional 1.19 years. In contrast, external causes exerted a negative contribution (-0.38 years), partially offsetting overall health
progress.

Copyright © 2025 Society of Actuaries Research Institute



16

Section4  Results

4.1 ENSO’S CAUSE-SPECIFIC IMPACT ON MORTALITY IMPROVEMENT

El Nifio events show a pronounced and statistically significant impediment to mortality improvement in circulatory
system diseases, external causes, and endocrine/metabolic conditions (Figure 6a). Among these, circulatory system
diseases exhibit the largest adverse effect 4.8 (Cl: 2.1 to 7.5), indicating that cardiovascular mortality improvement
slows considerably during El Nifio periods, consistent with the heightened cardiovascular stress associated with
elevated temperatures (Chen et al., 2021) and air pollution (Cui & Sinoway, 2014). External causes, which
encompass accidental and injury-related deaths, also show substantial slowdown in mortality improvement 5.0 (Cl:
3.2 to 6.8), suggesting behavioral and environmental stress pathways linked to anomalous heat and precipitation
patterns. Endocrine and metabolic diseases display a significant but less precisely estimated effect 11.5 (Cl: 2.0 to
20.1), while several other causes show positive but statistically insignificant coefficients, implying limited or
uncertain benefits from El Nifio conditions at the national level.

Figure 6
ENSO IMPACT ON CAUSE SPECIFIC MORTALITY IMPROVEMENT
(a) Full sample (b) Partial sample
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(a) presents estimates for the full sample period, and (b) shows results split by the 1999 ICD code transition from ICD-9 to ICD-10. Each
row corresponds to a cause-of-death chapter, with the number in parentheses indicating the average annual number of deaths
nationwide. Estimates represent the five-year cumulative effect of EI Nifio anomalies on mortality improvement (percentage points,
p.p.), with 95% confidence intervals shown. In (a), darker red (blue) shading indicates that EI Nifio persistently impeded (enhanced)
mortality improvement across the full sample period. In (b), lighter red and blue shades denote causes where El Nifio effects were
significant in only one of the two subperiods.
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When the sample is divided by the 1999 ICD transition (Figure 6b), circulatory system diseases and external causes
remain consistently impeded by El Nifio across both the ICD-9 (1981-98) and ICD-10 (2000—-23) periods,
underscoring the robustness of these relationships. The impact on endocrine and metabolic diseases, however,
emerges only in the post-ICD-10 period. While the impact of ICD transition cannot be ruled out, this discrepancy
indicates a possible intensification of metabolic vulnerability in more recent decades, potentially linked to aging
populations and lower resilience. Interestingly, respiratory system mortality shows a positive association with El
Nifio during the ICD-9 period 5.4 (Cl: 1.9 to 11.0), suggesting temporary health benefits, but this effect disappears
after the ICD-10 transition, implying that medical or reporting changes may have altered the observed sensitivity.

Previous studies generally find that El Nifio tends to impede mortality improvement, whereas La Nifia is associated
with health benefits (Xu et al., 2025). However, the results if this study show that the benefit is not universal across
causes. While La Nifia phases are linked to improvements in several major disease categories, they correspond to
increased mortality in infectious diseases (nationwide) and congenital disorders (in both subsamples). These findings
suggest that La Nifia can introduce specific health risks despite its overall moderating influence on temperature
extremes. The heterogeneous responses across cause-of-death categories highlight the complex and asymmetric
pathways through which ENSO phases shape population health in the United States.

Respiratory causes of death are likely to be regionally linked to ENSO. Previous studies have shown that wildfires in
the U.S. Southwest are more strongly associated with La Nifia conditions. A recent example is the 2025 Los Angeles
fire (Becker, 2025). This is because La Nifia tends to bring warmer, drier conditions to that region (see Figure 1),
which increases fire risk and smoke exposure. In the results, respiratory mortality during La Nifia was not statistically
significant at the national level but was still measurable (Figure 6a), likely because the effect is concentrated in
southwestern states rather than widespread. A more detailed, region-specific analysis would be needed to fully
resolve this.

4.2 FURTHER BREAKDOWN FOR CIRCULATORY SYSTEM AND EXTERNAL CAUSES OF DISEASE

The two major causes most affected by El Nifio (circulatory system and external causes) are broken down into their
constituent sub-causes (Anderson et al., 2001) to better identify the drivers of the aggregate effects (Figure 7).
Within circulatory diseases, the largest and most statistically significant impediment is observed for diseases of the
heart. Cerebrovascular diseases also show a negative but less precisely estimated impact, while other sub-causes,
such as hypertension and atherosclerosis, display positive yet statistically insignificant effects. This pattern suggests
that El Nifio primarily affects cardiovascular mortality through pathways related to heart disease rather than other
circulatory conditions.

For clarity, Table 1 summarizes how each circulatory subcause in the analysis is defined in the mortality data.
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Table 1
DEFINITION OF CIRCULATORY SUBCAUSES AND CORRESPONDING ICD CODES
Subcause Typical Conditions ICD-10 Codes
Diseases of heart Coronary/ischemic heart disease (MI, angina), heart failure, 1000-1099, 11101119,
cardiomyopathy, arrhythmias, rheumatic/valvular and other 1130-1139, 1200-1519

structural heart disease; some hypertensive heart disease

Essential (primary) Chronic high blood pressure; hypertension with kidney 1100-1109, 1120-1129
hypertension & hypertensive involvement
renal disease

Cerebrovascular diseases Stroke and sequelae: hemorrhagic & ischemic stroke, late effects 1600-1699
Atherosclerosis Systemic arterial plaque/arteriosclerosis coded as underlying cause | 1700-1709
Other diseases of circulatory Residual group 1710-1789
system

Copyright © 2025 Society of Actuaries Research Institute



19

Figure 7
SUB-CAUSE ANALYSES ON CIRCULATORY AND EXTERNAL CAUSE OF DEATH
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Estimates represent the five-year cumulative effect of El Nifio anomalies on mortality improvement (percentage points, p.p.), with 95%
confidence intervals shown. Each row corresponds to a specific subcause within the broader circulatory (blue) or external (red)
categories, with the number in parentheses indicating the average annual deaths nationwide. Within circulatory causes, the largest and
most statistically significant impediment is observed for diseases of the heart, followed by cerebrovascular diseases. For external causes,
the strongest effects occur in transport accidents and complications of medical and surgical care, both indicating substantial slowdowns
in mortality improvement during El Nifio periods.

Among external causes, the strongest adverse effects are found for transport accidents and complications of
medical and surgical care.

Both categories exhibit significant slowdowns in mortality improvement, pointing to a combination of behavioral,
environmental, and systemic stress factors, through acute disease systems.

4.3 AGE-SPECIFIC VULNERABILITY

The five-year cumulative effects (Figure 8a) show that El Nifio exerts a persistent impediment to mortality
improvement across multiple causes of death, with the strongest and most widespread effects observed for
circulatory system diseases among middle-aged and older adults. The impact intensifies progressively with age,
emerging around ages 30—34 and peaking between 50 and 80 years (six to seven p.p.). External causes also exhibit
broad age-specific effects, with the largest deterioration in mortality improvement occurring between 35 and 44
years (five to six p.p.). A few other causes, such as nervous system and digestive system diseases, show statistically
significant but age-constrained impacts—the former peaking at older ages (65—89, nine to 10 p.p.) and the latter in
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midlife (35—49, greater than nine p.p.). Overall, the long-term evidence indicates that El Nifio events slows down
mortality improvement primarily through prolonged health burdens on older populations.

In comparison, the immediate effects at year O (Figure 8b) reveal a more selective pattern. The strongest short-term
deterioration also occurs in circulatory system diseases, but the scale (zero to two p.p.) is much lower than the long-
term. However, unlike the cumulative estimates, several other causes—including respiratory, digestive, and
endocrine/metabolic conditions—show transient or statistically insignificant responses, suggesting that many health
impacts materialize only after lagged physiological or socioeconomic processes take effect.

Together, the contrast between the short- and long-term effects highlights the persistence of El Nifio’s influence on
long-term health outcomes and suggests that much of its population-level burden arises from delayed and
compounding pathways rather than immediate mortality shocks.

Copyright © 2025 Society of Actuaries Research Institute



21

Figure 8
ENSO IMPACT ON CAUSE SPECIFIC MORTALITY IMPROVEMENT.

(a) Five year cumulative effect of ENSO
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(a) shows the five-year cumulative effect, while panel (b) presents the immediate (year 0) effect. Colors represent the direction and
magnitude of the estimated effect (percentage points, p.p.), with red indicating impeded mortality improvement during El Nifio phases
and blue indicating enhanced improvement. Each row corresponds to a cause-of-death chapter and each column to an age group. Black
circles denote statistically significant effects at the 95% confidence level. Results indicate that El Nifio predominantly impedes mortality
improvement in circulatory system diseases among middle-aged and older adults, while short-term and younger-age effects are more
heterogeneous across causes.

4.4 IMPACT ON MENTAL HEALTH AND AGE/GENDER-SPECIFIC CONDITIONS

Mortality related to mental health shows a significant and gradually propagating response to ENSO anomalies
(Figure 9). Mental health related mortality refers to deaths coded under ICD-10 FO1-F99, which include dementia
and other organic mental disorders, substance-use disorders, schizophrenia and other psychotic disorders, and
mood (affective) disorders. The cumulative effect increases steadily over the five-year horizon, suggesting that the
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adverse impacts of El Nifio on mental health emerge and intensify over time rather than appearing immediately.
This persistence aligns with recent evidence from Latin America (Flores et al., 2025; Ortiz-Prado et al., 2023), where
ENSO-related climatic disruptions have been associated with elevated mental health burdens and suicide rates
following prolonged economic and environmental stress. The delayed and progressive deterioration observed here
may reflect post-catastrophe trauma, chronic stress, and indirect socioeconomic effects that compound beyond the

initial climate shock.

By contrast, no statistically significant associations are detected for pregnancy- and perinatal-related mortality.
Although small short-term variations are visible, their magnitudes remain within confidence bounds, indicating that
maternal and neonatal mortality are largely unaffected by ENSO variability at the national scale. These results
suggest that while ENSO events can have lasting mental health implications, their direct influence on reproductive

and early-life outcomes in the U.S. appears limited.

Figure 9
ENSO IMPACT ON MORTALITY IMPROVEMENT RELATED TO MENTAL HEALTH, PREGNANCY AND CHILDBIRTH, AND

PERINATAL CONDITIONS
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(a—c) upper panels show the cumulative effects of El Nifio anomalies over a five-year horizon (top) and the corresponding age-attribution
patterns (bottom). Positive values indicate impeded mortality improvement. The box indicates the intra-quartile range, the middle black
line shows the median, and error bars denote 95% confidence intervals. The lower panels attribute the impact to each age.

4.5 CAUSE-SPECIFIC WELFARE LOSS IN THE PAST

Welfare losses associated with major El Nifio events are quantified using a Value of Statistical Life approach, based
on the estimated per-cause life expectancy loss (Methods). The results show that both the 1982—-83 and 1997-98
events led to substantial reductions in life expectancy and corresponding welfare losses. The estimated life
expectancy loss at birth was 0.64 years (95% Cl: 0.20—1.10) in 1983 and 0.44 years (95% Cl: 0.15-0.73) in 1997, with
circulatory diseases contributing most of the total decline in both events. External causes exhibited smaller but
statistically significant effects only in 1983. Translating these health losses into economic terms, the total welfare
cost reached approximately USD 2.1 trillion (Cl: 0.6 to 3.5 billion) for 1983 and USD 3.6 trillion (Cl: 1.2 to 6.0 trillion)
for 1997. The rest of the monetary equivalent loss estimations are reported in Table 2. These findings highlight that
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El Nifio events impose sizable and persistent welfare burdens on the U.S. population, primarily through elevated
circulatory mortality risks.

Table 2
CAUSE-SPECIFIC WELFARE LOSSES IN THE UNITED STATES ASSOCIATED WITH MAJOR EL NINO EVENTS

Cause 1982-83 Event 1997-98 Event

Panel A: Life expectancy at birth loss (yr.)

Circulatory 0.13 [0.07, 0.04 [0.03,0.07]
0.20]

External 0.02 [0.01, 0.00 [0.00, 0.00]
0.02]

Total 0.64 [0.20, 0.44 [0.15,0.73]
1.10]

Panel B: Economic equivalent value loss, total population (Sb.)

Circulatory 433 [133,631] 371 [126, 614]

External 53 [17,77] 33 [11,55]

Total 2,093 [662, 3,639 [1,241,
3,502) 6,028]

Panel A reports the estimated life expectancy loss at birth (in years) attributable to El Nifio events in 1982—-83 and 1997-98, with 95%
confidence intervals shown in brackets. Panel B presents the corresponding economic valuation of these losses, expressed as total
welfare loss (in 2020 U.S. dollars, billions). Estimates are based on cause-specific mortality impacts for circulatory and external causes,
aggregated to the national level.

4.6 QUANTIFY FUTURE HEALTH IMPACT OF ENSO

This study evaluates how intensified El Nifio conditions under different climate change pathways will affect future
U.S. life expectancy, focusing on cause-specific contributions and scenario uncertainty. Using 198 climate simulation
ensembles across four SSPs, the median projected loss in life expectancy improvement for the United States is
presented, along with cause-specific losses attributed to circulatory and external causes (Figure 10). The full-time
series of life expectancy projections from each climate simulation ensemble is reported (Figure 11).

Adaptation capacity differs across the SSPs. SSP1-2.6 describes a sustainable, high-cooperation world with strong
institutions and social cohesion, so adaptive capacity is highest, and health systems are well equipped to cushion
ENSO shocks. SSP2-4.5 reflects current trends and adaptation improves but unevenly, resulting in moderate,
incomplete protection. SSP3-7.0 is the most vulnerable pathway: fragmented growth and weaker governance mean
low investment in health and infrastructure, so ENSO impacts are more fully realized. SSP5-8.5 depicts a high-
income and technology-driven world that could support strong adaptation, but higher warming and exposure
increase the demands on those systems, so effective adaptation is not guaranteed.

Under the mid-range climate scenario (SSP2-4.5), El Nifio-related intensification is projected to remove roughly 3.1
years of life expectancy improvement at birth for the U.S. by the end of the century (Figure 10b). This represents a
reversal exceeding the total gain achieved from 2000 to 2020. If the cause-specific mortality improvement trends
persist, external causes are expected to account for about 1.4 years of these losses, while circulatory system
diseases contribute approximately 0.5 years. These findings indicate that El Nifio events, when amplified by
moderate climate change, could substantially erode long-term health progress and shift the dominant drivers of
mortality loss toward injury-related and cardiovascular causes.

Across the four climate scenarios, the magnitude of life expectancy loss increases sharply with emission intensity,
ranging from -1.6 to -4.3 years, with the largest median loss observed under SSP3—7.0 (Figure 10c). High-emission
scenarios lead to persistently elevated El Nifio frequency and severity, amplifying cumulative health burdens from
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circulatory and external causes. Conversely, under the low-emission pathway (SSP1-2.6), projected losses are
smaller and largely transitory, reflecting the benefit of climate mitigation in stabilizing ENSO variability. The widening
contrast across scenarios underscores that future ENSO-related health impacts are not predetermined but depend
critically on global emission pathways and adaptive public health capacity.

Figure 10
LIFE EXPECTANCY LOSS ATTRIBUTION TO CAUSE OF DEATH
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Projected life expectancy loss attribution by cause of death under four climate change scenarios (SSP1-2.6, SSP2—-4.5, SSP3—7.0, and
SSP5-8.5). Each panel shows the median cause-specific contribution (year) to changes in life expectancy from 2020 to 2100, based on
simulated ENSO intensification and associated health impacts. The black line represents the total effect across all causes, while shaded
areas indicate the relative contributions from circulatory system diseases (blue), external causes (orange), and other causes (light blue).
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Figure 11
LIFE EXPECTANCY LOSS ACROSS EMISSION SCENARIOS BY EACH SIMULATION
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Projected life expectancy loss at birth across emission scenarios based on climate simulation ensembles across SSPs. Each panel
corresponds to one SSP (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5), showing the trajectory of life expectancy improvement loss (years)
from 2020 to 2100 for the U.S. Thin gray lines represent individual climate simulation ensembles, while the solid line denotes the
ensemble mean and dashed and dotted lines indicate the 25th and 75th percentiles, respectively.
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The monetary equivalent welfare loss is projected to be substantial. Under the mid-range climate scenario (SSP2-
4.5), a mean ENSO-related welfare loss is projected for its impact on human health of about $25 trillion (2020
dollars) for the U.S. during the 215 century, with a wide uncertainty range [Cl: -75.9 to 17.7]. This reflects not only
the health effect of ENSO on mortality, but also the socioeconomic conditions embedded in SSP2, namely moderate
population growth and income expansion, which raise the value of future life years. Across the four pathways,
expected total losses range from about $18.7 trillion under SSP1-2.6 to $40 trillion under SSP5-8.5.

Figure 12
MONETARY EQUIVALENT WELFARE LOSS
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Projected monetary-equivalent welfare losses attributable to ENSO, by cause of death and SSP scenario. Bars show the mean loss
decomposed into circulatory causes, external causes, and all other causes. Right-hand labels report the total national loss and 95% CI.
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Section5  Discussion and Policy Implications

This report develops and applies an econometric and actuarial framework to quantify ENSO-related health losses in
the U.S., attribute life-expectancy changes to specific causes of death, and value those losses in welfare terms.
Historically, EI Nifio events have slowed mortality improvements, especially in circulatory and external causes, and
produced measurable life-expectancy losses and large welfare costs. Looking forward, intensified ENSO activity
under higher-emission pathways is projected to erode future life-expectancy gains, with the burden shifting toward
injury-related and cardiovascular risks.

Relative to previous research, this study is a region-specific, actuarially interpretable assessment for the U.S. that
consolidates the ENSO—health literature into a coherent, quantitative framework with detailed cause- and age-
specific breakdowns, explicit identification, and projections under CMIP6-SSP scenarios. It complements prior
episode- or mechanism-focused studies (Kovats et al., 2003; Xu et al., 2025) by offering a national and cross-cause
lens.

5.1 POLICY AND ACTUARIAL IMPLICATIONS

The results of this report point to three actionable domains for health systems, regulators, and the actuarial
profession:

1. Preparedness and early response: When ENSO outlooks signal emerging El Nifio conditions, public-health
agencies and insurers can activate anticipatory interventions, for example, seasonal heat-health and air-
quality protocols, targeted cardiovascular risk management, injury-prevention messaging, mental-health
outreach, and mortality surveillance in older age groups. These measures reduce immediate health losses
and moderate downstream actuarial liabilities.

2. Capacity and supply planning and resilience: Hospitals and public programs could pre-position staff, beds,
and critical supplies in states with stronger temperature and precipitation teleconnections; stress-test
emergency and trauma systems for potential injury surges; and plan respiratory and cardiac care surge
capacity during El Nifio years. In parallel, life and health insurers can use ENSO outlooks to forecast short-
term claims volatility, stress-test capital requirements, and align solvency buffers and reinsurance layers
with projected morbidity and hospitalization surges. Together, these actions enhance both operational
resilience and financial preparedness against climate-related health shocks.

3. Risk pricing, reserving, and long-term modeling: ENSO uncertainties can be considered within benefit
pricing, reserving, and reinsurance design. Insurers may develop ENSO-linked parametric triggers for
catastrophe or stop-loss contracts, while regulators and actuarial bodies can promote climate-adjusted
mortality improvement assumptions in valuation bases and solvency analyses. Such integration aligns
actuarial practice with national climate adaptation policies and strengthens long-term financial protection
frameworks for the health sector.

5.2 LIMITATIONS AND NEXT STEPS

In the current analysis, the core econometric specification is linear in the ENSO signal and uses a fixed lag structure;
non-linearities, thresholds, or interactions across hazards and causes warrant further investigation. The analysis is
national with state-level heterogeneity via teleconnections but cannot resolve intra-state or urban—rural disparities.
Future work needs to incorporate higher-resolution health data (insurance claims, admissions), richer exposure
metrics, flexible non-linear or semi-parametric models, and explicit adaptation pathways to validate and refine these
estimates. Extending this framework to broader geographic regions—such as other regions in North America,
Australia, Asia-Pacific, Latin America, and Sub-Saharan Africa—and eventually to a global analysis would enable
comparative insights into how ENSO and other climate anomalies drive differential health and actuarial risks across
diverse socioeconomic and climatic contexts.
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This report’s projections of future ENSO-related health impacts are based on CMIP6 climate model outputs. Because
CMIP6 was designed and its experiment protocols were finalized around 2015, it does not fully incorporate more
recent advances in climate science on future ENSO dynamics. Recent studies suggest that La Nifia events may
become shorter and weaker in a warmer climate, and that ENSO variability may become more El Nifio-biased (see,
for example, Lawman et al., 2022). Consistent with this, operational updates from NOAA noted that the 2024-25 La
Nifia, which followed the strong 2023 El Nifio, was weak and ended quickly, likely because anomalously warm ocean
conditions suppressed its development (see NOAA’s April 2025 ENSO update). An El Nifio-biased ENSO regime is
particularly concerning from a health perspective, because the analysis shows that El Nifio generally worsens human
health outcomes. This means the projections in this report should be interpreted as a conservative, lower-bound
estimate of the losses that could potentially materialize in the future. These newer process-level insights are not yet
fully represented in the CMIP6 models; future projections that use updated climate simulations incorporating these
mechanisms would provide a more realistic assessment of ENSO-related health risks.
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