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Abstract

This paper uses the time-varying parameter vector autoregression model with stochastic volatil-
ity (TVP-VAR-SV) of Chan and Eisenstat (2018) to quantify the effects of two climate change
(CC) shocks on macroeconomic fluctuations in Peru, assess their relative importance, and trace
their evolution over time. The two shocks are the El Nino phenomenon (ENP) and deviations
of average temperature from its historical mean. Bayesian model selection criteria indicate that
the best-fitting models allow only some parameters to vary over time, while the inclusion of
the stochastic volatility (SV) component is essential for model performance. The results yield
three main findings. First, both CC shocks operate as negative supply shocks: they reduce
gross domestic product (GDP), increase inflation, and raise the interest rate. They also explain
GDP and inflation dynamics better than interest-rate dynamics. GDP falls by 0.8 (0.05-0.20)
pp in response to the ENP (average temperature deviation) shock, while inflation rises by 0.25
pp in response to both shocks. By sector, primary GDP falls by 1.5 pp in response to ENP
shock, with a 5.0 (0.8-1.0) pp drop in fishing (agriculture) GDPs. In response to temperature
deviations shock, primary GDP falls by 1.2-1.4 pp, fishing (agriculture) GDP by 2.0 (1.2-1.5)
pp- Second, the effects of both shocks are time-varying and more damaging for the primary
sector. ENP has larger and more significant effects on GDP in 1998Q2 and 2017Q2, and on
inflation in 2017Q2. Average temperature deviations have larger and more significant effects on
GDP in 1994Q3 and 2005Q1, and on inflation in 1994Q3 and 2019Q1. Third, the ENP shock
is more important and statistically significant than the average temperature deviation shock in
explaining macroeconomic performance. ENP also helps explain the sharp GDP contractions
and inflation increases observed in 1998 and 2017.

JEL Classification: C32, C52, E32, 044, Qb54.
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Resumen

Este articulo utiliza el modelo de autorregresiéon vectorial de pardmetros variables en el tiempo con volatilidad es-
tocastica (TVP-VAR-SV) de Chan y Eisenstat (2018) para cuantificar los efectos de dos choques de cambio climéatico
(CC) en las fluctuaciones macroeconémicas en Perid, evaluar su importancia relativa y rastrear su evolucion a lo
largo del tiempo. Los dos choques son el fenémeno de El Nifio (ENP) y las desviaciones de la temperatura promedio
respecto a su media histérica. Los criterios de seleccion de modelos bayesianos indican que los modelos que mejor se
ajustan permiten que solo algunos pardmetros varien a lo largo del tiempo, mientras que la inclusién del componente
de volatilidad estocastica (SV) es esencial para el desempetio del modelo. Los resultados arrojan tres hallazgos prin-
cipales. Primero, ambos choques de CC operan como choques de oferta negativos: reducen el producto interno bruto
(PIB), aumentan la inflacién y elevan la tasa de interés. También explican mejor la dindmica del PIB y la inflacién
que la dindmica de la tasa de interés. El PIB cae en 0,8 (0,05-0,20) pp en respuesta al choque ENP (desviacion de
la temperatura media), mientras que la inflacién aumenta en 0,25 pp en respuesta a ambos choques. Por sector, el
PIB primario cae en 1,5 pp en respuesta al choque ENP, con una caida de 5,0 (0,8-1,0) pp en el PIB de la pesca
(agricultura). En respuesta al choque de desviaciones de temperatura, el PIB primario cae en 1,2-1,4 pp, el PIB de
la pesca (agricultura) en 2,0 (1,2-1,5) pp. Segundo, los efectos de ambos choques son variables en el tiempo y mas
dafiinos para el sector primario. ENP tiene efectos mayores y més significativos en el PIB en 1998T2 y 2017T2, y en
la inflacién en 2017T2. Las desviaciones de la temperatura media tuvieron efectos mas grandes y significativos en el
PIB en el tercer trimestre de 1994 y el primer trimestre de 2005, y en la inflacion en el tercer trimestre de 1994 y el
primer trimestre de 2019. En tercer lugar, el choque de la PNE es méas importante y estadisticamente significativo que
el choque de la desviacion de la temperatura media para explicar el desempeifio macroeconémico. El ENP también
ayuda a explicar las fuertes contracciones del PIB y los aumentos de la inflaciéon observados en 1998 y 2017.

Clasificaciéon JEL: C32, C52, E32, Q54, O44.

Palabras Claves: Impactos del cambio climético; Fenémeno de El Nino; Desviaciones de temperatura;
Fluctuaciones macroeconémicas; Modelos TVP-VAR-SV; Economia peruana
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1 Introduction

Environmental and climate issues have historically occupied a limited place in macroeconomic
analysis (Daly, 1991; Cline, 1992; Stern, 2007 and 2008). The contributions of D’Arge and Kogiku
(1973), Nordhaus (1977), and Grossman and Krueger (1995) helped lay the foundations for Enwvi-
ronmental Macroeconomics (EM),! a field that examines the interaction between macroeconomic
outcomes and environmental and climate-related factors, including climate change (CC).2

CC affects economic activity through gradual changes in ecosystems (Bernie et al., 2024).
Against the backdrop of the current climate crisis, extreme weather events are expected to be-
come more frequent and more intense worldwide (Klomp and Valckx, 2014). Understanding CC
macroeconomic effects has therefore become increasingly relevant for policymakers (Carleton and
Hsiang, 2016; Linsenmeier, 2024).> For central banks, identifying the channels through which
CC-related shocks affect inflation is essential. The European Central Bank has already begun
incorporating CC variables into its monetary policy framework (Bernie et al., 2024).

Emerging market economies (EMEs) are particularly exposed to CC because their production
structures are more climate-sensitive (Tol et al., 2000 Linsenmeier, 2024). EMEs also tend to
rely more heavily on primary sectors (Farajzadeh et al., 2023) and often have weaker CC planning
and adaptation capacity (Akram, 2012; Farajzadeh et al., 2023). In this vein, Burke et al. (2015)
and Sequeira et al. (2018) find that poorer and warmer countries are likely to experience larger
CC-related losses in economic growth.

Most of the literature, however, has focused on CC macroeconomic effects in advanced economies
(AEs); see Kim et al. (2025). Evidence for Latin America and the Caribbean (LAC) EMEs remains
limited. Overall, existing studies suggest that CC has more adverse effects on EMES than on AEs
(Klomp and Valckx, 2014; Ciccarelli and Marotta, 2024; Pozo and Rojas, 2025a). A formal analysis
of EME macroeconomic fluctuations that does not account for CC variables would therefore be
incomplete (Cashin et al., 2017). Aguirre et al. (2025) argue that ignoring these variables may bias
the design and effectiveness of economic policy.

For Peru, to our knowledge, only Aguirre et al. (2025) and Pozo and Rojas (2025b) study the
macroeconomic effects of the El Nifio phenomenon (ENP)? and an index of financial losses from
climate events, respectively, from an aggregate perspective.” Unlike Aguirre et al. (2025) and
Pozo and Rojas (2025b), and following Acevedo et al. (2020), this paper estimates the effects of
two CC-related variables on Peru’s macroeconomic fluctuations over 1994Q1-2019Q4: ENP and
temperature deviations from their historical 30-year moving average.

Recent literature also shows that the effects of CC shocks are nonlinear and time-varying (Kahn
et al., 2021; Ginn, 2022; Zhang, 2023; Liu et al., 2023; Sheng et al., 2024; Kim et al., 2025).
Contreras et al. (2017) argue that the economic effects of ENP depend on its intensity and on

'Environmental macroeconomics was consolidated by the contributions of Nordhaus (1991), Fankhauser and Tol
(2005), Gars (2012), and Dell et al. (2012). Brock and Taylor (2005), Eriksson (2015), and Hassler et al. (2016)
provide theoretical details.

2CC is reflected in increases in the frequency and/or intensity of extreme weather events, including temperature
variations, floods, droughts, hurricanes, and related events.

3CC also tends to amplify economic and social inequality (Diffenbaugh and Burke, 2019; Kunawotor et al., 2021;
Nyiwul, 2021; Paglialunga et al., 2022) and poverty (Leichenko and Silva, 2014; Dang et al., 2016).

1ENP is a climate phenomenon characterized by an increase in sea temperature in the central equatorial Pacific,
which causes heavy rainfall, mudslides, and flooding along Peru’s northern coast, as well as droughts in southern
Peru. The most relevant ENP episodes occurred in 1983, 1997, 1998, 2017, and 2024.

5The literature review discusses the remaining studies linking climate and economic variables for Peru.



government prevention efforts. Alessandri and Mumtaz (2025) further find that conditional tem-
perature volatility has increased steadily since 1960, especially in EMEs. We therefore posit that
CC macroeconomic effects, as well as their relative importance, are time-varying. To capture these
dynamics, we use a nonlinear, time-varying framework with stochastic volatility (SV). Specifically,
we use the time-varying parameter vector autoregression model with stochastic volatility (TVP-
VAR-SV) developed by Chan and Eisenstat (2018). This framework allows us to capture nonlinear
and time-varying relationships among the variables analyzed, as well as the macroeconomic, cli-
mate, and environmental reforms and structural changes experienced by Peru. It also allows us to:
(i) quantify the magnitude and duration of CC shock effects; and (ii) assess their importance for,
and evolution within, the Peruvian economy. Methodologically, our study contributes to the recent
empirical literature that uses nonlinear vector autoregression (VAR) models (Ginn, 2022; Zhang,
2023; Sheng et al., 2024; Aguirre et al. 2025; Kim et al., 2025).

Peru is also a useful case study for analyzing CC macroeconomic effects. Over time, the coun-
try has experienced a range of macroeconomic, climate, and environmental structural changes,
while sharing many features with other LAC economies. From a macroeconomic perspective,
Peru is a small open economy and commodity exporter, and its monetary policy is conducted
under an inflation-targeting (IT) regime, as in Brazil, Chile, Colombia, Mexico, and Paraguay.
From a climate and environmental perspective,® Peru’s physical geography—coast, highlands, and
rainforest—and its tropical location give rise to 38 climate types and expose the country to a broad
range of extreme weather events, including ENP and other natural disasters. ENP is the most
relevant climate event given its destructive nature: it disrupts production and the value and dis-
tribution chains of goods and services linked to primary sectors, while also generating inflationary
pressures in the economy (Vargas, 2009; Chirinos, 2021; Aguirre et al., 2025; Trujillo et al., 2025).

The Bayesian model selection results indicate that the best-fitting models allow only some
parameters to vary over time, while the inclusion of the SV component is essential. It is worth
noting that the constant-parameter vector autoregression (CVAR) model, one of the worst-fitting
specifications, tends to overestimate CC shock effects.

Against this background, the results from the best-fitting models provide a clearer understand-
ing of the relevance of CC for the Peruvian economy. The main findings can be summarized in
three points. First, both CC shocks operate as negative supply shocks: they reduce gross domestic
product (GDP), increase inflation, and lead to a higher interest rate. They also explain movements
in GDP and inflation better than movements in the interest rate. Second, the effects of both shocks
are time-varying and are more damaging for the primary sector. The ENP shock has larger and
more significant effects on GDP in 1998Q2 and 2017Q2, and on inflation in 2017Q2. The average
temperature deviation shock has larger and more significant effects on GDP in 1994Q3 and 2005Q1,
and on inflation in 1994Q3 and 2019Q1. Third, we find that the ENP shock is more important
and significant than the average temperature deviation shock in explaining macroeconomic per-
formance, and that ENP explains the sharp GDP contractions and inflation increases observed in
1998 and 2017.

The rest of the paper is organized as follows. Section 2 reviews the relevant literature. Section
3 describes the empirical strategy based on Chan and Eisenstat (2018). Section 4 discusses the
main empirical results. Sections 5 and 6 present the robustness analysis and the main conclusions,
respectively.

SLanegra Quispe (2015) provides a detailed discussion of the emergence and consolidation of climate and environ-
mental policy in Peru.



2 Literature Review

The literature on the relationship between CC-related variables, natural disasters, and the economy
has expanded in several directions. Early work examined the link between climate and agricultural
output (Adams, 1989; Cline, 1996; Rezaei et al., 2023). Subsequent studies have assessed CC
effects on international trade (Osberghaus, 2019), fiscal variables (Lis and Nickel, 2010; Noy and
Nualsri, 2011; Giovanis and Ozdamar, 2022; Kunawotor et al., 2022; Jerch al., 2023; Rahaman and
Majid, 2025), human capital (Cai et al., 2018; Zhang and Zhang, 2023), banking-sector performance
(Fabris, 2023; Chabot and Bertrand, 2023), stock markets (Venturini, 2022), economic development
(Castells-Quintana et al., 2016 and 2018), and macroeconomic fluctuations (Acevedo et al., 2020;
Sheng et al., 2024; Kim et al., 2025). This paper focuses on the last area.

CC macroeconomic effects have also been estimated using a range of empirical approaches.
Following Ciarli and Savona (2019), Alatorre and Ferndndez-Sepulveda (2022), and Mitra et al.
(2025), the literature can be grouped into three broad empirical approaches: (i) bottom-up esti-
mation models; (ii) computable analysis models; and (iii) econometric models. For the first and
second approaches, see Houser et al. (2015), and Ciarli and Savona (2019) and Mitra et al. (2025),
respectively. For a review of the empirical literature using econometric approaches, see Calero
(2026).

Consistent with our research objective and the TVP-VAR-SV models used in this paper, our
study falls within the third empirical approach. This section therefore reviews the relevant empirical
literature that uses structural vector autoregression (SVAR) models and their variants to analyze
CC macroeconomic effects. It also reviews empirical applications for Peru.

2.1 Empirical Studies Using SVAR Models

The literature using SVAR models and their variants to estimate CC macroeconomic effects is
extensive and differs in model specification, structural-shock identification, and estimation method.
We first review studies based on panel SVAR models, followed by studies using linear and nonlinear
SVAR models and their variants.

Part of this literature uses panel SVAR models with recursive identification schemes and fixed-
effects estimators (Donadelli et al., 2022; Ciccarelli and Marotta, 2024; Mukherjee and Outtara,
2021; Beirne et al., 2024). Overall, these studies find that temperature and physical CC risks have
negative effects on GDP (Donadelli et al., 2022; Ciccarelli and Marotta, 2024) and inflationary
effects in both AEs and EMEs (Mukherjee and Outtara, 2021; Ciccarelli and Marotta, 2024).
Beirne et al. (2024) also find that climate-related disasters increase food and energy price inflation.

A second group of studies uses variants of the panel SVAR model, including panel SVAR models
with an exogenous block (Fomby et al.,2011; Mohan et al., 2019) and panel SVAR models with SV
(Alessandri and Mumtaz, 2025). These studies find that severe droughts and earthquakes reduce
agricultural GDP in EMEs (Fomby et al., 2011). For Caribbean countries, Mohan et al. (2019)
find that hurricanes have negative effects on exports, investment, and private consumption, but
positive effects on public spending and imports. Alessandri and Mumtaz (2025), in turn, find
that temperature volatility has negative effects on economic growth, consumption, investment,
manufacturing, and services.

Another set of studies uses linear SVAR models (Gallic and Vermandel, 2020; Kose and Unal,
2024) and Bayesian SVAR models (Yusifzada, 2022). Cashin et al. (2017) use a global SVAR model
(G-SVAR), while Ciccarelli et al. (2024) use an SVAR model with an exogenous block (SVAR-X).



Chavleishvili and Moench (2025) use a quantile SVAR model (QSVAR), and Ahmadi et al. (2025)
use a Bayesian G-SVAR-X model. All these studies rely on recursive identification schemes. Their
main findings indicate that temperature and ENP have inflationary effects and reduce GDP in the
short run, especially in countries with hot climates (Cashin et al., 2017; Yusifzada, 2022; Ciccarelli
et al., 2024). Hurricanes reduce agricultural GDP (Campbell and Spencer, 2021), while droughts
increase macroeconomic volatility (Gallic and Vermandel, 2020). Temperature has negative effects,
and precipitation positive effects, on GDP in countries with large agricultural sectors (Ahmadi
et al., 2025); for Jamaica, however, both variables increase GDP (Campbell and Spencer, 2021).
For Latin American countries, temperature increases food price inflation (Kose and Unal, 2024).
Chavleishvili and Moench (2025) also find that climate-related disasters significantly shift forecast
distributions and raise the conditional volatility of output and inflation.

More recent work has begun to use nonlinear and time-varying parameter SVAR models. Al-
though still limited, this literature argues that CC macroeconomic effects are nonlinear and time-
varying (Ginn, 2022; Sheng et al., 2024; Kim et al., 2025). For the United States, this literature
includes nonlinear SVAR models (Ginn, 2022), nonlinear smooth-transition SVAR models (Kim
et al., 2025), and TVP-VAR models identified with partial sign restrictions (Sheng et al., 2025).
Ginn (2022) and Kim et al. (2025) find that natural disasters reduce GDP and increase inflation,
while the Federal Reserve’s policy rate does not respond to these shocks. Kim et al. (2025) find
negative and significant effects on GDP, inflation, aggregate consumption, and the unemployment
rate only toward the end of the sample. Sheng et al. (2024), in turn, find that extreme climate
shocks have negative effects on GDP and inflation, but that these effects have declined over time
as CC adaptation has improved.

2.2 Empirical Applications for Peru

The empirical literature on macroeconomic fluctuations in Peru has focused mainly on the effects
of traditional domestic and external economic and financial shocks.” In this context, empirical
applications assessing CC macroeconomic effects for Peru remain scarce.

To our knowledge, only Aguirre et al. (2025) analyze the aggregate effects of ENP—measured
by the Coastal El Nino Index (ICEN)—on output and inflation. They use local projections and
other empirical strategies, including a Bayesian threshold SVAR model and a TVP-VAR-SV model,
and find that a one-unit increase in ICEN raises inflation and reduces output, mainly in agriculture
and fishing. Pozo and Rojas (2025b) also examine the effects of climate shocks on Peru’s financial
market. They construct an index of financial losses from climate events based on temperature
deviations and, as a complementary result using an SVAR model, find that an increase in the
index contracts GDP, although the effect is not significant, and raises inflation; both effects are
short-lived.

Other studies (Vargas, 2009; Contreras et al., 2017; Chirinos, 2021; Trujillo et al., 2025) analyze
CC economic effects from a regional and/or sectoral perspective. Vargas (2009) and Chirinos
(2021) examine the effects of temperature and precipitation on regional output for 1990-2007 and
19702019, respectively. Using panel-data models, they find that temperature and precipitation
deviations from their historical averages reduce output in agriculture and fishing (Chirinos, 2019),
and that the temperature effect is larger than the precipitation effect (Vargas, 2009).

"Recent contributions include Pérez Rojo and Rodriguez (2024) and Meléndez and Rodriguez (2025) for domestic
monetary and fiscal shocks; and Rodriguez et al. (2023) and Rodriguez et al. (2025) for external shocks.



Contreras et al. (2017) analyze the effects of ENP on sectoral GDP over 1982-2016. Using
an SVAR model, they find that ENP has contractionary effects across all economic sectors, with
the largest effects in primary manufacturing, agriculture, and fishing, in that order. Trujillo et
al. (2025) examine the effects of physical climate risks—heavy precipitation, droughts, and sea-
surface temperature anomalies—on GDP and inflation. They estimate a set of linear panel-data
models for GDP over 2008-2019 and for inflation over 1996-2019, using regions and cities as the
units of analysis, respectively. Climate variables are captured through dummy variables, and the
results show that these risks reduce GDP by 2.4-4.3 percentage points and raise inflation by 2.2-3.8
percentage points.®

Related studies include Gutiérrez et al. (2017), Romero et al. (2024), Azanedo et al. (2024),
and Cisneros et al. (2025), who analyze the effects of extreme rainfall, climate risks, ENP, and
climate news—measured by the probability of ENP occurrence—on farmers’ financial conditions,
the financial system, delinquency among Peruvian agro-export firms, and financial institutions’
credit-adjustment behavior, respectively. Castellares et al. (2024), in turn, provide a descriptive
analysis of the incidence and impact of natural events, including climate events, over 2003-2023.

Two main conclusions emerge from this review. First, a gap remains in the empirical literature
on CC macroeconomic effects in EMEs such as Peru. Second, the use of nonlinear SVAR models
and models with time-varying parameters to estimate these effects remains incipient. Against this
background, this study estimates the macroeconomic effects of two CC shocks in Peru using a time-
varying framework. Specifically, we use the TVP-VAR-SV models of Chan and Eisenstat (2018),
placing the paper within the recent empirical literature that uses nonlinear VAR models, including
Ginn (2022), Sheng et al. (2024), Aguirre et al. (2025), and Kim et al. (2025).

3 Methodology

The empirical strategy follows the TVP-VAR-SV framework of Chan and Eisenstat (2018) and
covers the competing model specifications, the estimation algorithm, and the computation of the

Bayesian criteria.’

3.1 TVP-VAR-SV Model and Its Variants

The general TVP-VAR-SV model, in structural form, is given by:

P

Bouy: =+ Y _Bjsyijte, € ~N(0,5), (1)
j=1

where y; is an n x 1 vector of endogenous variables; p, is an n x 1 vector of time-varying intercepts;

B;; is an n x n matrix of time-varying coefficients associated with the j-th lag of the vector of

endogenous variables; Bg; is an m x n lower triangular matrix of contemporaneous coefficients

with ones on the main diagonal; 3; = diag(exp(hi), ...,exp(hy)); and hy = (hyy,...,h,)". The

logarithms of all elements in h; = (hy4,...,h, ) follow a random walk process:

h; =h; 1+ Cta Ct ~ N(Oa Eh)v (2)

8Their projections to 2050 also show that, under a critical climate scenario, climate risks could reduce GDP by
about 2.7 percentage points and increase inflation by about 2.3 percentage points relative to 2019.

9Details on the estimation algorithm for the seven competing models and the Bayesian selection criteria are
provided in Section 4 and Appendix B of Chan and Eisenstat (2018).




where X = diag(a,zll,...,a%n), and the initial conditions hg ~ N(ap, V) must be estimated.
Equation (1) can be rewritten as:

Vit = Xt,@t + tht + €, €t~ N(O7 2t)’ (3)

where X; = I, ® (LYt 1> ¥i—p); Br = vec((ty; Biy, ..., Bpy)') is a kg x 1 vector of time-
varying intercepts and lag coefficients; W is an n x k,matrix containing the appropriate elements
of —y;10 and v, = (Y16 Y2 Y385 ...,'yk%t)’ is a ky x 1 vector of time-varying coefficients that
characterize the contemporaneous relationships among the variables. Specifically, kg = n(np + 1)
and ky = n(n —1)/2. Letting X; = (X, W,), the model can be written in state-space form as:

v =Xi0: + €, € ~N(0,%,), (4)

0t = et—l + Ny, N ™~ N(O) 29)’ (5)

where 0; = (3},7')’ has dimension ky = kg + k-; the initial conditions 8y ~ N(ag, V) must be
estimated; and Xy = diag(agl, ...,O'gk). In addition, the elements of Xy and X are assumed to
be independently distributed as agi ~ ZG(vy,;,Sp,), for i = 1,.... kg, and J,%j ~ IG(vn;, Sh,), for
j=1,... k.

In addition to estimating the general model, we estimate six additional models that restrict dif-
ferent sets of parameters in the general TVP-VAR-SV model in equation (1): (i) a homoskedastic
TVP-VAR model (h; = hy); (ii) a CVAR-SV model, in which only the variances are time-varying;
(iii) a TVP-VAR-R1-SV model that assumes constant parameters for the intercepts and lagged
variables (8; = By); (iv) a TVP-VAR-R2-SV model that imposes constant coefficients on the con-
temporaneous relationships (v, = 7v); (v) a TVP-VAR-R3-SV model in which only the intercepts
and variances are time-varying; and (vi) a CVAR model in which all parameters are constant.

3.2 Estimation Algorithm: Gibbs Sampling

We use Gibbs sampling to estimate the posterior parameters. The algorithm partitions the pa-
rameters into blocks and estimates each block separately, conditional on the updated values of the
other blocks. The draws are based on the precision sampler proposed by Chan and Jeliazkov (2009)
and extended by Chan and Eisenstat (2018).

The algorithm for estimating the TVP-VAR-SV model proceeds as follows: (i) draw 6 from
(8ly, h, g, £p, 00, ho) ~ N (5, K;l), where § = K, ' (H},S, "Hyap + X'S'y) and Ky = H,S, 'Hy+
X'E71X, with oy = H;l&g the matrices Hy, X, Sy, X, and ay are described in Appendix A of
Chan and Eisenstat (2018)); (ii) draw h from (hly, 8, Xy, X}, 09, hp) using the auxiliary mixture
sampler of Kim et al. (1998); (iii) draw Ugi from (Ugib’, 6.h, 6, ho) ~1IG (V.gi + %, So, + %ZtT:l(Gi,t - 9“_1)2),
fori =1, ..., kg; (iv) draw U%Lj from (U}%j|y, 0.h, 0, ho) ~1IG (th + %, Sh; + % ZtT:1(hj,t — hj,t—1)2>,
for j = 1,...,kp; (v) draw 6y from (6ply,0,h,3y, X)) ~ N(éo,Kgol), where Kp, = Ve_1 + 29_1
and 6y = K;;(V;lag + %,'61); (vi) draw hg from (ho|y,8,h, g, =) ~ N(ﬁo,Kﬁol), where

0 0 0
OFor example, when n = 3, W; = —Y1,t 0 0 where y; ¢ is the i-th element of y¢, for ¢ = 1, 2.
0 —Yi1,t  —Y2,t



Kp, = V' + 3, and hy = KI_IO1 (Vita, + B 'hy); and (vii) repeat steps (i)—(vi) N times. The
values of ag, Vg, ap, Vn, vy, vn;, Se,, and Sp; are defined in Section 4.2.
3.3 Bayesian Model Selection Criteria

This section presents the Log-ML and the DIC, which are used to select the best-fitting model.

3.3.1 Log Marginal Likelihood (Log-ML)

Using the importance sampling density ¢* = g(6,,) and the cross-entropy method, Chan and Eisen-
stat (2015) propose the following estimator of the marginal likelihood:

N
~ 1 < p(y|60n)p(6n)
_ - /. 6
Ps(y) = 5 3 PO, ()
n=1
where 01, ...,0y are independent draws from g*. Regardless of the choice of ¢g*, the estimator

prs(y) is consistent and unbiased; however, its variance depends on g*. If the posterior density is
used for ¢g*, prs(y) is equivalent to p(y), but g* = p(0]y) creates endogeneity because it depends
on p(y). Therefore, using the cross-entropy method, g must be chosen close to g* so as to minimize
the variance of prs(y).

Consider the parametric family F' = {f(6;v)}, indexed by v. We compute the importance
sampling density f(0;v) € F close to ¢* using the density f(0;v}.) € F, which minimizes the
cross-entropy distance between g* and the chosen density f(60;v), as follows:

vio = argmin ( [ (0)10g4"(©)a0 - i) " [ pislO)p(@) 0z sOv)a0 ), (0
which can be simplified to:
1 L
Vi, = argmax — ; log f(81;v), (8)
where 64, ...,0 are posterior draws.

3.3.2 Deviance Information Criterion (DIC)

The Deviance Information Criterion (DIC), proposed by Spiegelhalter et al. (2002), accounts for
both model fit and model complexity. We define deviance (D(8)) as a measure of model fit, following
Chan and Grant (2016):

D(0) = —2log f(y]6) + 2log h(y), 9)

where f(y|@) is the model likelihood function and h(y) is a function of the data. We also use the
effective number of parameters (pp) as a measure of model complexity:

PD = W— D(E)’

where D(0) = —2Eg[log f(y|0)|y] + 21log h(y) is the posterior mean deviance and 6 is an estimate
of 8. The DIC is therefore the sum of the posterior mean deviance and the effective number of

parameters: DIC = D(6) + pp. Setting h(y) = 1, we obtain:



DIC = —4Fpllog f(y|0)] + 2log f(y|6), (10)

where —4Fjg[log f(y|@)] contains the average of the log likelihood f(y|@) over the posterior draws
of 6.

4 Empirical Evidence

4.1 Data

The variables used to estimate the baseline VAR model are grouped into three blocks: climate
change, external, and domestic variables. In this section, the climate change block is represented
by ENP, measured by ICEN and denoted by f; (Figure 1, first row of Panel (a)). This choice is
consistent with Estrada et al. (2025), who argue that global warming and ENP are closely linked,
and that warming tends to amplify ENP effects on extreme temperature and precipitation events
worldwide.

The variable f; measures ENP for Peru and is officially used by the Multisectoral Commission
for the National Study of ENP (ENFEN) to monitor and forecast the occurrence and intensity of El
Nino and La Nifia off the Peruvian coast (Contreras et al., 2017). The variable is calculated as the
three-month moving average of the sea surface temperature anomaly in the “Nifio 142" region (90°—
80°W, 10°S-0°), using real-time data from the Extended Reconstructed Sea Surface Temperature
version 5 (ERSSTv5) of the National Oceanic and Atmospheric Administration (NOAA). Further
details on its calculation are provided in ENFEN (2024) and Takahashi et al. (2014).

Given the importance of the external sector for Peru’s macroeconomic performance (Rodriguez
et al., 2023; Rodriguez et al., 2025), the external block includes two external macroeconomic control
variables: the Fed policy rate (i}) and export price index growth (Apy) (Figure 1, second row of
Panel (a)). The domestic block includes the three most relevant domestic macroeconomic variables:
real GDP growth (Ay;), consumer price inflation (7¢), and the BCRP policy rate (i;);'! (Figure 1,
last two rows of Panel (a)).

The vector of endogenous variables (y;) therefore comprises six variables: one from the climate
change block, two from the external block, and three from the domestic block. This specifica-
tion, which we refer to as the baseline model, covers 1994Q1-2019Q4, with the sample period
determined by data availability. Data for f; are obtained from the Geophysical Institute of Peru
(IGP).!? External variables are taken from Federal Reserve Economic Data (FRED), while domes-
tic macroeconomic variables are obtained from the Central Reserve Bank of Peru (BCRP). Except
for f;, ¢f, and i, all variables are expressed as quarterly year-on-year growth rates.

Figure 1, Panel (a), shows the evolution of all variables described above. The variable f; is
volatile, with values above one in 1997, 1998, 2015, and 2017, years associated with high-intensity
ENP episodes. In particular, ENFEN classifies the ENP episodes in 1997Q1-1998Q3, 2015Q2—
2016Q1, and 2017Q1 as extraordinary, strong, and moderate, respectively, with f; values around
four in the extraordinary episode.

" As in Pérez-Rojo and Rodriguez (2024), to construct the i; series we use interbank interest rate data for the
pre-IT period, 1994Q1-2003Q2. From IT adoption through the end of the sample, we use data on the BCRP policy
rate.

2The available indices measuring ENP for Peru can be found at IGP website: http://met.igp.gob.pe/
variabclim/indices.html.
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The Fed policy rate i} increased significantly until the Global Financial Crisis (GFC), fell sharply
to near-zero levels after the GFC, and began rising again from 2014 onward, following the Fed’s
Taper Tantrum. Export price index growth (Apy) was highly volatile during 2006-2011, a period
associated with the commodity price boom and the GFC.

Turning to domestic macroeconomic variables, real GDP growth (Agy;) fell sharply during
episodes of economic stress, including the Asian—Russian financial crisis of the late 1990s, the
dot-com crisis, the domestic political crisis of the early 2000s, and the GFC. Before IT adoption,
inflation (m;) and the BCRP policy rate (i) were more volatile, reflecting macro-financial insta-
bility. After IT adoption, inflation reached its lowest level and, like the policy rate, became more
stable, reflecting macroeconomic stabilization.

In addition to analyzing Ay, we also examine the effects of f; on sectoral GDP—primary and
non-primary—within the baseline model. To this end, we replace Ay; with GDP growth in the

primary sector (Ayl) and in its component sectors: agriculture (Ay¢®), fishing (Ayf’), and

mining (AyMY). We also consider GDP growth in the non-primary sector (Ay}N*). Overall, Ay}
is much more volatile than both AyN* and Ay;. Within primary-sector GDP, Ayl S displays the

highest volatility (Figure 1, Panel (b)).

4.2 Identification of Structural Shocks

The vector y; is ordered as y; = [fy, i, Ap}, Ay, ¢, it] . Each variable is associated with a structural
shock. The f; shock represents the CC shock and corresponds to a one-unit increase in ICEN. The
iy and Ap; shocks represent external financial and price shocks, respectively. The Ay, m, and
iy shocks represent domestic aggregate demand, aggregate supply, and monetary policy shocks,
respectively.

Structural shocks in the VAR model are identified recursively, with the CC-related variable
ordered as the most exogenous variable. This specification is standard in the literature on CC
macroeconomic effects (Ginn, 2022; Sheng et al., 2024) and allows us to assess the effects of the f;
shock and external-sector shocks (i; and Ap;) on Ay, 7, and ¢;. Thus, CC and external-sector
shocks have contemporaneous effects on Ay, 7, and 4, but not vice versa. In turn, the Ay; shock
affects my, while the Ay; and m; shocks affect .

4.3 Priors

To estimate the TVP-VAR-SV model, we set the following priors:ag = 0, Vg = 10 x I, a5 = 0,
Vi =10 x I, and vy, = vp,; = 5. We also set Sp, and Sp; so that the prior means of agi and a%j
are 0.01% and 0.1%, respectively.

4.4 Evidence of Time-Varying Parameters

We use the Kolmogorov-Smirnov (KS) test and the t-test to assess whether the parameters (v, ,
B;) and shock variances (h;) are time-varying. Based on the TVP-VAR-SV estimates, the KS test
and the t-test help determine whether the distribution and mean of the parameters at different
points in time are equal, respectively. For this exercise, the sample is split into two sets of subpe-
riods associated with two major events in the Peruvian economy: IT adoption and the 1998 ENP



episode.'® The pre- and post-IT subperiods are 1994Q1-2002Q1 and 2002Q2-2019Q4, respectively.
The pre- and post-1998 ENP subperiods are 1994Q1-1997Q4 and 1998Q1-2019Q4, respectively.

Table 1 reports the results of the KS and t-tests. Overall, most parameters in v, and 3,, as
well as all elements of hy, are time-varying. These results support the use of TVP-VAR-SV models
to estimate CC macroeconomic effects in Peru. They also suggest that a CVAR model may be
inadequate for estimating these effects.

4.5 Model Selection

The seven models are estimated using two lags, selected according to the Bayesian information
criterion (BIC) and the Hannan-Quinn (HQ) criterion from a CVAR model. The best-fitting
model is selected using two Bayesian model selection criteria: Log-ML and DIC. For each model,
we run 11,000 draws in 10 parallel chains, discard the first 1,000 draws, and retain 100,000 draws.
We then keep one in every 10 draws, yielding a final sample of 10,000 draws used to estimate the
Log-ML and DIC.

Table 2 reports the estimated Log-ML and DIC values, the DIC mean and standard deviation,
and the ranking of the best-fitting models. Both selection criteria indicate that the best-fitting
models allow only some parameters to vary over time and that the SV component is relevant. In
particular, the best-fitting model is the CVAR-SV, followed by the TVP-VAR-R3-SV and TVP-
VAR-R1-SV models, in that order. By contrast, the worst-fitting models—the CVAR and TVP-
VAR—do not include the SV component in their specification.

As the Log-ML values are very close across the three best-fitting models, we use the Bayes factor
(BF) to determine how strongly one model is preferred over another. The BF indicates that the
CVAR-SV model is preferred 1.78 and 2.24 times over the TVP-VAR-R3-SV and TVP-VAR-R1-SV
models, respectively.

Against this background, we use the results from the TVP-VAR-R3-SV, CVAR-SV, and TVP-
VAR-R1-SV models to analyze CC effects on the Peruvian economy. In addition, we include
the CVAR model—one of the worst-fitting models but also one of the most widely used in the
literature—for comparison purposes.

4.6 Empirical Results Based on ENP

This section presents the empirical results on CC effects on Peru’s macroeconomic fluctuations.
We first analyze the effect of f; on Ay, 7, and i; (baseline model). We then estimate the effects
of f; on sectoral GDP, 7, and i; (baseline model with sectoral GDP measures). These results are
obtained from the three best-fitting models—the TVP-VAR-R3-SV, CVAR-SV, and TVP-VAR-
R1-SV models—while the CVAR model is included only for comparison.

The empirical analysis is based on the estimation and assessment of the SV component of the
shocks to the model variables, impulse response functions (IRFs), forecast error variance decompo-
sitions (FEVDs), and historical decompositions (HDs).

The IRFs are normalized to unity over the full sample and allow us to quantify the magnitude,
duration, and evolution of the effects of the f; on Ay, 7, and i;. Specifically, we estimate median
IRFs over the full sample and over a 20-quarter horizon—shown as three-dimensional IRFs—for
the responses of Ay, m, and i; to the CC shock. We then use these three-dimensional IRF's to

13The 1998 ENP episode is considered one of the most devastating climate events to have occurred in Peru over
the past three decades.
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compute full-sample median two-dimensional IRFs, with 68% confidence bands, for the responses of
Ay, 7, and 4 to the same shock. To assess time-varying CC shock effects, we also estimate median
IRFs for four specific quarters: 1998Q2, 2002Q1, 2009Q4, and 2017Q2, which are associated with
moderate and strong ENP episodes.

We use FEVDs and HDs to assess the importance of the f; shock for the forecast error variance
and the behavior of domestic macroeconomic variables, respectively. FEVDs for Ay, m¢, and i; are
estimated at two horizons: h = 2 quarters for the short run and h = 20 quarters for the long run..

To keep the paper concise, we present only selected figures from the baseline model with sectoral
GDP measures. Specifically, we report the three-dimensional, two-dimensional, and quarter-specific
IRFs of sectoral GDP to the f; shock. The remaining figures are available in an appendix upon
request.

4.6.1 Effects and Importance of the f; Shock

Baseline Model

Figure 2 shows the evolution of the SV component of the shocks to the variables in the baseline
model. Overall, the SV component of the f; shock displays two periods of high volatility: the first,
and larger, occurs in mid-1998; the second occurs in 2017. Both are associated with high-intensity
ENP episodes in those years. The SV components of the shocks to the external variables (i}
and Apj) increase during crisis episodes—the 2001 dot-com crisis and the 2008 GFC—and during
the commodity price boom of 2002-2011. After the GFC, however, both SV components decline
sharply. The SV components of domestic macroeconomic shocks show a significant decline from
the mid-1990s onward, particularly after I'T adoption, reflecting the beginning of macroeconomic
stabilization in Peru. The SV components of the Ay, and 7, shocks display a downward trend over
the sample, while the SV component of the i; shock falls sharply after I'T adoption. These findings
are consistent with Castillo et al. (2009), Castillo et al. (2016), and Pérez-Rojo and Rodriguez
(2024), and with the hypothesis of a great macroeconomic moderation in Peru (Castillo et al.,
2016).

Klomp and Valckx (2014) and Pozo and Rojas (2025a) show that climate-related disasters reduce
economic growth mainly in EMEs, although the effects are not persistent. Consistent with this
evidence, we find that the f; shock generally has adverse effects on the Peruvian macroeconomy: it
reduces Ay, and raises m; (Figure 3), behaving as a negative supply shock. This finding is consistent
with the literature for Peru, which shows that ENP-related shocks have features similar to those
of a supply shock (Cashin et al., 2017; Contreras et al., 2017; Aguirre et al., 2025). In particular,
Cashin et al. (2017) and Contreras et al. (2017) find that shocks to the Southern Oscillation Index
(SOI) and sea surface temperature reduce GDP and sectoral GDP, respectively.'* Aguirre et al.
(2025) also show that ENP shocks reduce GDP and increase inflation.

ENP episodes should therefore be viewed as having spillover effects on other climate events,
such as heavy rainfall and flooding, as well as extreme temperatures, including frosts and droughts,
which significantly affect several regions and productive sectors (Trujillo et al. 2025). Moreover,
high-intensity ENP episodes tend to destroy capital stock, disrupt the production and distribu-
tion of goods and services, reduce agricultural and marine production and exports, and generate

Y Cashin et al. (2017) also find a negative effect on GDP in other LAC economies, including Brazil, Chile, and
Argentina.
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higher public spending on prevention and reconstruction. These channels amplify economic cycles
(Contreras et al., 2017).

Against this background, Figure 4 shows that the f; shock has a small, positive, and statistically
insignificant effect on Ay, only on impact (h = 0), raising it by about 0.05 percentage points. This
positive and transitory effect reflects prevention and mitigation spending by economic agents—
firms and the government—in response to ENP, which temporarily increases economic activity
(Contreras et al., 2017). In addition, the negative effects of the f; shock are transmitted to, and
materialize in, the real economy with a lag.

Starting in the first quarter, we find a more pronounced negative effect of the f; on Ay, with
the largest decline, close to -0.8pp, occurring in the fourth quarter. This effect is significant only
from the second to the sixth quarter.!> This finding is consistent with Cashin et al. (2017), Trujillo
et al. (2025), and Aguirre et al. (2025), who document negative ENP effects on Ay;. Cashin et al.
(2017) find a GDP decline of -0.25pp in the fourth quarter, although the effect is not significant,
while Trujillo et al. (2025) find a decline of 0.43 pp for each one-unit increase in ICEN. Aguirre et
al. (2025) find a GDP decline of about 0.6 pp in the first quarter, with the largest effect—a 5 pp
decline—occurring after one year and explained by the contraction in primary-sector GDP.

The literature identifies several transmission channels through which ENP negatively affects
economic activity. These include the investment-expectations channel, the human-capital damage
channel (Trujillo et al., 2025), and the physical-damage channel associated with ENP collateral
effects (Contreras et al., 2027; Trujillo et al., 2025). The investment-expectations channel suggests
that uncertainty about ENP occurrence discourages private investment and may delay project
execution in the most exposed sectors and regions, given the potential physical damage caused by
ENP. These effects contribute to the contraction in output. The human-capital damage channel, in
turn, suggests that ENP causes heavy rainfall and flooding, which are associated with an increase
in respiratory diseases and water- and vector-borne diseases, such as malaria and dengue. These
effects worsen population health, reduce labor productivity, and increase absenteeism.

Contreras et al. (2017) and Trujillo et al. (2025) also argue that ENP has collateral effects—
heavy rainfall and flooding—that intensify its negative impact on the economy. These effects
translate into losses of private infrastructure, including housing, cropland, and factories, as well
as public infrastructure, including roads and bridges, water and sewerage systems, and electric-
ity transmission networks. This disrupts and delays supply chains and basic services, reducing
productive capacity and increasing economic and welfare losses.

We also find that the f; shock has inflationary effects. On impact, 7 increases by 0.18-0.20
pp and reaches its peak in the fourth quarter, at 0.25-0.30 percentage points. However, this
effect is significant through the fourth quarter only in the CVAR-SV model; in the other models,
it is significant only during the first two quarters. This result is consistent with Aguirre et al.
(2025) and Trujillo et al. (2025), who find that ENP shocks increase inflation by 4 pp and 0.40
pp, respectively.'® By contrast, Cashin et al. (2017) find no significant effects of SOI shocks on
inflation in Peru, Argentina, or Brazil, although they find a significant increase in Chile during the
first few quarters.

Several transmission channels explain how ENP affects prices. First, ENP reduces the supply of

5However, Callahan and Mankin (2023) find that ENP effects on GDP are persistent over time, even preventing
the economy from returning to its pre-shock growth path.

16 Aguirre et al. (2025) also find that this shock has a larger effect on food and energy inflation, with a maximum
increase of 4.5 pp after one year; over the medium term, inflation excluding food and energy becomes more relevant.
They also find that ENP has a larger inflationary effect than La Nifa.
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agricultural and fishery products, putting upward pressure on their prices. Cashin et al. (2017) ar-
gue that, in some LAC economies, ENP leads to rainfall shortages and extreme droughts, reducing
agricultural production and triggering inflationary effects. Second, ENP damages road infrastruc-
ture and disrupts interregional trade flows, reducing the supply of goods and services and increasing
transportation costs. Finally, ENP effects are amplified by expectations of its possible occurrence.
Firms, in particular, tend to anticipate price increases and restrict the supply of products linked
to agriculture and fishing.

For 4;, we find that the variable tends to increase following the f; shock. Specifically, at h = 0,
the CVAR-SV and TVP-VAR-R1-SV models show an increase in i; of 0.10-0.15 pp, reaching a peak
of 0.25 pp between the third and fourth quarters. In the TVP-VAR-R3-SV model, the increase is
smaller, at about 0.10 percentage points. However, the effect is significant only in the CVAR-SV
model, up to the fifth quarter. This result reflects the ordering of variables in the baseline model
and the underlying economic rationale: the monetary authority tends to raise i; in response to
ENP-induced inflationary pressures. Ginn (2022) and Kim et al. (2025) find contrasting evidence,
showing that the Fed policy rate does not respond to climate shocks.

To assess the time-varying effects of the f; shock on domestic macroeconomic variables, Figure 5
reports the IRFs for the four quarters associated with moderate and strong ENP episodes: 1998Q2,
2002Q1, 2009Q4, and 2017Q2.

For Ay, the CVAR-SV and TVP-VAR-R1-SV models point to a time-varying effect. Specif-
ically, the CVAR-SV model indicates that the f; shock has the strongest negative effect on Ay,
in 2017Q2, followed by 2009Q4 and 2002Q1. The TVP-VAR-R1-SV model instead points to the
strongest negative effect in 1998Q2, followed by 2009Q4 and 2002Q1. Along these lines, Contreras
et al. (2017) argue that the 1997-1998 ENP episode, from March 1997 to September 1998, reduced
GDP by 2.9% and caused infrastructure losses equivalent to 2.2% of GDP; the episode was associ-
ated with a maximum ICEN value of 4. By contrast, the TVP-VAR-R3-SV model indicates that
the effect of the f; shock does not differ significantly across the four selected quarters.

For m; and 4, all models point to a time-varying effect of the f; shock. We find larger increases
in both variables in 2017Q2 than in the other selected quarters. These results point to stronger
ENP inflationary effects in 2017Q2 and a more forceful monetary policy response to those effects.
The IRFs obtained from the CVAR model tend to overestimate the effect of the f; shock on Ay; and
i¢, while underestimating its effect on m;. This result confirms that the CVAR model is inadequate
for this type of analysis.

Turning to the importance of the f; shock in explaining uncertainty in Ay;, m¢, and iz, we find
that the shock is more relevant for explaining the variance of Ay, and m; than that of i; (Figure
6). For Ay, the f; shock explains about 5% of the variance in the short run (h = 2). In the long
run (h = 20), however, the shock becomes more important, explaining 10-18% of the variance of
Ay, over the sample. For m;, the f; shock explains about 5-8% of the variance in both the short
and long run. For i;, the shock becomes relevant only after 2000, explaining about 5-10% of the
variance.

Figure 7 reports the HDs of domestic macroeconomic variables. Overall, the f; shock is more
important in explaining the behavior of Ay, followed by 7, and is less relevant for ;. In particular,
the shock helps explain the sharp declines in Ay; and the increases in 7y in 1998 and 2017, years
associated with high-magnitude ENP episodes. For 4, the contribution of the f; shock is minimal.'”

1"Finally, although it is beyond the scope of this study, we highlight the importance of the other shocks to the
variables in the baseline model in explaining the variance and behavior of Ay, m;, and i;. Overall, we find that the
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Baseline Model with f; and Sectoral GDP

The literature shows that climate events have heterogeneous effects across economic sectors (Aguirre
et al., 2025). Along these lines, Chirinos (2021) and Aguirre et al. (2025) argue that the primary
sector is more sensitive to CC shocks, and responds more immediately to them, than the non-
primary sector.

We therefore replace Ay, in the baseline model with sectoral GDP growth rates to better assess the
effects and importance of the f; shock for the Peruvian economy. Specifically, we use GDP growth
in the primary sector (Ay/’) and the non-primary sector (Ay;¥), as well as GDP growth in the
primary-sector components: agriculture (Ay/ ™), fishing (Ayf’S), and mining (AyM™N) (Figure
1, Panel (b)).

On the other hand, one key result from the baseline model is the inflationary effect of the f;

shock. In the sense, we consider it necessary assess its effect on another relevant measure of inflation
which is more closely linked to supply shocks: non-core inflation (mN¢). This other measure of
inflation includes goods and services with prices that are more volatile than those included in 7,
such as food, fuel, transportation, and energy. Along these lines, we replace m; with 7" ¢ in the
baseline model.
Overall, Table 3 shows that replacing Ay, with sectoral GDP growth rates in the baseline model
does not alter the previous selection of the best-fitting models. The two Bayesian selection crite-
ria indicate that, when Ayl and Ayl S are included separately, the TVP-VAR-R3-SV model is
selected. When Ay ¢ is used, the selected models are CVAR-SV and TVP-VAR-R1-SV. When
AyMIN and Ay are used, the selected models are TVP-VAR-R3-SV and CVAR-SV.

Regarding the evolution of the SV component associated with sectoral GDP and 7}V ¢ shocks,
when each sectoral variable is included separately in the baseline model, we find that the SV
component associated with: (i) Ay/ displays two peaks, one in the late 1990s and a larger one
during 2014-2019; (ii) Ay'“F and AyMIN decline significantly from the late 1990s onward; (iii)
AyF"S increases in two periods—the late 1990s and from 2008 to the end of the sample—both
associated with ENP episodes; (iv) Ay shows a significant and sustained decline over the sample,
similar to the evolution of the SV component of the Ay; shock; and (v) 7" Cshows a significant
reduction since the late 1990s, a behavior similar to the evolution of the SV component of the m;
shock. The remaining SV components associated with the other baseline-model variables do not
differ from the results reported earlier.

We also find that the f; shock has negative effects on all sectoral GDP measures, with the
effects being more pronounced for Ay, AyAGE and Ayf'9(Figure 8). In particular, Figure 9
shows that Ay/ falls by up to about 1.5 pp in the fourth quarter, although the effect is significant
only from the second to the sixth quarter. This finding is consistent with Aguirre et al. (2025),
who find that ENP shocks reduce primary GDP by 3.7 pp in the first quarter and by 6 pp after
one year. Contreras et al. (2017) also find that ENP has negative effects on both the primary and
non-primary sectors, with larger effects on agriculture, fishing, and primary manufacturing.

We should also highlight the indirect effects of ENP on other sectors that depend on agriculture
and fishing, such as primary manufacturing (Contreras et al., 2017). This sector is affected by
the reduced availability of agricultural and fishery inputs, which lowers the production of fishmeal,
fish oil, canned and frozen seafood products, as well as canned fruits and vegetables, sugarcane

Ap} and i; shocks are the main sources of uncertainty for Ay: and m:. For i, its own shock explains its variance,
particularly before IT adoption. These findings are consistent with Rodriguez et al. (2023), Pérez Rojo and Rodriguez
(2024), Rodriguez et al. (2025), and Meléndez and Rodriguez (2025).

14



derivatives, and cotton products. Contreras et al. (2017) find that an ENP shock reduces primary
manufacturing GDP by up to 2.1 percentage points. These effects contribute to a larger decline in
primary-sector GDP.

For Ay/\®%, we find that ENP reduces growth, with the largest decline occurring in the fourth
quarter, at 0.8-1.0 percentage points. The effect is significant from the second to the sixth quarter
in the TVP-VAR-R3-SV and CVAR-SV models, and from the third to the fifth quarter in the
TVP-VAR-R1-SV model. This result is similar to Contreras et al. (2017), who find that ENP
reduces agricultural GDP by 1.2 pp, with effects lasting four to six quarters. Aguirre et al. (2025)
find a 0.9 pp decline in agricultural GDP in the first quarter and a 5.5 pp decline after one year.
Contreras et al. (2017) and Trujillo et al. (2025) provide several explanations for the contraction in
agriculture following ENP episodes. They argue that ENP directly affects agricultural production
on Peru’s northern coast, particularly in Tumbes, Piura, Lambayeque, and La Libertad. ENP
generates climate anomalies, with temperatures rising to 28°C-33°C, compared with normal summer
temperatures of around 24°C. These anomalies affect seed germination, flowering, and fruiting
in several key crops, including rice, lemons, agro-export crops such as mangoes, grapes, olives,
avocados, and artichokes, as well as agro-industrial crops. They also accelerate the life cycle of
insects and pests associated with these crops. In the highlands, agricultural production—much
of which is rainfed—is also affected by more intense and prolonged droughts. In addition, heavy
rainfall and flooding, as indirect effects of ENP, lead to river overflows, soil erosion, cropland
losses, and damage to agricultural infrastructure. These channels raise production costs and reduce
agricultural output.

We also find that ENP has a larger negative effect on Ay/’® than on the other sectoral GDP
measures. The largest decline in Ay,{J IS oceurs in the third quarter, at about 5 pp, although
the effect is significant only from the second to the fifth quarter. This finding is consistent with
Contreras et al. (2017) and Aguirre et al. (2025), who argue that fishing is the sector most affected
by ENP, with maximum declines of 4 pp and 27 pp, respectively, although the latter effect is not
significant. Contreras et al. (2017) explain this result by noting that ENP raises sea temperatures
above normal patterns, affecting the reproduction and growth of marine species such as anchoveta,
jack mackerel, and jumbo squid. For example, during ENP episodes, anchoveta biomass—which
accounts for 64% of Peru’s fishery production—tends to migrate southward in search of colder
waters.

For AyMIN  we find that ENP has a short-lived, statistically insignificant negative effect. Mining
GDP falls by 0.10-0.20 pp on impact, but the effect subsequently reverses. Finally, for Ayl¥?, we
find no effect during the first two quarters. The effect then turns negative, with the largest decline
occurring in the fifth quarter: around 0.60 pp in the TVP-VAR-R3-SV model and 0.80 pp in the
CVAR-SV and TVP-VAR-R1-SV models. Along these lines, Contreras et al. (2017) find that ENP
reduces GDP in mining and hydrocarbons and in the non-primary sector, although these effects
are not significant.

Figure 10 shows the time-varying effects of the f; shock on sectoral GDP. When Ay?, Ayf‘GR,
and Ay/T¥ are included in the baseline model, only the TVP-VAR-R1-SV model indicates that the
effect differs across the selected quarters. For Ay!, the largest decline occurs in 2017Q2, followed
by 2009Q4. For Ay{‘GR, the largest decline occurs in 2009Q4, at -0.9pp, followed by 2017Q2 and
2002Q1. For Ayfls, the largest declines occur in 2002Q1, 2009Q4, and 2017Q2, in that order.
The other models indicate that the negative effect of the f; shock does not differ significantly
across the selected quarters. When AyMV is included, only the CVAR-SV and TVP-VAR-R1-SV
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models point to a time-varying effect of the f; shock, with the largest declines occurring in 2017Q2
and 1998Q2. For AyN, all models point to a time-varying effect. The TVP-VAR-R3-SV model
indicates that the largest decline occurs in 2009Q4, while the CVAR-SV model points to 2017Q2
and the TVP-VAR-R1-SV model to 1998Q2. When sectoral GDP measures are included in the
baseline model, the f; shock increases 7;'¢, while its effect on 4; is generally null or statistically
insignificant. The largest increase in 7)¥¢ occurs in 2017Q2 relative to the other selected quarters.

On the other hand, in all cases, we also find that the f; shock has a positive effect on ¥ ¢ with
a maximum increase close to 0.35 pp. This effect is larger than the effect on 7, which peaks at
0.25 percentage points. The effect is significant only during the first few quarters, particularly in
the TVP-VAR-R3-SV and CVAR-SV models. This result indicates that, when prices of the more
volatile components of the consumption basket are taken into account, the inflationary effect of the
ft shock increases substantially.

The FEVDs show that the f; shock is more relevant for the variance of Ay (Figure 11), Ay/AGF
(Figure 13), AyMIN (Figure 17), and AyN* in the long run (Figure 19), but not for the fishing
sector (Figure 15). Its contribution to the variance of V¢ is moderate, while its contribution to
the variance of i; becomes relevant only after 2000. Finally, the HDs indicate that the f; shock
helped explain the declines in sectoral economic activity and the increases in inflation observed in

1998 and 2017 (Figures 12, 14, 16, 18, and 20).

4.7 Empirical Results Based on Temperature Deviations

In this section, we use an alternative variable to ENP in the baseline model to analyze CC macroe-
conomic effects: deviations of temperature from its historical norm, measured as either a simple
historical average or a historical moving average and denoted by d;. This variable is one of the
most widely used CC measures in the literature of the macroeconomic effects of CC (Abidoye and
Odusola, 2015; Chirinos, 2021; Ahmadi et al., 2025; Alessandri and Mumtaz, 2025). The variable
dy allows us to compare current temperature with the temperature considered normal, identify
climate anomalies, and track cooling (d¢ < 0) or warming (d; > 0) trends over time.

To construct d;, we follow Ahmadi et al. (2025). We used daily maximum and minimum
temperature data from meteorological stations in Peru for 1940Q1-1993Q4, with this we compute
monthly average temperature, and then the quarterly average temperature. We then calculate the
historical moving average of quarterly average temperature over a 30-year window for the same
period, following the standard practice in the literature (ver, Kahn et al., 2021). Finally, for
our study period, 1994Q1-2019Q4, we compute deviations of quarterly average temperature from
the previously estimated historical moving average. Temperature data are obtained from Peru’s
National Service of Meteorology and Hydrology (SENAMHI)'®. Figure 1, Panel (a), shows that d;
follows an upward trend over the study period, indicating that average temperature in Peru has
increased. At the beginning of 1994, d; stood at -8. By mid-2006, the deviation had reached zero,
and during 2010-2015 it reached its largest positive value, close to +5. Since 2015, however, d; has
declined through the end of the sample, reaching a value of around +1'7.

18We thank to the SENAMHI for sharing with us the data on the monthly minimum and maximum temperature
series for the period 1993-2019, which were requested through File No. 2025-05855, with which the average monthly
temperature was computed.

19Regarding the stationarity of d;, several recent studies show evidence that the temperature and its transformations
are stationary (Estrada and Perron, 2017; Perron et al. 2017; Estrada et al. 2023; Gadea-Rivas et al. 2024). In
particular, these studies argue that it is a stationary series around a deterministic trend with a structural change.
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In this setting, the vector is y; = [dy, i}, Apf, Ay, 7, z't]/, where the structural shock associated
with d;, represents an increase in average temperature relative to its historical moving average.

To estimate the seven competing models using d;, Ay, and sectoral GDP measures in the
baseline model, we use two lags, selected according to the BIC and HQ criteria from a CVAR
model. The KS and t-tests provide strong evidence of time variation in most parameters associated
with the intercepts and lag coefficients, and in all variances, when considering the pre- and post-1T
subperiods and the pre- and post-1998 ENP subperiods (Table 4). This evidence confirms that a
CVAR model may be inadequate for estimating the macroeconomic effects of d;.

The two Bayesian selection criteria indicate that the best-fitting model is the TVP-VAR-R3-
SV model (Table 5). According to the Log-ML, the second- and third-best-fitting models are
the CVAR-SV and TVP-VAR-R1-SV models, respectively. According to the DIC, they are the
TVP-VAR-R1-SV and CVAR-SV models, respectively. In this case, the BF indicates that the
TVP-VAR-R3-SV model is preferred 1.10 and 2.14 times over the CVAR-SV and TVP-VAR-RI1-
SV models, respectively.

As in the previous section, we use IRFs to estimate the magnitude, duration, and evolution of
the effects of the d; shock on domestic macroeconomic variables. To assess the time-varying effects
of the dy shock on Ay, m, and i;, we select four quarters: 1994Q3, corresponding to the beginning
of the sample and the largest negative deviation; 2005Q1, when the negative deviation reaches zero;
2012Q3, when the positive deviation reaches its maximum; and 2019Q1, at the end of the sample.
We also use FEVDs and HDs to assess the importance of the d; shock for the variance and behavior
of domestic macroeconomic variables, respectively.

4.7.1 Effects and Importance of the d; Shock

Baseline Model

When d; is included in the baseline model, the SV component associated with its shock is high at
the beginning of the sample but declines significantly from 1997 onward (Figure 11). The evolution
of the remaining SV components associated with the other shocks does not differ from the results
reported earlier. We also find that the d; shock has the features of a negative supply shock: it
reduces Ay, and increases m; and i;, similar to the effects found for the f; shock (Figure 12).

For Ay, the d; shock has a small, short-lived, and statistically insignificant positive effect only
on impact, raising Ay; by 0.05-0.10 percentage points. After impact, the TVP-VAR-R3-SV and
TVP-VAR-R1-SV models indicate a sharp decline in Ay, reaching a trough of about -0.20pp in the
second quarter. The CVAR-SV model points to a milder decline, with a trough of about -0.05pp,
also in the second quarter (Figure 13). This finding is consistent with studies showing that shocks
associated with temperature deviations generally have negative effects on GDP in Peru (Vargas,
2009; Chirinos, 2021; Almadi et al., 2025). In particular, Vargas (2009) finds that, for each degree
Celsius of temperature deviation, GDP falls by 0.2-0.5 percentage points. Chirinos (2021) finds
that a 1°C increase in maximum temperature leads to a 2.3 pp loss in GDP growth, although
the loss falls to 0.2-0.8 pp when weighted by regional GDP. Almadi et al. (2025) find that an
increase in temperature deviations reduces GDP by 1 pp in the fourth year, although the effect
is not significant. They also find negative and significant effects on GDP in other LAC countries,
including Mexico and Brazil.

For Peru, Pozo and Rojas (2025b) and Trujillo et al. (2025) provide related evidence. Pozo
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and Rojas (2025b) find that an increase in the index of financial losses from climate events reduces
GDP, although the effect is transitory and not significant. Trujillo et al. (2025) find that droughts
in the lowest percentile—extreme droughts—reduce GDP by 3.48 pp, with persistent and signifi-
cant effects. They argue that droughts play an important role not only by affecting agricultural
production but also by indirectly affecting the trade balance and the exchange rate. In particular,
lower production in agro-export sectors increases imports and reduces foreign-exchange inflows,
generating depreciation pressures.

Kahn et al. (2021) and Donadelli et al. (2022), whose country panels include Peru, also find
that temperature deviations above or below historical norms and shocks to interannual temperature
volatility reduce GDP and productivity, respectively. Kahn et al. (2021) estimate a GDP decline of
about 0.06 pp per year, with larger effects in warmer countries and EMEs. Donadelli et al. (2022)
find that South American and tropical-climate countries are the most affected by this type of shock.
Alessandri and Mumtaz (2025), using a different theoretical approach, propose a new transmission
channel through which temperature affects GDP: the temperature-risk channel. A temperature-risk
shock increases temperature and reduces GDP growth while increasing GDP volatility.?’ They find
that a 1°C increase in conditional temperature volatility—a measure of temperature risk—reduces
GDP growth by 0.4 pp and increases GDP volatility by 1 pp, with stronger effects in EMEs, where
the decline is close to 0.8 percentage points.

For m;, we find that the d; shock has a positive and persistent effect (Figure 13). On impact,
m; increases by 0.15-0.18 pp and reaches its peak between the second and third quarters, at 0.25
percentage points. The effect is significant only during the first two quarters, particularly in the
CVAR-SV model. This result is consistent with Pozo and Rojas (2025b), who find a short-lived
increase in m; following an increase in the index of financial losses from climate events. For i;, the
d; shock has mixed but statistically insignificant effects. In the CVAR-SV and TVP-VAR-R1-SV
models, the effect is small and positive, with an increase of 0.10 pp in the fifth quarter. In the
TVP-VAR-R3-SV model, the effect is negative and persistent.

There are two reasons to expect the effects of the d; shock to be time-varying. First, Alessan-
dri and Mumtaz (2025) provide evidence that annual temperature volatility, particularly in LAC
countries, has increased steadily since 1960. Second, the evolution of d;, shows a sustained in-
crease in temperature deviations, consistent with warming in Peru. Figure 14 reports the IRFs for
the four selected quarters. In response to the d; shock, Ay, falls more sharply in 1994Q3 under
the TVP-VAR-R3-SV and TVP-VAR-R1-SV models, by 0.18-0.40 pp; this quarter corresponds to
the beginning of the sample and the largest negative deviation. Under the CVAR-SV model, the
largest decline occurs in 2005Q1, at 0.05 pp, when the negative deviation reaches zero. For m,
the CVAR-SV and TVP-VAR-R1-SV models show the largest increase in 2019Q1, at 0.30-0.40 pp,
while the TVP-VAR-R3-SV model shows the largest increase in 1994Q3, at 0.20 percentage points.
For i;, the effects in 2019Q1 are mixed: the TVP-VAR-R1-SV model indicates the largest increase,
the TVP-VAR-R3-SV model indicates the largest decline, and the CVAR-SV model points to a
time-invariant effect.

Regarding the importance of the d;, shock, we find that in the short run it explains about
10% of the variance of m; until 2000 and about 5% of the variance of Ay; over the full sample
(Figure 15). In the long run, however, the contribution of the d; shock becomes more relevant, at
around 10%, but only until the late 1990s. Using FEVDs, Alessandri and Mumtaz (2025), find that

20 Alessandri and Mumtaz (2025) also find that temperature-risk shocks are more important and more damaging
than temperature-level shocks.
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temperature-risk shocks explain 15% of the volatility of GDP growth in the United States. For i,
the d; shock is relevant only in the long run and after IT adoption, reaching a contribution of 10%.

The HDs of domestic macroeconomic variables show that the d; shock is more important in
explaining the behavior of 7, and less important for Ay, and i; (Figure 16). For Ay, the CVAR-
SV model indicates that the shock explains the declines observed in 2014-2016 and 20172018,
while the TVP-VAR-R3-SV model suggests that the shock is almost irrelevant in explaining its
behavior. For 7y, the CVAR-SV model indicates that the d; shock explains the increases observed
in 1996-1998 and 2017-2019, as well as the decline observed in 2000-2004. For i;, the CVAR-SV
and TVP-VAR-R1-SV models indicate that the shock explains the decline observed in 2017-2019,
while the TVP-VAR-R3-SV model suggests that it is not relevant.

Baseline Model with d; and Sectoral GDP

The literature suggests that the transmission of the d; shock to the economy operates mainly
through the primary sector (Chirinos, 2021). We therefore focus on estimating and analyzing the
effect of the d; shock by incorporating sectoral GDP measures and the 7V¢ into the baseline model.
Figure 17 shows that the d; shock generally has negative effects on primary-sector GDP measures,
but not on AyN*. In particular, when Ay} is included in the baseline model, we find that the
d; shock has: (i) a negative and significant effect, with a maximum decline of 1.2-1.4 pp in the
second quarter; (ii) a positive and significant effect on 7, with a maximum increase of 0.25 pp in
the second quarter; and (iii) mixed but statistically insignificant effects on i;, with an increase of
0.40 pp in the fourth quarter and a decline of 0.45 pp in the fifth quarter. We also find that this
shock explains around 10% of the variance of domestic macroeconomic variables and contributes
to the behavior of Ay/ and V¢,

Given the negative effect of the d; shock on Ayl , we analyze its effect separately on the compo-
nents of the primary sector: agriculture (Ay/*¢F), fishing (Ayf"%), and mining (AyMIN). Overall,
we find negative effects on these sectors (Figure 18). These findings are consistent with Chirinos
(2021), who finds that deviations in maximum and minimum temperature have negative effects on
sectoral output growth.

For Ay{‘GR and Ayiw IN we find maximum declines of 1.2-1.5 pp and 0.6-0.8 pp, respectively, in
the second quarter (Figure 18, second and fourth rows). These findings can be explained by droughts
associated with rising temperature deviations, which tend to reduce water availability for crop
irrigation and increase pest incidence, leading to crop losses or lower yields. The negative effects
on these sectors are even stronger in regions where rainfed agriculture predominates, especially the
central and southern highlands. These effects generate upward pressure on agricultural prices and
affect food security (Adams, 1989; Cline, 1996; Rezaei et al., 2023; Trujillo et al., 2025). Droughts
can also affect mining by generating water stress—that is, lower water availability in river basins—
which reduces or delays extraction and processing activities at mining sites and raises operating
costs, thereby contracting mining output (Trujillo et al., 2025).

For Ayf'’S| we find mixed and statistically insignificant effects (Figure 18, third row). The
TVP-VAR-R3-SV model indicates that the largest decline, close to -2pp, occurs in the fourth
quarter. In the CVAR-SV model, however, the effect is positive and persistent.

For Ay, we find that the d; shock has a positive effect, with a maximum increase of 0.7-
0.9 pp in the third quarter (Figure 18, fifth row). This effect is significant in the CVAR-SV and
TVP-VAR-R3-SV models, but not in the TVP-VAR-R1-SV model. In sum, the negative but
statistically insignificant effect of the d; shock on Ay, reflects the fact that the shock reduces Ay!
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while increasing AyNT .

Regarding the time-varying effects of the d; shock, Figure 19 shows that the largest negative
effects on primary GDP and its component sectors occur in 2019Q1 in the TVP-VAR-R3-SV model
and in 2005Q1 in the CVAR-SV model. For Ay]N?, the largest increases occur in 2019Q1 in the
TVP-VAR-R3-SV model and in 2012Q3 in the CVAR-SV and TVP-VAR-R1-SV models.

When sectoral GDP measures are included in the baseline model, the d; shock continues to have
inflationary effects, with 7TiN ¢ reaching its maximum increase of 0.25-0.30 pp in the third quarter.

For iy, the effects are mixed: negative and significant when Ay}’ S is included in the baseline model,
and positive when Ay is included.

The FEVDs also show that the d; shock explains around 10% of the variance of macroeconomic
variables in the long run, particularly when Ay} (Figure 30), Ay/\¢F (Figure 32), AyM™N (Figure
36), and Ay (Figure 38) are included separately in the baseline model. When Ay’ S is included,
the d; shock has limited relevance in explaining the variance of macroeconomic variables, owing to
the high volatility of Ay//¥(Figure 34). Finally, the HDs indicate that this shock is more important
in explaining the behavior of Ay AR (Figure 33), AyM™N (Figure 37), and 7]¥¢ (Figures 31, 33,
35, 37, and 39).

5 Robustness Analysis

We perform three robustness analysis groups (two robustness exercises for each group) to validate
the results reported above, using the baseline model with Ay!” and 7¥¢ as the reference model. In
the first group, we use another two alternative measures of f; which is also linked to ENP for Peru,
called (i) Traditional ICEN (f1;) and (ii) Relative ICEN (fa;). In the second group, we changed
the variables linked to the external sector; in particular, we changed (iii) Ap; by the US GDP
growth rate (AyYS4); and (iv) i} for the shadow federal funds rate proposed by Wu and Xia (2016)
denoted by i},. Finally, in the third group, we use another two alternative measures of average
temperature deviations (d;), called (v) deviations of average temperature from a 20-year historical
moving average (di;); and (vi) deviations of average temperature from a simple historical average
of 30 years (dg;). All figures related to the robustness exercises are available in an appendix upon
request.

Table 7 reports the ranking of the best-fitting models for the six robustness exercises. Overall,
the best-fitting models do not differ from those selected for the reference model; the winning models
are TVP-VAR-R3-SV, CVAR-SV, and TVP-VAR-R1-SV. Therefore, we present the robustness
results for these models.

5.1 Alternative Measures of f;

We replace f; in the baseline model with another two ENP alternative measures: the Traditional
ICEN (fi:) and the Relative ICEN (f2), separately. These alternative measures of the ENP is
also calculated and monitored by ENFEN, although it is not used officially. It is computed as
the three-month moving average of the sea surface temperature (SST) anomaly in the “Nifo 142"
region (90°-80°W, 10°S—0°), using real-time absolute SST data from NOAA’s ERSSTv5 database.
There are currently two versions of the f1;, which differ in the baseline climatology used to calculate
anomalies, the baseline periods are 1981-2010 and 1991-2020. See ENFEN (2012) and Takahashi et
al. (2014), and Reupo et al. (2024) for further details on its calculation of fi; and fa, respectively.
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When another two ENP alternative measures is used, the results are qualitatively similar to
those obtained with f; in the baseline model. Like the f; shock, the fi; and for shocks has adverse
effects on Ayl and 7}V C. Overal, an increase in fi; and fo; reduces Ayl and raises 7Y ¢ and has
no effects on ;.

In particular, we found that the f;; shock has more pronounced negative effect on Ay} than
fi shock, and its significant from the second to the fifth quarter. The Ay declines on impact,
reaching a maximum fall close to 1.5 percentage points, larger than the decline obtained with f;
shock (0.70 to 1.0 pp). Likewise, the inflationary effects of the f1; shock also remain: on impact,
7V¢ increases by about 0.2 pp. However, this positive effect is significant only in the TVP-VAR-
R3-SV and CVAR-SV models, and only until approximately the fifth quarter. However, the results
for i, differ somewhat from those obtained with f; shock: the effect becomes null and statistically
insignificant across all models.

Along these lines, for the fy; shock we also find that Ay} drops significantly, with the largest
contraction, about -1.5pp, occurring in the fourth quarter. The effect is significant from the second
to the seventh quarter; in magnitude, it is similar to the effect found with fi;, but larger than the
effect of the f; shock. We also find that the fo; shock has persistent inflationary effects that are
statistically significant up to the fourth quarter, particularly in the TVP-VAR-R3-SV and CVAR-
SV models. The largest increase in m; occurs in the third quarter, at 0.25-0.30 percentage points.
However, the effect on i; is null, differing from the result obtained with f; in the baseline model
but similar to the result found with fi;.

Regarding the importance of the fo; and fi; shocks in explaining the variance and behavior of
domestic macroeconomic variables, the results are similar to those obtained with the f; shock. The
FEVDs show that these shocks are more important in explaining the long-run variance of Ay},
W{V € and i;. Menawhile, the HDs show that these shocks explain the sharp declines in Ay,fD and
the inflationary effects observed in 1998 and 2017, consistent with the baseline model results.

5.2 Change the Variables of the External Sector

Given the importance of the external sector for Peru’s macroeconomic performance, as documented
by Rodriguez et al. (2023), Pérez Rojo and Rodriguez (2024), and Rodriguez et al. (2025), we test
the robustness of our results using others alternative externals control variables.

In this group of exercises, we use f; in the baseline model, and we changed Ap} by the US
GDP growth rate (AyY94) and i} for the shadow federal funds rate proposed by Wu and Xia
(2016) denoted by i},, separately. The NyY SA represents another external aggregate demand
variable. Meanwhile, the 7], is a modeled, theoretical interest rate used to measure the true stance
of monetary policy when official nominal rates are stuck at or near zero.

When AyY94 is included as the external variable, the effect of the f; shock on Ay! remains
negative. This negative effect is more pronounced than in the baseline model with Apj: when
Ap; is used, the maximum decline is 1.40 pp, whereas with AyY S4 it ranges between 1.40 and
1.60 pp, occurring in the fourth quarter. The f; shock also continues to have inflationary effects;
however, unlike in the baseline model with Apy, these effects are no longer significant. For i;, the
results do not differ from those obtained in the baseline model with Apj: the effects are mixed and
statistically insignificant.

The FEVDs show that including AyY 54 in the baseline model reduces the role of the external
sector in explaining domestic macroeconomic fluctuations. In particular, the AyYS4 shock is less
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relevant than the Ap} shock in explaining the variance of Ay}, 7/V¢, and 4;. This finding reflects
the fact that the Ap; shock captures a range of export prices that are highly relevant for the
Peruvian economy, including mining and agro-export prices. The HDs indicate that including the
AyY54 shock does not alter the relevance of the f; shock in explaining the behavior of domestic
macroeconomic variables, particularly Ay? and 7N¢.

On the other hand, when we use ¢];, the previously found results hold; Ayl contracts and 7Y S
tends to increase. The maximum decrease in Ayl of approximately 1.4 pp occurs in the fourth
quarter. However, this effect is only significant from the second to the fifth quarter. Regarding 7V c
, its maximum increase of between 0.35 and 0.38 pp occurs in the second quarter and is significant
for the CVAR-SV and TVP-VAR-R3-SV models. For i;, the effect is null and not significant.

Finally, the FEVDs and HDs indicate that the contribution of i], to explaining the variance
and behavior of domestic macroeconomic variables is significantly reduced, particularly for Ay
and 7]V this is explained by the nature of 17;. However, the contribution and importance of the

ft shock remains unchanged.

5.3 Alternative Measures of d;

We replace d; in the baseline model with two other alternative measures of the average temperature
deviations. In particular, we use the deviations of average temperature from a 20-year historical
moving average for 1940Q1-1991Q2 (dy;); and deviations of average temperature from a 30-year
historical simple average for 1940Q1-1970Q4 (d2¢), separately.

When dy; and do; are used, the results are generally similar to those obtained in the baseline
model with d;, with a reduction in Aytp and an increase in wgV C. The IRFs indicate that dj; and doy
shocks has a negative and significant effect on Ay!” across all models. Whit dy; shock, the maximum
decline, about 1.2 pp, occurs in the second quarter after the shock. In addition, 7r£V ¢ and i; tend
to increase in response to this shock, although the effect is significant only in the CVAR-SV model.

Meanwhile, with dy; shock, the The maximum decline in Ay!, about 1.5 pp, occurs in the
second quarter and is obtained from the TVP-VAR-R3-SV and TVP-VAR-R1-SV models. In the
CVAR-SV model, the decline is smaller, at 1.2 percentage points. The effects on C and 4, are
positive and significant, particularly in the CVAR-SV model, with 7;¥ ¢ increasing by about 0.4
percentage points.

Likewise, the FEVDs indicate that the di; and ds; shocks, in the long run, tends to explain
about 5-10% of the variance of 7)¥¢ and Ay!. For 4, these shocks are only relevant after IT
adoption, to explain its variance (between 3% and 5%). Along these lines, the HDs indicate that

the dy; and the doy shocks are more important in explaining the behavior of AygD and 7TL{V .

6 Conclusions

This paper estimates the time-varying effects of two CC shocks on macroeconomic fluctuations in
Peru over 1994Q2-2019Q4 and assesses their relative importance. We use ICEN as the measure of
ENP and deviations of average temperature from its 30-year historical moving average, together
with the TVP-VAR-SV models of Chan and Eisenstat (2018).

According to the Bayesian selection criteria used, the best-fitting models allow only some pa-
rameters to vary over time, while the inclusion of the SV component is essential for the performance
of the competing models. We find that the SV component associated with the ENP shock displays
two periods of high volatility, linked to the high-magnitude ENP episodes of 1998 and 2017. By
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contrast, the SV component associated with average temperature deviations declines steadily over
the sample.

The results from the best-fitting models provide a clear picture of the relevance of CC for the
Peruvian macroeconomy and can be summarized in three main findings. First, both CC shocks
behave as negative supply shocks: they reduce GDP, raise inflation, and increase the interest rate.
This result is consistent with the literature (Contreras et al., 2017; Aguirre et al., 2025; Pozo and
Rojas, 2025b). Both shocks also explain GDP and inflation dynamics better than interest-rate
dynamics. Second, the effects of both shocks are time-varying and are more damaging for the
primary sector. ENP has larger and more significant effects on GDP in 1998Q2 and 2017Q2, and
on inflation in 2017Q2. Average temperature deviations have larger and more significant effects
on GDP in 1994Q3 and 2005Q1, and on inflation in 1994Q3 and 2019Q1. Third, we find that
the ENP shock is more important and significant than the average temperature deviation shock
in explaining macroeconomic performance. ENP explains 10-18% of GDP variance and 5-8% of
inflation variance, while average temperature deviations explain around 10% of the variance of both
variables. ENP also helps explain the sharp GDP contractions and inflation increases observed in
1998 and 2017.

The results are robust to three robustness analysis groups using the baseline model with primary-
sector GDP growth and non-core inflation rate as the reference model. In the first group, we use
another two alternative measures of ENP which is also linked to ENP for Peru. In the second
group, we changed the variables linked to the external sector. Finally, in the third group, we use
another two alternative measures of average temperature deviations.

In this context, the Peruvian State should adopt a macroeconomic policy framework contingent
on climate shocks, based on preventive and countercyclical fiscal mechanisms, and investment in
resilient infrastructure. Simultaneously, the Central Reserve Bank of Peru (BCRP) should incor-
porate climate scenarios and extreme weather events into its analysis of projections and persistence
of inflationary pressures, and its monetary policy response.

This paper also leaves open a broad future research agenda on CC macroeconomic effects
in Peru and other LAC economies. Two areas are particularly important. First, future research
should incorporate other relevant macroeconomic variables into the baseline model, including fiscal,
monetary, and financial variables, to assess the effects of CC on these dimensions.

Second, future research should consider additional CC-related variables and other ENP-related
indices for Peru. These could include, jointly or separately, measures of precipitation, deviations in
minimum and maximum temperature, sea surface temperature, the index of financial losses from
climate events developed by Pozo and Rojas (2025b), and measures of exposure to CC-related
natural disasters recorded in the National System for Response and Rehabilitation (SINPAD) of
Peru’s National Civil Defense Institute (INDECI). As suggested by Alessandri and Mumtaz (2025),
future work should examine not only the effects of the level or deviations of climate variables, but
also the effects of volatility in CC-related variables on the economy. It should also consider other
ENP indices, such as the Oceanic Nifo Index (ONI) or the E and C indices of Takahashi et al.
(2011). Finally, given Peru’s wide diversity of climates, natural regions, and geographic features,
further work should analyze CC effects at the regional level.
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