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Moderators of pricing and willingness to pay for
parametric weather risk mitigants in agriculture:
An integrative review, conceptual framework,
and research agenda

Gaurav Gairola® and Kushankur Dey?*

Abstract: The agriculture sector observed the penetration of parametric weather

risk financial products, including weather index insurance and weather derivatives,
between the late 1990s and the early 2000s. However, the adoption of such
products remains low. While the reasons for low adoption are mentioned in the
extant literature, there is a lack of a theoretical framework that captures the
moderators accelerating and inhibiting pricing structure and willingness to pay for
parametric weather risk mitigants in agriculture. Also, the extant literature does not
adequately explain the relationships or interdependencies between pricing structure
and willingness to pay for parametric weather risk mitigants. This study bridges this
gap by performing an integrative literature review. The review integrates the biblio-
metric analysis and systematic literature review and categorizes the extant litera-
ture into five focal areas: (1) weather analytics capability; (2) design, pricing, and
testing; (3) users’ criteria for adoption; (4) prototyping; and (5) product efficacy of
weather risk mitigation. A conceptual framework evolved from the review classifies
the moderators into accelerants and inhibitors of pricing and willingness to pay. The
framework hypothesizes that product design, contract specifications such as tick
size and strike levels, hedge effectiveness, and instrument adoption have
a recursive interaction with the willingness to pay and pricing structure. Future
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research directions guided by the proposed framework can motivate scholars and
practitioners to explore the scope of bundling parametric (index) insurance and
weather derivatives as a standalone product to enhance adoption.

Subjects: Environmental Economics; Economics; Finance; Business, Management and
Accounting

Keywords: weather derivatives; parametric (index) insurance; pricing; willingness to pay;
hedge effectiveness; integrative literature review

JEL Classification: D81; G14; 013; Q02; Q14; Q18; Q54

1. Introduction

Weather events impact many business activities regardless of size or volume, particularly the
agriculture sector spanning its pre-and post-production stages. Lazo et al. (2011) estimated the
sectoral output responsiveness to economic and weather parameters and showed that the impact
of weather parameters on agriculture is significant. The yield-response factor reveals that if rainfall
increases or decreases by 10 percent in a particular year, ceteris paribus, the sectoral production
will likely increase or decrease by 2.8 percent. Insulating the agriculture sector—crops, livestock,
fisheries, and forestry from climate risks is necessary to ensure food security and poverty allevia-
tion. For climate-related disasters such as floods, droughts, and tropical hazards, the agriculture
sector absorbed 25 percent of all damages and losses in Asia, Africa, and Latin America (Centre for
Science and Environment, 2016). The World Bank (2011) documented that short-duration extreme
weather events such as hail, windstorms, or heavy frost cause colossal direct damage to crops,
and much of the damage occurs during early and mid-crop development stages. In other words,
the agriculture sector emerged as the most affected by droughts, absorbing 84 percent of the
economic impact (Centre for Science and Environment, 2016). Therefore, the correlation between
weather events and crop damage requires calibration for geographical regions, and appropriate
weather risk mitigants, namely parametric insurance, are designed to indemnify the farmers’ crop
or livestock losses (Jensen & Barrett, 2017; Lichtenberg & Iglesias, 2022; Miranda & Farrin, 2012).
Formal and informal approaches to mitigating weather risks in agriculture embed a risk manage-
ment framework. The framework underpins the application of risk avoidance or prevention, reten-
tion, and risk transfer and financing (Rejda & McNamara, 2014). Formal market-based approaches
through agricultural finance, weather derivatives, and parametric insurance allow disciplined
financial risk management. In contrast, informal methods influence farming communities to
mitigate risks through asset sharing and pooling of losses (Dercon, 2002).

Parametric weather risk financial products enable pure, co-variant, and market (price) risk
financing (Binswanger-Mkhize, 2012) and make payouts based on observable yet untradeable
variables such as reference unit area, rainfall, temperature, and frost, among others. These are
structured financial products (see Annexure A.1 & A2 for a comparison of parametric insurance
and weather derivatives and their working shown in a pictorial presentation). In contrast, tradi-
tional (crop or livestock) insurance is a non-parametric financial product. While developed coun-
tries initiated a programmatic intervention in implementing parametric insurance in the 1990s
(Smith & Watts, 2019), Asian and African countries observed the penetration of parametric
weather risk products between 1999 and 2003 (Dercon et al., 2014; McIntosh et al., 2013).
Parametric weather risk mitigants are superior to traditional ones since the former reduces the
opportunity for moral hazard,! adverse selection,? transaction, and administrative or participation
costs.? However, the penetration of parametric (index) insurance and weather derivatives is yet to
gain traction in the agriculture sector in developing countries®; for example, in 2017-18, 26% of
the cropped area was insured in India, compared to 69% in China and 89% in the United States
(Alexander, 2019).
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Pricing and willingness to pay for parametric weather risk financial products have received
considerable academic and policy attention. Several models demonstrate the deterministic and
stochastic pricing of weather derivatives and parametric insurance products. Campbell and Diebold
(2005) developed a model for forecasting daily average temperature. Benth and Benth (2007)
model weather derivative pricing with a continuous autoregressive process influenced by lag
structure and seasonality. Cao and Wei (2004) propose a valuation framework to model the
market risk premium of weather events, while Brockett et al. (2009) present an indifference pricing
of weather derivatives and index insurance underlying the utility difference paradigm. Previous
studies on weather derivative pricing assume a zero or constant market price of risk (MPR). Cao and
Wei (2004), Richards et al. (2004), and Hdrdle et al. (2016) capture the stochastic behavior of the
MPR attributed to the poor specification of information calibrating the market prices. Empirical
works by Alaton et al. (2002), Jewson and Brix (2005), and Yoo (2003) incorporated the seasonal
forecast into weather derivative pricing. Benth and Meyer-Brandis (2009) introduced information
drift and risk premium into the model.

While econometric models contributed to advancing the pricing structure of parametric weather
risk financial products, the extant literature on farmers’ willingness to pay for index insurance and
weather derivatives adoption presents mixed findings. The rate of adoption is considerably low in
developing countries. There are many reasons for the low adoption, including heterogeneity in
farmers’ preferences for parametric insurance (Wang et al., 2020), varying degrees of farmers’ risk
aversion (Clarke, 2016), lack of information on climate variability to future crop failures
(Budhathoki et al., 2019), ineffective product design (Shirsath et al., 2019), information asymmetry
between risk aggregators and farmers (Hazell et al., 2017; Smith & Goodwin, 1996), and higher
actuarial risk premium and delay in claim settlement (Giné & Yang, 2009). Although the extant
literature reveals the reasons for low adoption, there is a lack of a theoretical framework capturing
the moderators that accelerate and inhibit pricing and willingness to pay for parametric weather
risk mitigants in agriculture. Also, the extant literature does not adequately explicate the relation-
ships or interdependencies between pricing and willingness to pay for parametric weather risk
financial products in agriculture.

With this motivation, an Integrative Literature Review (ILR) coupling bibliometric analysis and
systematic literature review is performed to identify the decisive moderators of pricing and will-
ingness to pay for weather derivatives and parametric (index) insurance in agriculture. The review
proposes a conceptual framework explicating the relationship between product design and contract
specifications, hedge effectiveness, and willingness to pay for parametric weather risk financial
products. The study can expand the parametric weather risk financial product pricing and adoption
knowledge frontier. A total of 1,095 articles were retrieved from the Web of Science and Scopus
databases and Google Scholar by relaxing the search criteria of the publication year, which implies
that the search for integrative review considered all relevant research articles since the emergence
of parametric insurance and weather derivatives.

The remainder of the paper is organized as follows. Section 2 presents the research design and
methods utilized for an integrative review. Section 3 discusses the bibliometric analysis and bridges
the transition from the bibliometric analysis to the systematic literature review. Section 4 reports
the findings of the systematic literature review. Section 5 proposes a conceptual framework and
discusses the future research agenda. Section 6 concludes the paper with implications and
limitations.

2. Research design and empirical strategy for analysis

This study adopted an eclectic research design to perform an integrative literature review. An ILR
integrates a bibliometric analysis of extant literature and a systematic scoping literature review.
Broome (1993) defines the ILR as “summarizes past empirical or theoretical literature to provide
a greater comprehensive understanding of a particular phenomenon.” Torraco (2005) concurs with
Broome (1993) that ILR is systematically reviewing, critiquing, and synthesizing the extant literature
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drawn from a universe of the topic of interest. The synthesis helps produce new conceptual frame-
works and perspectives on the topic/thematic areas generated. Yorks (2008) argues that ILR is
different from other forms of review in its capacity to be called new research that encompasses
the boundaries of the subject. In the ILR, the researcher traces the selected topic back to its origin.
Suppose the chosen topic is relatively newer or evolving. In that case, the extant literature review
should (i) encompass the realm of the topic in its entirety and for developed areas, (ii) the topic needs
to be reviewed chronologically, or (iii) one of the concepts of the topic needs to be the focus of the
study. Whittemore and Knafl (2005) and Toronto and Remington (2020) maintain that the ILR is
focused on a phenomenon of interest rather than a systematic review that expands the scope for
diverse results containing theoretical and methodological literature to address the review’s aim. In
other words, it supports a broad-based inquiry, such as the definition and connotation of concepts,
reviewing theories, and analyzing methodological issues.

The integrative literature review couples the bibliometric and systematic literature review to
create a new conceptual framework and offers new research frontiers in the domain of research
interest. The bibliometric analysis helps map and decipher the amassed knowledge by interpreting
similar or dissimilar data to create a meaningful explanation of the subject, exposing the patterns,
identifying potential gaps, and providing motive with methods for further investigation Donthu
et al. (2021). A researcher needs to feed extensive bibliometric data to unleash its potential fully.
Biases affect this method if the number of the dataset is less. Snyder (2019) suggests that for
systematic review, the number of papers should be between tens [e.g., 40] or low hundreds [e.g.,
100-3001]). Going by this rationale, a large dataset should constitute papers in the high hundreds
[e.g., >300] for bibliometric analysis. To ensure the pragmatism and unbiasedness of this review,
we performed a bibliometric analysis using 534 articles and a systematic review of 106 articles
that fit the inclusion criteria chosen for the review.

We initiated the literature search with a few questions to list the categories and corresponding
thematic mapping as part of bibliometric analysis. The identified papers tried to address at least one
of the three questions noted below, and the scoping review guided us to identify the research
questions raised by empirical studies. For example, Turvey (2001), Mahul (2001), Odening et al.
(2007), and Barnett and Mahul (2007) tried to answer the following research questions in their
studies.

RQ;: What is the rationale for parametric (area-based yield and index) insurance and weather
derivatives in agriculture?

Miranda and Vedenov (2001). Vedenov and Barnett (2004) and Musshoff et al. (2011) attempted to
address:

RQ,: Why should farmers or agricultural farms subscribe or buy parametric weather risk products?

Alaton et al. (2002). Zapranis and Alexandridis (2008, 2009) tried to answer:

RQs3: How are index insurance and weather derivatives priced to influence the adoption? What is
the value proposition, and how can it affect the product design and contract specifications?

These research questions helped us to categorize five hundred thirty-four articles, as shown in
Figure 2, for thematic mapping. On the one hand, the bibliometric analysis enabled us to identify
influential authors and their publications and citations. On the other hand, authors’ keywords or
co-occurrence analysis provided insights into the common language utilized by researchers and
facilitated us to sort and categorize publications for thematic mapping or identifying emerging or

Page 4 of 23



Gairola & Dey, Cogent Economics & Finance (2023), 11: 2254579 *’;’ Cogent oo economics & ﬁ nance
https://doi.org/10.1080/23322039.2023.2254579

Figure 1. Inclusion and exclu-
sion criteria for literature
review.

waning themes, niche themes, and basis and motor themes (Donthu et al., 2021; Esfahani et al.,
2019). The analysis traced the evolution of scientific production, and thematic mapping addressed
the problem of subjectivity inherent in authors’ keywords or co-occurrence analysis. The biblio-
metric analysis uncovered categories of research articles published in parametric (index) insurance
and weather derivatives guided by the three research questions, and four research categories led
to evolving important themes. The underlying themes helped us to present a comprehensive list of
moderators of pricing and willingness to pay for parametric weather risk financial products. The
performance analysis and science mapping through the bibliometric analysis motivated us to
perform the systematic literature review of extant literature embracing emerging (waning) and
niche themes related to pricing models and valuation, users’ criteria for adoption, and instrument
(product) efficacy of weather risk mitigation. The systematic literature review minimized biases by
employing extensive and systematic tools while reviewing articles and drawing reliable findings.

2.1. Search criteria
Considering the following keyword search string, we searched the Web of Science, Scopus data-
bases, and Google Scholar in September 2022 and May 2023.

+ “Weather*” AND “Index insurance*” AND “Agriculture*”

* “Weather*” AND “Derivatives*” AND “Agriculture*”

+ “Parametric insurance*” AND “Agriculture*”

+ “Pricing*” AND “Weather derivative*” OR “Index insurance*”AND “Agriculture*”

* “Hedging*” AND “Weather derivative*” OR “Index insurance*” AND “Agriculture*”

» “Parametric insurance*” OR “Weather derivative*” AND “Willingness to pay *” AND “Agriculture*”

We relaxed the search criteria of the publication year, which implies that the search for integrative
review considered all relevant research articles since the emergence of parametric insurance and
weather derivatives. The guided search yielded 1,095 articles, including research monographs,
books, conference proceedings, and early-view articles. Using the inclusion-exclusion criteria (refer
to Figure 1), we selected 534 articles for bibliometric analysis and 106 articles for a systematic
literature review.

3. Bibliometric analysis

The bibliometric analysis encompasses citation analysis, scientific production, cooccurrence or
keywords analysis, pricing models used in weather derivatives, and parametric insurance products
specific to the farm sector. The analysis captures a year-wise scientific production of research
papers on parametric weather risk financial products in agriculture. Five hundred thirty-four
research articles retrieved for bibliometric analysis since the 1990s fell into five focal areas of

« The authors conducted searches in September 2022 and May 2023, using the
search keywords mentioned in the sub-section 2.1. The search yielded

Stage 1 n=1,095 results.

* Limiting the records to Journal articles & English language, articles in press,
editorials, conference proceedings, and books are excluded. Journals are not
having Science Citation Index Expanded and Social Science Citation Index
excluded adn avoided duplication.

Stage2 . Reading the title of the paper, introduction, purpose, objectives and research
questions (n=534).
* Bibliometric analysis is performed on 534 relevant papers.

from the bibliometric analysis. We identified n=106 articles for the systematic

« Further screening of the literature satisfying the identified themes emerged
literature review.
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Figure 2. Year-wise publication
of research articles on weather
derivatives and parametric

insurance in agriculture.

Figure 3. Authors’ citation
network.

Number of research paper

m Advanced analytics capability ®m Design, Pricing & Testing m Prototyping m Risk management effectiveness m User's criteria for adoption

research: (1) weather analytics capability; (2) design, pricing, and testing; (3) users’ criteria for
adoption; (4) prototyping; and (5) product or instrument efficacy of weather risk mitigation (see
Figure 2). Notably, the design, pricing, and testing of parametric weather risk products, risk
management effectiveness, and users’ criteria for adoption emerged as dominant themes in
developed internal linkages or high density and more considerable external ties or high centrality.
It may be noted that the degree of correlation between different topics indicates a centrality
measure, while the cohesiveness of thematic areas is measured by density (Esfahani et al., 2019).
The significant contribution to scientific production comes from the United States, the United
Kingdom, Germany, China, and a few developing countries. Categorization of the papers and
representing them into themes are discussed in sub-section 3.3.

3.1. Authors’ citation analysis

To identify the top eleven influential authors, we ran multiple iterations on a minimum number of
documents (3 4, or 5) and a minimum number of citations (45 or 50). We were interested in the
authors whose contribution has the highest total link strength.® Figure 3 shows influential authors.
The red and green venn exhibit the dominant authors’ collaborative networks, followed by the blue
ones. Table 1 presents influential authors, top-cited publications, and citations in descending order.

3.2. Authors’ keywords analysis
Authors’ keywords analysis is reported in Figure 4. “Willingness to pay,” “crop (area-based yield)
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Figure 4. Authors’ keywords
analysis.
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frequently occurring keywords. Additionally, tools and techniques used in modelling parametric
weather risk financial products are depicted in Figure 5. Weather derivative and index insurance
pricing models follow the actuarial method, historical burn analysis, and daily or index weather
derivative price modelling (Alexandridis & Zapranis, 2013). Alternative methods become popular in
modelling temperature or rainfall derivative pricing. This method considers utility-based function
and scenario-based models. Interestingly, the contingent valuation model and quantile regression
model show the willingness to pay for parametric weather risk financial product adoption
(Budhathoki et al., 2019).

3.3. Theme identification and mapping
The bibliometric analysis helped the authors to organize 534 articles into four categories, enabled
by authors’ keywords, bibliometric coupling, and authors’ understanding of the subject (Donthu
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et al,, 2021; Esfahani et al,, 2019). The four categories emerged from three important issues
highlighted in the extant literature: (1) reasons to introduce, (2) reasons to buy, and (3) logic to
price the parametric weather risk financial products. The first category is product suitability.
The second category is product performance, while the third is product design. The fourth category
is product adoption. Each category has underlying attributes identified from 534 research articles.

3.3.1. Caty: product suitability
+ Attributes are risk prevention, risk retention, risk financing, or securitization by transferring risk to
capital markets or re-insurance agencies.

3.3.2. Caty: product performance
+ Attributes are risk mitigation efficacy or hedge effectiveness, adoption benefits, ex-ante estimation
of economic loss of farmers, and index-triggered payout with actual loss.

3.3.3. Cats: product design
+ Attributes include weather variables, weather station, compensation criteria, the usability of real-
time climate data, product accessibility, and acceptability.

3.3.4. Cat,: product adoption
+ Attributes are demand estimation, subsidies, and willingness to pay.

The four categories led to the evolution of four themes guided by research questions and categor-
ization of area-wise scientific production. These themes embrace focal research areas in weather
derivatives and index insurance in the agriculture sector. The theme identification rationalized the
transition from the bibliometric analysis to the systematic literature review. In other words,
themes that emerged as bibliometric analysis outcomes motivated us to systematically review
more than a hundred articles embracing emerging and niche themes. The centrality and density
measures are used to identify the following themes (Donthu et al., 2021).

(1) Basic and motor themes: Prototyping like product suitability, value proposition, target users,
and evaluation. These fundamental and sophisticated themes contain transversal topics,
indicating high density and centrality.

(2) Emerging or waning research themes: Product design and pricing structure. These themes
contain low density and low centrality and are yet to be developed.

(3) Niche themes: Users’ criteria for adoption, risk mitigation, and farm performance. These
themes have high internal linkages (high density) but negligible external ties or low
centrality.

These underlying themes helped us identify decisive factors that moderate pricing structure,
valuation, willingness to pay for weather derivatives, and parametric (index) insurance in agricul-
ture (see Figure 6).

4. Systematic literature review

Following a bibliometric analysis, we conducted a systematic literature review on a niche, emer-
ging themes, classifying them into the pricing of parametric weather risk financial products
(emerging themes), willingness to pay underlying the users’ criteria for adoption, analytics cap-
ability, and hedge effectiveness of parametric weather risk mitigants (niche themes). We have not
considered basic and motor themes for systematic literature review since these themes are
matured, and there has been considerable scientific production. A summary of one-hundred-six
research articles is presented in a supplementary file, S.1.

4.1. Pricing and valuation of parametric weather risk products
A systematic review of pricing models used in weather derivatives and insurance products is
presented below.
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Figure 6. Thematic mapping of
weather derivatives and para-
metric insurance landscape in

the agriculture sector.
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4.1.1. Option pricing and actuarial burn rate models

The study developed a dynamic path of cooling or heating and growing degree days for Toronto
using local weather station data from 1840 to 1996. The author measured the intra-year volatility
of a degree day. A variance ratio test identifies whether degree day follows a random walk. Davis
(2001) opines that the Black-Scholes-Merton (BSM) model cannot be used for pricing weather
derivatives as the underlying asset is non-tradable. However, if we assume Brownian motion-
based expected utility maximization and drift rate (includes the natural growth rate of the
degree day measure, spot price, and firm profit), the degree day option can be ascertained using
the BSM model.

Turvey (2001) explained that the weather variable has an expected value embedded in
a quadratic equation. A discount rate of 6.5% and a 92-day expiration option premium were
calculated. The premium was also computed using the actuarial burn rate and BSM. Turvey
(2001) concluded that the option pricing model gives a value that is 3.85 times less than the
option premium value derived from the burn rate for the utilized data between 1840 and 1996.
However, for data between 1930 and 1996, the burn rate overestimated the premium by 2.66
times compared to the option pricing model. This finding also highlighted illiquid weather options
due to an increased bid-ask spread.

While the actuarial burn rate overstates the option pricing, assuming the history repeats itself,
the exercise makes it a backward-looking approach. In contrast, the author’s approach used
probability distribution and thought that infinitely new patterns could emerge randomly. For
burn rate, in more specific words, history repeats itself, and therefore, it does not require an
estimate of the initial weather index. The burn rate model assumes that a derivative price should
equal the present value of its expected payoff at the expiry, where the expectation is calculated
using historical data. Hence, the option pricing model suggested by Turvey (2001) assumed
a numerical starting point from which variability can be measured, and the price of the option is
sensitive to that starting point.

4.1.2. Two-factor model

Groll et al. (2016) followed an incremental progression approach for temperature-based deriva-
tives suggested by Hell et al. (2012). Groll et al. (2016) model the complete temperature forecast-
ing curve dynamics using a consistent factor model. The forecast includes market-known
information that can be derived from the forecast curve as one of the factors. This curve follows
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a martingale process (mean and drift). The data used for estimation purposes is the daily closing
prices of the New York JFK airport Heating Degree Days (HDD) and Cooling Degree Days (CDD) from
the Chicago Mercantile Exchange Group. The two-factor model used in modelling pricing of
temperature derivatives considers deseasonalized temperature and ensures that the random
spikes are normalized; the second factor incorporates forward-looking information that assumes
that all the information available in the market is known to all market participants and hence, an
efficient price discovery. Estimating the market price of risk, the authors inferred that any irregu-
larity in evaluating the market price of risk could arise due to the misspecification and lack of
forward-looking information. Diebold-Mariano test was performed to compare the accuracy of
forecasting. It is observed that a two-factor model outperformed the burn rate and BSM since the
mean squared error and predictive performance of the two-factor model scores over other models.
Groll et al. (2016) advocated using the two-factor model in pricing weather derivatives as it
includes forward-looking information and index estimation.

4.1.3. Lucas’s general equilibrium model

Richards et al. (2004) adopted Lucas’s general equilibrium valuation of the full-pricing weather
derivative model requiring an aggregate dividend or economic activity. Aggregate economic
activity is affected by weather, so any contingent claim on the weather index extends the claims
on economic activity. The sample period included from 1979 to 2000, and the location was Fresno,
United States of America. A stochastic model, namely mean-reverting Brownian motion with
a lognormal jump and time-varying volatility jumps in temperature, was used that could follow
the Poisson process with an average arrival (using a dampening factor) rate of lambda (A). Time-
varying volatility is incorporated by specifying first-order ARCH processes. This model assumes
a pure exchange economy where agents control the production output and set the upper bound of
utility. Any claim on output is equilibrated against asset prices. In equilibrium, consumption is
equal to the aggregate dividend or economic activity. A risk-averse consumer often chooses
a consumption function to maximize the present value of expected utility. Richards et al. (2004)
assume that if the aggregate dividend is no longer related to weather, then the market price of risk
would be zero. The authors concluded that mean-reverting Brownian motion with first-order
autoregressive and log-normally distributed jump is a robust model for capturing daily average
temperature. As temperature and yield have a non-linear relationship, the producer must adopt
a straddle option strategy utilizing buying (selling) a call option and buying (selling) a put option
with the same strike and expiry to delimit the downside exposure.

4.1.4. Peer group analysis

Peer group analysis helps in identifying peers based on some similarity of events. Mahalanobis’s
method establishes a covariance matrix by estimating the correlation between variables. Hong and
Sohn (2013) used historical weather data to replicate the Mahalanobis method. Forty-seven cities
using weather derivatives are traded in the Chicago Mercantile Exchange. Hong and Sohn (2013)
used Seoul’s average weather data for 30 years and 47 cities and estimated a peer distance over
various intervals. A “Seoul weather index” was created using daily average data for three years.
The monthly and seasonal weather indexes of 47 cities were used to derive the weather index. Five
cities among 47 had similar weather conditions to that of Seoul city. These are the peer groups of
Seoul. The cities stood Little Rock City, Dallas, Washington DC, Hiroshima, and Osaka. It was
assumed that if three or more than three cities of the peer group are using a particular type of
weather derivative, it is considered that Seoul also needs that derivative. Hong and Sohn (2013)
concluded that factors like previous payout and weather forecasting influence the pricing of
weather derivatives. The authors recommended introducing monthly cooling degree day and
heating degree day futures with seasonal strips, as three out of five cities presented a similar
pattern. They proposed the price to consider the average historical weather data of the town and
its peer cities in the last three years to minimize prediction error. The pricing model’s prediction
error is minimal as data needed for this analysis was available from the Chicago Mercantile
Exchange.
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4.2. Comparison of pricing models

The crop (corn) is temperature sensitive, and low or high temperature is detrimental to crop yield.
A farmer could ensure against hot or cold seasons by holding a put option based on the number of
growing degree days (GDD). The objective is to compare the three-pricing model viz: weather index
method using historical average called burn analysis, stochastic process with Monte Carlo simula-
tion, and econometric approach with a sine function. A Monte Carlo simulation employed an
algorithm that used repeated random sampling to obtain the likelihood of a range of occurrences.
For example, if two dice are rolled together, there can be 36 possibilities.® Burn analysis indicates
future payoffs based on the past gains made by the exact derivative. Growing degree day mea-
sures the heat exposure of crops during the growing season. Sun and van Kooten (2015) concluded
that the GDD historical average was 9% less than the GDD of Monte Carlo and 14.7% less than the
GDD obtained from the stochastic model, and it is observed that the GDD historical average was
very close to the actual GDD.

4.3. Market price of risk

This approach introduced Autoregressive Conditional Heteroscedasticity (ARCH) and Generalized
Autoregressive Conditional Heteroscedasticity (GARCH) into the temperature model suggested by
Alaton et al. (2002). Options pricing concerning the expected mean and standard deviation of HDD
and CDD was calculated. The model incorporates the market price of risk to arrive at a fair option
price. Huang et al. (2008) then compare the difference in option pricing with constant variance
assumption and the variance following an ARCH process. The authors used Taiwan weather data
from 1974 to 2003. The premise is that the trend of gradual temperature increases is linear, and
sine functions capture seasonality. The authors introduce a seasonality factor into the Alaton et al.
(2002) equation and assume that this factor follows a GARCH process. By submitting this factor,
the author makes the long-term Alaton et al. (2002) model into a short-term, and a correlation
coefficient is established between the short-term and the long-term model. The understanding is
that the climate condition of two adjacent dates exhibits a similar and significant autocorrelation.
The risk premium is calculated using asset pricing and the martingale models.

The authors applied the martingale method, known as the unknown arbitrage approach. To
calculate the market price of risk, the author used the Sharpe ratio (mean-excess return to
standard deviation of portfolio risk), where the standard deviation average stock return and a risk-
free rate of Taiwan Nationalized Bank were used to arrive at a proxy market price of risk.
Intuitively, we know that bad weather has a significant effect on the volatility of the Stock
Exchange. Hence, this proxy market price of risk will always be higher than the actual market
price of risk. For this study, the reference temperature of heating (HDD) and cooling degree days
(CDD) increased to 23°C from 18°C as Taiwan sustains a humid temperature. The author concluded
that if the conditional variance used in the ARCH is more than the fixed conditional variance, the
case market price of risk will be more than zero, and one can have a higher expected value for HDD
options and a low for CDD options and vice versa. If this market price of risk equals zero, there will
be no effect of conditional variance on the expected temperature.

4.4. Return volatility model

Benth and Benth (2007) modelled seasonal volatility by applying a Fourier series curtailing the
peaks. A Fourier series helps decompose any periodic function into Sine and Cos adequately,
representing seasonality in the data. In the Fourier series number of cycles is finite with an integer.
If this number of cycles becomes infinite, the Fourier series will merge with the Fourier transfor-
mation. The idea behind truncating the data is to provide an efficient algorithm for evaluating
polynomials in any number of distant points. Truncation helps eliminate the jump in complexity.
Thus, it reduces the error. Truncated means to cut short or end abruptly when the value of any
function or functional derivative differs from numerical approximation or reality. The truncation
error is the difference between these two values. As a first step, Benth and Benth (2007) used 45
years of daily data from Stockholm, Sweden, collected as this city trades in the Chicago Mercantile
Exchange. The author calibrates the model using this data and compares it with the quoted
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market data from the Chicago Mercantile Exchange. Benth and Benth (2007) utilize the Fourier
transformation to estimate future prices for the delivery period of interest. The authors employed
the Ornstein-Uhlenbeck model to map the temperature evolution. This model captures the tem-
perature change and includes factors like seasonality trend, mean reversion, the daily average
temperature of maximum and minimum, volatility, and random walk. The data were fed into
MATLAB software, and the author estimated the HDD index, Cumulative Average Temperature
index, and CDD index for five European and two Japanese cities. Benth and Benth (2007) concluded
that HDD future prices are higher when seasonal volatility is considered complete; this difference
doubled during summer. The seasonal maturity effect is attributed to the volatility in the futures
prices. They explained that the volatility factor is significant when it is close to delivery, like the
maturity effect in the commodity market, as most of the information is already revealed to market
participants.

4.5. Willingness to pay and adoption

Willingness to pay is a critical factor that depends on reducing overall farm risk post-application of
weather index insurance. Seth et al. (2009) concluded that group schemes are preferred to an
individual plan that assures inclusion and togetherness while adopting some new risk management
tool. The adoption rate improves with a broader coverage period. Bank and Wiesner (2010) studied
weather index insurance adoption by small and medium enterprises. The authors highlighted that the
transaction and participation costs for obtaining the relevant information to interpret price versus
benefits are essential parameters. Also, the lack of institutional framework and difficulty in pricing
leads to poor adoption of this innovative risk mitigation tool. Ghosh et al. (2021) studied a farmer’s
requirement in the developing eco. They concluded that farmers understand various sources, origins,
and types of risk to their crops. Hence, they demand a tool with an extension to cover significant risks
and not just the risks of excess or low rainfall or high or low temperature. Timely payout against
expected crop loss improves the synchronization of weather derivative contracts with a willingness to
pay for such products. Cole et al. (2014) advocate that adopting (rainfall) index insurance can be
a complex mechanism as payouts depend on readings at local rainfall stations rather than consumers’
actual losses. Budhathoki et al. (2019) suggest that premium is not an inhibiting factor of willingness to
pay; instead, gender role in decision-making influences the adoption of index insurance.

4.6. Hedge effectiveness and farm performance

Weather index insurance is prone to basis risk, including geographical (locational), production (crop-
specific), and temporal basis risk. Doms et al. (2018) introduced one more basis risk, the economic basis
risk, and defined it as a residual risk that remains even after applying the risk mitigation tool. In the
seminal paper on hedging efficacy by Ederington (1979), hedging efficacy is defined as a proportional
reduction in the volatility of a variable post-hedging. In this paper, Doms et al. (2018), while studying the
farm operation risk, stressed that the focus should be on the gross margin from the entire farm instead
of just focusing on the yield loss of a specific crop. A farmer is assumed to take up many operations on
the farm, like the production of crops, cattle rearing, hatchery or layering, and pre-processing setup.

Several dimensions of weather index insurance are dependent on the sources of systemic (basis)
and idiosyncratic risk (Jensen & Barrett, 2017). Approaches used to design contracts, the robustness of
utilized models that help capture the real-time weather variables influencing the farming regions, and
contract design and demand for the subscription. Here, the performance of the whole farm is studied
after the application of the risk management tool. Here, the author emphasized the type of contract
design. There are two types of contract design. In standardized type, the contract is based on an expert
understanding of how a weather condition will affect crop growth. The strike level used is an arithmetic
mean of past data. This data can be actual or synthetic based on secondary data of regional yield.
However, a customized contract is based on individual farm and weather data. Farm-specific data
defines tick and strike levels so that insurance payment compensates for maximum losses incurred by
a farmer. Doms et al. (2018) concluded that the correlation between the payoff from the weather
index insurance and the farm yield data could not be trusted. Doms et al. (2018) firmly highlighted that
standardized contracts were inapt to mitigate the farm’, which understates the standardized
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Figure 7. Moderators of pricing

and willingness to pay for

weather derivatives and index

insurance in agriculture.
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contracts based on an expert understanding of crop growth is less appropriate. Hence, farmers may
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inhibitors. The supply-side accelerants embracing weather volumetric parameters include weather
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contract specifications, hedge effectiveness, farm performance, and instrument adoption. The following
research questions are proposed to expand research endeavours in pricing and willingness to pay.

(1) Which factors affect farmers’ risk aversion for parametric weather risk financial products? Is there
any significant difference in risk aversion quotient between men and women farmers for will-
ingness to pay?

(2) How can weather forecasting error, crop classification, and claim settlement speed reduce the
opportunity for moral hazard and adverse selection and enhance farmers’ willingness to pay?

(3) How do weather data analytics improve farmers’ expectations of crop loss and risk premium,
influencing their willingness to pay for parametric weather risk financial products?

(4) Can bundling parametric (index) insurance and weather derivatives improve agricultural
farm performance and optimize yield and income loss indemnification?

(5) How can bundled instruments be priced to maximize farmers’ utility by mitigating pure, co-
variant, and market (price) risks? Does a stochastic pricing model score over historical
(actuarial) burn analysis in the pricing of parametric weather risk financial products?

6. Conclusions, limitations, and implications

This study conducted an integrative literature review to explore the moderators of pricing and will-
ingness to pay for weather derivatives and parametric (index) insurance in agriculture. The integrative
review employed a bibliometric analysis of five hundred thirty-four research articles and a systematic
literature review of one hundred-six papers to attain the study’s objectives. As the bibliometric analysis
brought subjectivity or potential bias due to keywords-based analysis and their co-occurrence, the
systematic literature review was performed to overcome the subjectivity in the review process (Liberati
et al, 2009). The review presented a conceptual framework containing a comprehensive list of
moderators of pricing and willingness to pay for parametric weather risk mitigants and hypothesized
a bi-directional relationship between product design, contract specifications, adoption, willingness to
pay, and the pricing structure of weather risk financial products. The integrative review concurs with
the extant literature that since there is heterogeneity in farmers’ risk and product preferences (Wang
et al.,, 2020), the length of the growing period or protection period selection against the crop-loss ratio
must be considered in constructing the weather index insurance or derivatives products underlying the
volumetric non-tradable weather parameters (WB, 2011). To create such tailored parametric products,
an ex-ante framework is crucial to establish the relationship or association between pricing and
willingness to pay for parametric weather risk products (Jensen & Barrett, 2017; Lichtenberg &
Iglesias, 2022; Miranda & Farrin, 2012).

The bibliometric analysis embraced citation analysis, scientific production, co-occurrence or key-
words analysis, and thematic mapping of research publications. The study revealed that Alaton,
Alexandridis, Campbell, Davis, Hdrdle, Jewson, and Zapranis, among others, are influential contribu-
tors, and the empirical exploration of the pricing and willingness to pay models of weather derivatives
and parametric (index) insurance has stemmed from the scholars of the United States, United
Kingdom, and China. Weather derivatives and index insurance pricing models vary from historical,
time-invariant models to stochastic higher-order models. Implied option pricing, or Black-Scholes-
Merton option pricing, on the other hand, is relevant to capture implied volatility in weather options,
especially rainfall and temperature options. Ornstein-Uhlenbeck’s process utilizes the mean reversion
property of the weather variable and incorporates it into a random walk model with a stochastic trend.
It allows options writers, namely (re) insurance firms, to protect the downside risk against extreme
weather events. Also, the wavelet network allows decomposing the weather data into more relatable
different frequency components, which can be used to value weather derivatives contracts by pre-
dicting value based on the coefficients of parameters estimated by the wavelet.

The systematic literature review was performed on pricing and valuation models of weather
derivatives and index insurance, willingness to pay, and hedge effectiveness of parametric weather

risk financial products. Several pricing and valuation models computed the strike price and
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premium (for option) of weather derivatives and index products. Concerning comparing various
pricing models of weather derivatives, the relationship between cop or livestock yields and weather
parameters can derive and calibrate premium and strike levels for growing degree day weather
options. While pricing and valuation models were under consideration for a systematic review, the
market price of risk or risk premium computation indicated a difference in options pricing under
variance assumptions. The literature review of willingness to pay inferred that if the cost of such
a derivative or index product for the specific crop is well-researched, it can be possible to introduce
or implement this instrument without government subsidy. The review also reported that stan-
dardized contracts cannot hedge the performance risk of agricultural farms. The ex-post-adjusted
contracts perform better. Other than the index type, option premium, and strike level, the hedge
effectiveness of the whole farm depends on the production exposure to pure, co-variant, and
market (price) risks and the level of indemnities or premium to claim ratio. Decreasing the tick size
of weather derivative or index insurance contracts could not affect premium pricing.

This study has implications for researchers and practitioners. First, scholars can understand para-
metric weather risk financial products’ nuances, prices, and valuation models. Second, the moderators
of pricing and willingness to pay for parametric weather risk mitigants can help the insurance agencies
and commodity exchanges to design a robust weather index with appropriate actuarial risk premia
and strike levels specific to the crop, season, and geographical regions or landscape in a manner that
the index-triggered pay-out should cover the loss arising from systemic risk and farm-specific risk
(some extent). Future research would investigate how product design, contract specifications such as
tick size and strike level, hedge effectiveness, farm performance, and instrument adoption can
influence the pricing models and willingness to pay for parametric weather risk financial products
and alternative risk transfer instruments such as special purpose vehicles and indemnity bonds.
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Annexures

Table Al. Commonalities and differences between weather derivatives and index insurance

Attributes

Index-based
insurance

Weather derivatives

Remarks

Type of risk mitigation

Pure or weather risk,
reinsurance is a challenge
if there is a co-variant risk

Pure, covariant, and
market (price)/
speculative risk

Pure risk is a peril or
proximate cause of loss.
In contrast, covariant risk
arises from pure risk, for
example, pest-disease
infestation due to
inclement weather
events leading to crop
damage and income loss.

Target users

Farmers or individuals or
self-help groups or co-
operatives

Farmers, large farms,
processing entities, (re)
insurance agencies,
speculators (financial
market participants)

For WII, the policyholder
transfers the risk to

a third party, an
insurance company, or
government agencies.

Type

Area-yield index
insurance

and

Weather index insurance
(WII)

Weather derivatives

Area-based (reference

unit area) yield insurance

* Anindemnity is paid
if the actual yield is
less than the thresh-
old yield, irrespective
of the actual yield of
the policyholder.

Weather Index
Insurance

» Payment is based on
deviation from
a specific weather
index from
a predetermined trig-
ger level.

Weather Derivatives

» Payment is based on
deviation from
agreed contract
weather parameters.

Risk management tool

Yes

Yes

Protect against specific
adverse weather events
and impact on assets.

Moral hazard

Reduces

Reduces

The indemnity does not
depend on the individual
producer’s realized yield.

Adverse selection

Reduces, but
intertemporal adverse
selection remains

Reduces but inter-
temporal adverse
selection may remain

Few informational
asymmetries can be
exploited as the
indemnity is based on
widely available
information.

(Continued)
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Table Al. (Continued)

Attributes

Index-based
insurance

Weather derivatives

Remarks

Basis risk

Yes

Yes

Index insurance is not an
effective risk
management tool
without a sufficient
correlation between the
index and actual losses.

Weather index triggered
pay-out

Yes

Yes

Pay-out based on
predetermined weather
parameters like
temperature, rainfall,
snowfall, hurricane, etc.

Threshold yield-linked
pay-out

No (for traditional
insurance)

No

Payment is based on the
area average yield. All
farmers are treated
equally. Basis risk prevails.

Protection against losses

Yes

Yes

Index insurance
compensates for actual
losses, whereas
derivatives provide

a hedge against losses to
the entire sector.

Weather events directly
impact buyers.

Yes

Yes/No

Weather derivative allows
the participation of
market speculators with
no direct asset loss
attributed to adverse
weather events.

Customization and
Tailored terms

Yes

Yes

It can be for specific
crops, areas, weather
events, etc.

Point of sales: over-the-
counter or the exchange-
traded

No

Yes

Weather derivatives are
treated as financial
instruments and lie in the
purview of financial
market regulation.

Regulation

Yes

Yes

WII is offered by
insurance agencies or the
government and
regulated by the
insurance regulatory
authorities. The securities
exchange commission
regulates weather
derivatives that are
exchange-traded.

Subsidies applicable

Yes

No

The government provides
subsidies to farmers to
adopt WII.

Pricing model

Historical Burn analysis

Deterministic and
stochastic

Weather derivatives are
dynamically priced based
on demand.

Source: World Bank (2011), Rejda and McNamara (2014)
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Annexure A.2.The process flow
chart of working of index

insurance and weather deriva-
tives in the agriculture sector.
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Index insurance indemnifies the loss caused
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‘Weather derivative mitigates pure, co-
variant, and market risks.
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