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The Long Shadow of Pandemic
LBackground and Motivation

Motivation: A post-COVID perspective

COVID Outbreak Mortality Peak Partial Recovery Persistent Effects
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» Multiple years of post-COVID data available (2020-2023).
» Pandemic mortality shocks show heterogeneous impact and recovery:
> Different by age groups
» Different by causes-of-death.
» Different by years-after-pandemic
» Need to analyze the long-lasting effects of pandemic mortality shocks to improve
mortality forecasting and longevity risk management.
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The Long Shadow of Pandemic
LBackground and Motivation

Empirical observations
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The Long Shadow of Pandemic
|—Background and Motivation

Empirical observations by age group
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» Pandemic impact and recovery is not uniform across ages.
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LBackground and Motivation

Empirical observations by cause-of-death (CoD)
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The Long Shadow of Pandemic
LBackground and Motivation

Key empirical observations

» COVID-19 introduced a major pandemic mortality shock with lingering effects on
post-pandemic mortality dynamics.

» The magnitude and persistence of the pandemic mortality shocks vary across age
groups and causes of death.

» These observations highlights the need for a flexible modeling framework to
capture long-lasting and cause-specific jump effects.
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The Long Shadow of Pandemic
LExisting Models and Limitations

Baseline mortality models

> Lee & Carter (1992): The Lee-Carter model
Inmy: = ax + Bxkt + €xt
> Li & Lee (2005): Common factor extension
Inmy ¢i = axi+ Bkt + B ikie,i + €xt,i
> Russolillo et al. (2011): Three-way extension

In Myt = Qxj+ GiPxkt + Ex,t,i
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The Long Shadow of Pandemic
LE><isting Models and Limitations

Jump mortality models (pre-COVID)

» Cox et al. (2006): Proposed a permanent jump model where jump effects
modify the dynamics of the period effect &;.

» Lin & Cox (2008) and Chen & Cox (2009): Introduced a transitory jump term
for catastrophic events:
Rt = ’%t + NtJt

where N; is the jump occurrence (Bernoulli) and J; is the jump severity (Normal).

» Liu & Li (2015): Extended LC by adding age-specific jump effects:
In My = ax + Bxkt + Nt-jx,t + €x,t

where J, ¢ is an age-specific jump severity term (Normal).
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LE><isting Models and Limitations

Jump mortality models (post-COVID)

» Several new approaches for modeling mortality jumps since 2020:

» Ozen & Sahin (2020) - Renewal process for transitory jump modeling
» Zhou & Li (2022) - Age-specific COVID-19 excess mortality extension
» Chen et al. (2022) - Threshold jump model for pandemic shocks

> Goes et al. (2025): Introduced serial dependence and auto-regression in jump
severity:
In Myt = Qx + Bxkt + 3)(<J)Jt + €x,t

Je=ali_1+ N Yq

where a € [0,1) is an AR coefficient.
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The Long Shadow of Pandemic
LThe Proposed Model

The proposed model

» Three-Way Parallel Factors with Cause-Specific Long-Lasting Jumps Model

» Decomposes mortality rate m, ¢ by

In(My.t.c) = axc + BeKe + ok + Nedl2 + e e.c

where

» a, . captures the baseline level by age and cause,

» B, K; captures the general mortality trend of all causes,

» by k: captures cause-specific deviation from general trend, and
> NtJf(,TC) captures the long-lasting jump effect.
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The Long Shadow of Pandemic
LThe Proposed Model

The long-lasting jump effects

» Jump occurs at time T,
Ne =11y

» Long-lasting jump effects modeled as
T<0

0
JXTC - JX c T = 0
Jyc-me(r) T>0
where 7 =t — T,

> J.c is the jump severity at age x for cause c, capturing the initial impact, and
» 7.(7) is a parametric decay function, controlling the persistence.

11/21



The Long Shadow of Pandemic
LThe Proposed Model

Parametric function for persistence

» Long-lasting effect function:
me(r) = e - B2e - 7ot eher

where

» «. is a cause-specific shape parameter, controlling timing of peak.
» (. is a cause-specific rate parameter, controlling rate of decay.
P ~. is a cause-specific impact parameter, controlling magnitude.

» 7.(7) has a Gamma-like form.
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LThe Proposed Model

Model summary

|n(mx,t,c) = axc+t By Kt + @cbxk: + NtJ)(:,-C} + ex,t,c (1)
0 T<0

J)(<:r2 = Jx,c 7=0 (2)
Jyc-me(r) T>0

re(r) = e - e 7ot o ®)

» B, K:;: Common factor from the Li-Lee model for general mortality.

» by ks Cause-specific factor based on the three-way LC model.
> N,J): Generalized long-lasting jump effect from the Liu-Li model.
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The Long Shadow of Pandemic
LThe Proposed Model

Distributional assumptions

» Common period factor: Ky = D + Ki_1 + 0z, 0 ~ N(O,o*,,%)

» Cause-specific period factor: ky = d + ky—1 + &, & ~ N(O,ag)

» Jump occurrence: N; ~ Ber(p)

> Jump severity: Jxc ~ N(iix,c,3), where ji ¢ varies by age and cause.
» Jump persistence: J>(<,Tc ~ N(pxc me(T), 05 72(1))

> Error term: ey ¢ ~ N(0,02)
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The Long Shadow of Pandemic
LThe Proposed Model

Likelihood estimation

» Use Route Il approach (Haberman & Renshaw, 2012) for efficient estimation of
Lee-Carter-type models.

> Applied to log mortality improvement rates:
Zyt,e = In(mye.c) — In(mye-1.c)

» Conditional distribution of Z ; . depends on jump occurrence N, = (Ne—1, Np)"
1. Ny = (0,0) for no jump
2. N, = (0,1) for jump at t
3. N, = (1,1) for jump persists
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LThe Proposed Model

Likelihood construction and algorithm

» The log-likelihood is a Gaussian mixture over possible jump scenarios:
S ¢ (21 9) P (A)
N

where the mixture weights P(N ) is determined by jump probability p.
» The parameter set to be estimated jointly is

-

0= (B,D,0y,b,d,o¢,ji,0,,d,5.9,p)

and is estimated via BFGS quasi-Newton algorithm.
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The Long Shadow of Pandemic
LEstimaticrn and Results

Data
Coding System ICD-10 ICD-9 ICD-8
Time Period 1999-2023 1979-1998 1968-1978
CoD 1: Infectious Diseases A00-B99 001-139 001-136
CoD 2: Cancer C00-D48 140-239 140-239

CoD 3: Circulatory Diseases 100-199 390-437 390-458
CoD 4: Respiratory Diseases  J00-J98 460-519 460-519
CoD 5: External Causes V00-Y89 E800-E999 E810-E999
CoD 6: Other Causes All other causes (incl. COVID-19)

Note: Data from U.S. CDC WONDER dataset. The coverage is 13 age groups, 56
years and 6 causes of death (CoD). ICD codes are mapped across three revisions.
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[ Estimation and Results
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I—Estimation and Results

Cause-specific jumps severity
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I—Estimation and Results

Long-lasting jump effects

Fitted Long-lasting Jump Effects
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The Long Shadow of Pandemic

leplications and Conclusion

Conclusion

» Empirical analysis shows heterogeneous and long-lasting pandemic effects on
cause-specific mortality dynamics.

» Proposes a new stochastic mortality model that integrates age, cause, and
persistent jump effects.

» Provides flexible modeling framework for pandemic scenario analysis and risk
management applications.
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