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Abstract: This article presents a novel methodology to assess the financial risk to crops in highly
weather-volatile regions. We use data-driven methodologies that use singular value decomposition
techniques in a low-income economy. The risk measure is first derived by applying data-driven
frameworks, a Principal Component Analysis (PCA), and Singular Spectrum Analysis (SSA) to
productive coffee crops in Colombia (163 weather stations) during 2010-2019. The objective is to
understand the future implications that index insurance tools will have on strategic economic crops
in the country. The first stage includes the identification of the PCA components at the country
level. The risk measure, payouts-in-exceedance ratio, or POER, is derived from an analysis of
the most volatile-weather-producing regions. It is obtained from a linear index insurance model
applied to the extracted singular-decomposed tendencies through SSA on first-component data. The
financial risk measure due to weather volatilities serves to predict the future implications of the
payouts-in-exceedance in both seasons—wet and dry. The results show that the first PCA component
contributes to forty percent of the total variance. The seasonal forecast analysis for the next 24 months
shows increasing additional payouts (PO), especially during the wet season. This is caused by the
increasing average precipitation tendency component with POERs of 18 and 60 percent in the first and
second years. The findings provide important insights into designing agricultural hedging insurance
instruments in low-income economies that are reliant on the export of strategic crops, as is the case of
Colombian coffee.

Keywords: index insurance; coffee production; low-income economies; Principal Component
Analysis (PCA); Singular Spectrum Analysis (SSA); payouts in exceedance (PoE); financial risk
measure; Colombia

1. Introduction

Low-income economies are severely affected by climate change, limiting sustainable
development [1]. These effects are strengthened in regions with underdeveloped financial
services [2,3]. Unusual weather events lead to disruptions in worldwide food security [4].
According to recent studies, the effects of climate change, such as droughts and extreme heat
conditions, have reduced the yield of staple crops worldwide by approximately 10% [5,6].

Agriculture in Colombia is one of the most significant socioeconomic sectors, con-
tributing to 7.4% of the GDP [7]. Some of Colombia’s main agricultural products are coffee,
corn, potatoes, and palm oil, among others. According to the National Agricultural Survey,
ENA 2019, the total production recorded was estimated at more than 63 million tons, 67%
of which corresponds to the agro-industrial product group [8]. The export of high-value
crops such as coffee accounts for a sizeable portion of the GDP total. In 2020, coffee was
the third most exported product in Colombia, with a value of $2.54 billion (about $8 per
person in the US), and was ranked as the fourth largest coffee-exporting country in the
world [9]. Nevertheless, according to the World Bank [10], Colombia is highly exposed to
hydrometeorological events, known as El Nifio and La Nifia. These weather events result
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in drought or excess rainfall which directly impact the agricultural sector and affect the
country’s GDP. In 2010/11, La Nifia’s damages were estimated at 2% of GDP and about
3.5 million people were affected [10]. It is estimated that these changes in the amount of
precipitation in the next 30 years will harm coffee crops [11].

Several studies have demonstrated a direct correlation between time series analysis
and climate change [12,13]. These studies allow for the identification of ways to mitigate
the consequences of climate change on agriculture. Trends in agrometeorological and
hydrological data sets are frequently evaluated using the nonparametric Mann—Kendall
test [14-16]. This test allows researchers to determine the significance of a time series trend
of weather variables [17].

“Agricultural index insurance is a financial tool for risk management that has demon-
strated promise for encouraging economic development and resilience” [18]. The main
difference between this insurance and standard insurance is that payouts are based on the
measure of climate variables such as rainfall and temperature. The values across which
indemnity payments are made in this type of insurance are established by set thresholds
and restrictions. Thresholds provide the starting point for indemnity payments. Once the
threshold is met, the payout grows steadily as the index’s value approaches its limit or
maximum indemnity [19]. Weather index insurance offers advantages and shortcomings
(Table 1).

Table 1. Summary of advantages and disadvantages of index insurance. Sources: Abdi et al. [20],
Miranda et al. [21], Miranda et al. [22], Skees et al. [23], Di Marcantonio [24], and the World Bank [25].

Dimensions Advantages Disadvantages
It indemnifies policyholders based on the . .
.\ e P Requires research to design accurate
Indemnities observable value of a specific “index” or some

other variable closely related to losses. thresholds and index selection [20].

Insurance components

Basis risk can grow if (1) the index is not
correlated with loss, (2) the crop
production is far from the data collection,
or (3) the statistical method is not
adequate to model the loss [20]

Adverse selection and moral hazards are
minimized [21].

Costs and implementation

Index insurance exhibits lower transaction costs
than conventional insurance [21]

Offers less reflective individual risk
protection [21,22].

Nature and product knowledge

Payments are made in due time [23].

Lack of product awareness [24] and an
enabling environment for the time of

insurance [25].

Scalability

Scalability can be achieved if insurance
products are profitable for insurers. It
also implies massive investments in
infrastructure and delivery channels [24].

A generalized need for insurance expansion as
climate change poses risks to worldwide crop
production [20].

To highlight some points, index insurance is advantageous as it overcomes problems
of traditional insurance such as moral hazard, adverse selection, and high costs; in addition,
it can be measured remotely [26]. Despite these advantages, in index insurance, basic
risk arises when the measurement does not match with actual losses because of poorly
designed tools [26] or if the distance between the index measurement location and the
crop’s location is far [20]. One way to handle this risk is by using data or images based on
satellites. For instance, payouts can be based on a Normalized Difference Vegetation Index
(NDVI), which allows for estimating vegetation conditions from a color map showing
relative biomass [27]. Nevertheless, NDVI sometimes does not include site calibration, and
so should not be widely used in the design of index-based insurance products [28]. The
benefits it offers to individual farmers are limited, so there may be more advantages to using
a reinsurance tool used by corporations that have a relationship with many agricultural
producers, agricultural banks, or cooperatives [21,22].
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Although the insurance index started to be mentioned in the land regime law in
1944, it was not until the crisis caused by the La Nifia phenomenon in 1992 that interest
was renewed. As a result, Law 69 was approved in 1993, establishing the regulations for
agricultural insurance in the country. This law regulates the entities that can be insurers,
which can be public, private, or mixed, but must be under the supervision of the financial
superintendence [29].

The agricultural insurance market has existed in Colombia since 1998. In 1998, the first
program was designed for banana crops, which based its indemnity on verifiable losses.
Seven years later, two companies launched the first index insurance program for corn and
cotton crops, but the results were poor and fueled producer distrust [10,29]. The main
problem with this program was that farmers could choose between different thresholds
that triggered indemnity and the premium price varied depending on the trigger level
selected [18]. Farmers tended to choose the cheapest premium, which resulted in lower
coverage. In practice, when crops suffered damage due to rainfall, the insurance did not
activate, so no payment was generated, resulting in distrust among banana producers [30].

By 2017 there was already a presence of public and private traditional insurers in
Colombia, which launched programs to underwrite crops, forestry, and livestock. Among
the participants are Sura, Mapfre, Seguros Bolivar, Allianz, and Liberty, and also one state
insurer, La Previsora. There is also Proagro, which is a Mexican insurance company that
was registered in Colombia. This company promotes a range of agricultural insurance
products and services to the market [31].

In 2018, an emerging company formed by a consortium of insurers launched its first
pilot program of weather-indexed insurance for coffee producers in Caldas, a Colombian de-
partment. A year later, it received premium subsidies from the government, which allowed
it to cover more production costs at risk and offer its insurance to other coffee produc-
ers [32]. In 2020, this program was expanded, reaching approximately 9000 smallholders
and 2200 hectares. This can be interpreted as the sustainable success of the program [33].
The insurance offered in the program covers farmers against heavy rains and floods and
shortages based on the analysis of available information from weather stations and satellite
data. For index-based insurance programs, satellite weather data has been increasingly
employed in developed economies [34]. However, in low-income economies, satellite
information is difficult to access.

In Colombia, the average penetration rate of crop insurance between 2010 and 2015 was
only 1.76% (hectares seeded vs. insured hectares) [35]. The limited traditional compensation
processes available for Colombian crops have typically relied on traditional insurance
frameworks based on yield loss or damage [11]. Some reasons for the low coverage rates
in the country are related to local conditions, such as regional conflict and the resulting
insecurity, which makes field inspections difficult [36]. Although there are many studies on
weather-indexed insurance in the literature, there is still a lack of research that includes
product design in low-income economies [19].

State-of-the-art studies show diverse types of index insurance models where indices
are mostly built from mereological, temperature, meteorological drought, hydrological
drought, climate, and vegetation indices. For the methods of yield—index relationship
estimation, the most common methods used to build indices are regression, correlation,
copulas, production functions, and, more recently, machine-learning methods [20]. Re-
garding the risk evaluation methods, most studies focus on risk-reducing effectiveness
evaluation methods, such as variance or semi-variance deviation, value at risk, or con-
ditional value at risk [37-41]. However, few of these methods address the relevance of
measuring future financial risks in highly volatile regions. For example, Siebert [42] used a
Gerrit Skill Score (GSS) to assess the way indices forecast payouts or non-payouts during
loss and non-loss years. This was seen as advantageous, as the GSS score weighs both
sides of basis risk, assigning false payout and failure to pay. Recommendations from
these state-of-the-art reviews include more in-depth studies emphasizing index derivation
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during critical crop growth periods and the employment of models to aid in index design
that considers future climate conditions. This study addresses these two recommendations.

Referring to the costs for index insurance programs, Kerer [43] states that one of
the main shortcomings in these programs is the high cost for low-income farmers in
developing countries, as most of their income is absorbed by their basic needs such as
food and housing. This results in low uptake of this insurance tool. Di Marcantonio [24]
states that while high premium prices for weather index insurance programs are the
main constraint when adopting weather index insurance, this is offset by public subsidies
and support donors who help to promote insurance expansion. Some studies discuss
whether public subsidies are the best way to promote the use of index insurance. Instead,
these authors promote the use of credit subsidies and fertilizer subsidies in conjunction or
separately. Ricome et al. [44] showed first that the potential benefits of public subsidized
weather index insurance are more evident in the driest areas. Second, in zones with extreme
precipitation, insurance premiums that are publicly subsidized by 60% induced farmers
to adopt insurance; however, this incentive was less efficient than subsidizing credits and
technologies such as fertilizers, or just cash transfers. One Colombian index insurance
example of expansion is the Cafe Seguro program. In this program, one of the key factors
that promote the adoption of index insurance in coffee crops has been the close work
by insurers with farmers. Farmers receive clear information about the rationale of the
insurance tool, and questions are answered regarding their needs and the expectations of
the insurance program. In addition, these insurance programs are successful because of
recent public and private subsidies [33].

This paper aims to propose a new methodology based on a data-driven framework that
allows us to explore the use of different statistical models in the design of indexed insurance
in agriculture. The methodology considers the effect of future changes in precipitation
levels in low-income economies such as Colombia. We believe that the results from this
research could be useful in the design of new policies that would benefit the actors involved
in Colombian agriculture.

2. Materials and Methods
2.1. Conceptual Framework

The methodology (Figure 1) used in this study combines statistical analysis, a PCA
reduction process, SSA filtering, and forecasting kernel simulation for index and payout
modeling using R [45], by:

(i) Applying a Principal Component Analysis (PCA) to scaled monthly cumulative
rainfall data between 2010 and 2019 from 163 weather stations.

(ii) Establishing reliable index parameters that measure the shortage and excess rainfall
for coffee production.

(iii) Selecting and extracting the eigenvectors for the signal component.

(iv) Simulating monthly accumulated precipitation values in mm (PTPM) with nonpara-
metric kernel density estimators.

(v) Using a piecewise linear index insurance model consisting of four crucial points based
on the amount of rain to simulate crop damage.

(vi) Forecasting the seasonal tendency components to apply a weather risk measure based
on the ratio of payouts that exceed or reach the maximum indemnities or POERs.

2.2. Data

The Institute of Hydrology, Meteorology, and Weather Studies IDEAM by its Spanish
acronym) is a public entity of the Colombian government whose functions include moni-
toring the country’s climatic conditions [46]. To carry out this monitoring, it has around
nine thousand climate stations distributed in different areas of the Colombian territory.
IDEAM, in its databases (publicly available), has information on the accumulated monthly
precipitation levels (PTPM) of all stations between 2010 and 2019. We chose this window
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period as it was the most balanced available data from IDEAM that included the coffee
Crop zones.

To diminish the basis risk associated with the difference between the data recording
and the crop sites, we selected the weather stations near coffee-growing regions. As a
result, we obtained data consisting of 163 meteorological stations whose altitude is between
1000 and 1890 m with a median of 1513 m above sea level. The distribution of altitudes is
presented below (Figure 2). This graph shows that most stations are close to 1750 m above
sea level, and there are fewer stations with an altitude of less than 1400 m.

Weather

Data PTPM

Scaled
Data

Merging

Productive
coffee Data

1 Component Seasonal
SSA Signal Extraction
Characterization (Non-
scaled Data)

Define the index
insurance
parameters

Seasonality and PTPM Simulation
Tendency Components with Kernel Density
forecasting (24 months) Estimator

PO in
exceedance
(POERs)

Index PO for tendency
parameters component

10,000 simulations Short &
& Payoffs (POs) for Medium term
Crop Season Implications

Linear Index
Model

Index Insurance

Figure 1. Methodology applied to derive payout rates for each principal component in precipitation
index insurance. Source: authors.

Frequency

1000 1250 1500 1750
Altitude

Figure 2. Frequency histogram of altitude for the 163 selected stations. Source: authors’ processing.

In Colombia, there are two seasons for coffee cultivation, dry and wet, and four pro-
ductive zones in the country: eastern north, central north, central south, and south [18-47].
According to the sample data, the mean monthly rainfall in the dry season is 131 PTPM, while
in the wet season, the mean is 168 PTPM. In addition, a boxplot shows that the dispersion of
the data is similar between the two seasons, and in the case of the dry season, the data are
more asymmetric (Figure 3).
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Figure 3. Boxplot of the monthly accumulated precipitation values (2010-2019) in the wet and dry
seasons in Colombia without extreme values. Source: author’s processing.

The production of coffee crops comprises four stages: the first two stages II and II)
are known as the first-growing and flowering phases. In these stages, there is a slow
but consistent demand for water. The following two stages are known as the second-
growing and filling stages, where the demand for water rises uniformly [48]. The months in
which these stages take place vary according to the location of the productive zones in the
country and their weather seasons (Figure 4). As stages I and II are highly water sensitive,
throughout these stages, ongoing index insurance programs, such as Cafe Seguro, protect
against flooding. Whereas during stages I1I and IV, which comprise the second-growing
and filling phases, insurance programs protect against drought. In these programs, the
payouts are tailored to the deficit or excess of precipitation [33].

Eastem|

Central North|

Central South|

South|

| | {
| | | 3 _
Wet Dry Wet
- . T T T
Wet Dry Wet Dry
. | ]
Wet Dry Wet Dry
ﬁ . L
Dry Wet Dry
: : { |
January  February = March April May June July August  September October November December

Figure 4. Weather seasons in Colombia per region. Source: Cenicafé, 2016 [47]. Note: eastern:
Santander and eastern Cundinamarca; central north: Caldas, Antioquia, Risaralda, northern Tolima,
and northern Cundinamarca; central south: Quindio, Tolima, Valle Cauca, and northern Huila; south:
Cauca, Narifio, and Huila.

Multiple factors influence coffee quality. Among the most relevant are the amount
and distribution of rain, which allows for homogeneous growing stages and, as a result,
higher-quality coffee. It is during the growing stage that coffee needs intense but acceptable
rainfall. Temperature is another significant factor. Due to climate change, producers have
had to move their crops to different altitudes, usually higher [49]. In most of the coffee-
producing regions of Colombia, the preferred method for farmers to irrigate their crops is
rain; when rainfall levels are adequate, the coffee is of a better quality than that irrigated
artificially. According to a study by Ramirez-Builes [48], “Artificial watering is challenging
and expensive; it also requires expert knowledge of natural rainfall levels, where excessive
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water accumulation leads to several diseases in coffee plants such as the coffee leaf rust (or
the “Roya disease”)”.

The average annual area cultivated with coffee in 2021 exceeded 0.911 million hectares.
This area was cultivated by more than 500,000 farmers in 72% of Colombia’s depart-
ments [10]. These crops tend to be cultivated using more traditional techniques. In this
area, the departments of Huila (17.2%), Antioquia (13.8%), Tolima (12.7%), and Cauca
(11.1%) make up approximately one-third of the total coffee production in the country [50].
Traditional cultivation methods result in the crops being more vulnerable to relatively even
shorter adverse weather conditions. An example of this was a 12.8% production drop in
2022 compared to 2021, which was the equivalent of a decrease from 13.4 to 11.7 million
bags of coffee beans. This was caused mainly by La Nifia, which resulted in excess rain-
fall [50]. This illustrates how crucial the implementation of index insurance programs that
consider weather variables for the most vulnerable coffee producers, small farmers, can
be. Analyzing weather variables could also allow the government to plan more accurate
financial strategies for extreme events, as there is evidence that appropriate bailouts and
tax programs can stabilize farmers’ profitability [51].

2.3. Principal Component Analysis (PCA)

We applied an unsupervised machine-learning technique to reduce the dimensionality
of the database while retaining as much information as possible [52]. The database is a
matrix of the dimension N x p, where N is the number of observations and p is the number
of variables. In this study, variables are the monthly accumulated rain values from 2010 to
2019 and observations correspond to each station.

The PCA can be thought of as a rotation of the axes of the original variable’s coordinate
system to a new orthogonal axis. This is done to align these axes with the direction of the
data’s highest variance [52]. In other words, each principal component corresponds to a
linear combination of the original variables. The first principal component (PC1) is the
component that allows us to describe the maximum variance of the data set; the second
component (PC2) is the component with the second highest variance, and so on. The
number of principal components that can be calculated corresponds to min(N — 1, p), but
in practice, only a few components collect most of the information.

The procedure to calculate the principal components is as follows [52]:

Center the variables by subtracting from each the value of its mean.

Generate the variances and covariances matrix.

Determine the eigenvector and eigenvalue of the matrix found in step 2.

Find the contribution of each variable (loadings) to the principal component by
multiplying the transposed eigenvector matrix with the transposed matrix of the
centered data.

LN

2.4. Parameters of Index Insurance

With a similar approach to Hill and Robles [53] and the Nyala Insurance Share Com-
pany [54], we established the PTPM as the index variable. To define the parameters, we
found the average monthly water requirements for Arabica crops. These requirements rely
on different factors including altitude, the quality and humidity of the soil, and the age of
the crop [55]. Usually, this type of information is hard to acquire; thus, we used the values
recommended by the FNCC (National Federation of Coffee Growers of Colombia), which
are based on altitude ranges. In summary, the FNCC establishes optimal average monthly
waterings of 57 and 135 PTPM. The upper and lower limits were set following the same
procedure established in this study by Abrego-P et al. [18]. The lower limit was established
as 40 PTPM and the upper limit as 241 PTPM [55].

The amount insured was calculated by using a similar methodology as used by
Abrego-P et al. [18] and by Hohl [56]. This amount was based on a currency exchange
rate of 3478 COP-USD [57] and a reported coffee market price of USD 2427 /ton (or
1,055,000 COP) per coffee bag. In the main and Mitaca crop production season, which yields



Appl. Sci. 2023,13, 2425

8 of 18

40% of the first crop season, 30 bags of dried coffee are added annually. For growers to
reach maximum indemnity, there must be a maximum production loss of up to 75% caused
by extreme weather. Therefore, the maximum indemnity is USD 761 (2.69 x 10° COP/ha),
as indemnity is 1.16 USD/kg [58]. In summary, the lower and upper limits are set to
40 and 241 PTPM, respectively. Similarly, the lower and upper thresholds are 57 and
135 PTPM. The sum insured is set at 15 M COP per ha. The maximum indemnity (MI) is
2.7 M COP per ha.

The referenced payout function follows a linear index insurance model [19]. The
marginal payouts for low PTPM levels are derived linearly by dividing the maximum
payoff or indemnity of 2.7 M COP/ha per one PTPM, by the difference of 40 PTPM
(lower limit). The threshold for drought is 57 PTPM (about 2.24 in) (Figure 5a). Similar
considerations for the case of high rain levels can be seen in Figure 5b.

Lower Payout Structure Index Insurance
Upper Payout Structure Index Insurance

2.65

Indemnity Payment ($M COP)
Indemnity Payment (SM COP)

Rainfall (mm) 40 57 135 Rammaim)

m i ur i ur u
(a) (b)

Figure 5. Indemnity structure for the lower and upper average PTPM. (a) Lower precipitation
ranges, (b) upper precipitation ranges. Notes: (1) Low and high rainfall index insurance are annually
seasonalized. (2) Lower limit (LL); upper limit (UL); lower threshold (LT); upper threshold (UT); and
max indemnity (MI) [17]. Source: adjusted according to Abrego-P et al. [18].

We previously derived a simulated kernel distribution of PTPM with n = 1000 points
from the year time series data for each of the weather stations (2010-2019) to calculate
the payments linear function (POs) (3) for wet and dry crop seasons. The pricing linear
function follows both PTPM conditions, 11 (2) and m; (3), applied to the first component
and season i, where i € [1,2].

M.L if PTPM < LL or PTPM > UL
mo if PTPM € [LL, LT)

PO(PTPM); = 0if PTPM € [LT,UT) v
my if PTPM € [UT,UL)
B B (LT — PTPMvalue)
g = POjyry = (LT — LL) * M.I., (2)
(PTPMyqiye — UT)
1 = POpgs — (u;i u&T) * M.I., (3)
1 n
Pototul = EZPO(PTPMi)’ (4)
1

The forecasted POs per season i are next calculated by averaging the forecasted fair
PO values.
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2.5. Singular Spectrum Analysis (SSA)

There are many different methods for studying time series. Many of these methods
rely on parametric assumptions; for example, they require linearity or nonlinearity with
functional forms. An alternative method that uses nonparametric assumptions and which
is neutral to usual requirements such as stationarity, linearity, and normality in data is
Singular Spectrum Analysis (SSA). SSA is a relatively new nonparametric method that has
demonstrated its useful applications in many different fields, from economics to physics,
including meteorology. SSA has two main applications, which are filtering and smoothing
and forecasting [59]. In this article, we employed both applications.

For filtering and smoothing, the technique decomposes the original series in the
sum of interpretable components. These components are usually slowly varying trends,
oscillatory components for seasonality, and noise. The primary SSA method consists
of two complementary phases: decomposition and reconstruction. Each phase has two
separate steps. In the first phase, the series is decomposed. This phase comprises two steps:
embedding and singular value decomposition.

The embedding step can be considered a mapping process that transforms a one dimen-
sional Yy = {yyt=12,...N} time series into a multidimensional series,
Xi = (yi,-- .,y,qu,l)T € RL, where L is the window length and 2 < L < N/2. As
established by Golyandina [59] and Hassani et al. [60], one of the crucial steps in the tech-
nique of SSA is the definition of the window period, which is useful in the embedding
step. The product of this step is the Hankel matrix, or trajectory matrix, which is the
primary resource for the SVD, and this is the basic difference when applying a traditional
PCA procedure to a multivariate time series. The widow period was set at L = N/2, as
established by Golyandina [59], obtaining the trajectory matrix: tgs4(PTPM) = X.

In the second step, the SVD of X is performed, which is denoted by Aq,...Ap. The
eigenvalues of XXT are arranged in decreasing order (A1 > ---> Ay > 0) and by the
corresponding left eigenvectors (Uj, ... Uy). The SVD of the Hankel matrix can be defined
as the collection of X = Xj + --- Xy, where X; = VAU VT, and V; = XTU;//A; (if
Ai =0, then X; = 0). The /A; are the singular values of X, and {y/A1, VA2, ..., V/AL} is
the spectrum. The collection (1/A;, Uj, V;) is called the i-th eigentriple, formed by the
eigenvalues and the left and right eigenvectors. Therefore, the SVD of the Hankel matrix
produces X = Xj,+ - - - + Xj;. The SSA can be seen as a way of obtaining and analyzing
this spectrum of singular values to identify and then distinguish between the signal and
the noise, usually by visual techniques in each time series [60].

In the second phase, the series, which is filtered and free from noise, is reconstructed.
This phase is formed by two steps as well: grouping and diagonal averaging. The goal
of the grouping step is to enable the signal and noise to be distinguished. This is done
by splitting the elementary matrices into several disjointed subsets, I, ... I;;, with the
representation, X = Xy + - - - + Xp,, which is later summed within each group (tendency
or seasonality). The process of choosing the sets Iy, ... I is called grouping. Then, the
series, which can be interpreted as the proxy of the original series, is used for forecasting
purposes [59,60]. Finally, the purpose of diagonal averaging is to transform a matrix from
the Hankel format to a time series.

The forecasting stage can be implemented once the decomposition is performed. The
basic requirement to perform SSA forecasting is that the series satisfies a linear recurrent
formula (LRF), where the series Yy = {y;;t = 1,2,... N} satisfies an LRF of order L — 1
ifyr = mqyy—1 +a2ys—1 + - +ar—1Ys—1+1,t = L+ 14 --- N. This means that the series
ruled by an LRF follows a natural recurrent continuation since each term of the series is a
linear combination of several preceding terms. As in the case of Arima models, the SSA
is based on the weighting of previous observations; these weights are obtained based on
eigenvectors. As noted by Hassani et al. [60], the LRF does not imply that the series must
be linear, but it might be a nonlinear structure ruled by the LRF. In the case of this study,
we considered one of the two versions of the univariate SSA algorithm, also known as
the recurrent SSA (RSSA). We also used the construction of the bootstrapped confidence
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intervals to forecast. Another option is the Vector SSA (VSSA). We employed the RSSA
package in R for these purposes.

3. Results and Discussion
3.1. PCA

We applied a PCA technique to the standardized data, where the first component
captures 40% of the variability (Table 2). This component is considered a case study for the
rest of the calculations, as the methodology would be similar for the rest of the components.

Table 2. Summary of the importance of PCA by principal components (PC) for PTPM. Source:
author’s processing.

PC1 PC2 PC3 PC4 PC5 PCeé PC7 PC8 PC9 PC10

Standard Deviation 6.916 4.464 2.023 1.740 1.492 1.460 1.372 1.346 1.286 1.193
Proportion of Variance 0.405 0.169 0.035 0.026 0.019 0.018 0.016 0.015 0.014 0.012
Cumulative Proportion 0.405 0.574 0.609 0.635 0.653 0.671 0.687 0.703 0.717 0.729

The first six PCA components are depicted in Figure 6. Eleven departments are
included in Figure 6, and they account for 67% of weather variability (Table 3).

PCA Component (1-6) Dry Season (2010-2019) PCA Component (1-6) Wet Season (2010-2019)

PTPM PCA Component

<0

® 50 2
@ 1000 3
@ 1500 4
@ 2000 e 5
PCA Component e
.1 PTPM
2 *0
3 ® 20
4 ® 500
a5 ® 0
¥ 6 @ 1000
N
(@) (b)
Dry Season 1st Component 2010-2019 Wet Season 1st Component 2010-2019

f g PTPM

® 250
® s00
® 750
® 1000

&N

(c) (d)

Figure 6. PCA results for seasonal periods (a) for dry in 1st-6th components; (b) for wet in 1st-6th
components; (c) for dry in 1st component; (d) for wet in 1st component. Source: author’s processing.
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Table 3. Summary of departments that have the largest contribution to the first six PCs (princi-
pal components).

PC1 PC2 PC3 PC4 PC5 PCo Total

Antioquia X X X X X 5
Caldas X X X X X 5
Cauca X X X 3
Cundinamarca X X X X X 5
Huila X X 2
Narifo X 1
Quindio X X 2
Risaralda X X X X 4
Santander X X X X 4
Tolima X X X X 4
Valle del Cauca X 1
Total 4 8 6 6 7 5

A summary of the statistics for the first component shows the range of the altitude
of plantations, which covers the entire sample range. For PTPM statistics, the maximum
monthly values are near 2000 mm (about 6.56 ft), which exceeds the maximum upper limits
considered in the index insurance design (Table 4).

Table 4. Summary statistics PCA for PTPM 1st component.

Min 1st Qu. Median Mean 3rd Qu. Max
Altitude (m) 996 1280 1440 1447 1550 1850
PTPM (mm) 0 69.95 209.89 258.79 393.30 1995.52

In particular, the first 25 locations for the first component contribute significantly to
the cumulative proportion of the component variance (Figure 7).

Contribution of individuals to Dim-1

=

Contributions (%)

Figure 7. First PCA component contributions of individuals. Here, the weather stations and the
percentage of variance contributions are identified. Source: author’s processing.

The departments that belong to the first component are Santander, Antioquia, Caldas,
and Valle del Cauca (Figure 6¢,d). The largest contribution of variance (15.3%) can be found
in Samana in Caldas (Table 5 and Figure 7). The next location, with an 8% contribution
of variance, is in Bricefio, Antioquia, and then it is followed by San Francisco, Antioquia
(7.1%), San Carlos, Antioquia (5%), and El Guacamayo, Santander (4%). The locations in
Valle del Cauca have less than 1% of the contributions.
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Table 5. Information of the region that contributes the most to the first component. Source: au-
thor’s processing.

Station Department Municipality Latitude (m) Longitude (m) Altitude (m)
2305504 Caldas Samana 5419 —74.999 1532

Density PTPM distributions per season obtained by kernel simulations show an irreg-
ular wet distribution. The dry season shows a significantly positively skewed distribution
and extreme PTPM values (Figure 8 and Table 6).

1st Component Precipitation Density Wet 1st Component Precipitation Density Dry
0.0020 0.003
0.0015
0.002
5 z
é 0.0010 g
0.001
0.0005
0.0000 0.000
0 500 1000 1500 a 500 1000 1500 2000
Precipitation {mm/month) Precipitation (mm/month)
(a) (b)
Figure 8. Kernel pdfs with n = 1000 points, results for 1st component in the (a) wet season and (b) dry
season of monthly average rainfall values (2010-2019). Source: author’s processing.
Table 6. Summary statistics for dry and wet seasons in the 1st component. Source: author’s processing.
Season n Mean sd Median Min Max Skew Kurtosis se
Wet 1378 293.69 232.6 267.06 0 1551.74 0.91 1 6.27
Dry 846 201.95 209.05 145.69 0 1995.92 2.42 11.16 7.19

In summary, statistics (Table 6) for the dry and wet seasons show possible adverse
conditions to the optimal development of coffee because the second half of the stages for
optimal coffee development show lower extreme rain levels [55].

3.2. Singular Spectrum Analysis and Index Insurance

We used the first component result from the PCA to obtain its signal using an SSA
methodology. With the signal extracted, we calculate the payouts (POs). Next, we deter-
mined the expected payments exclusively caused by the tendency components for the next
two years (Figure 9). These disbursements represent payments in excess or additional to
those that belonged to seasonal patterns. Unlike in dry months, during wet months, an
increasing disbursal due to tendency components is expected.

We estimated the average POERs (calculated as future POs for tendency and the
maximum indemnity, MI amount) (Table 7) for a common coffee crop producer near each
weather station. This was reported in the first component (Table 3) in concordance with
each crop season. For instance, during the wet months, it is expected that POs increase to
19% and 60% in the first and second years, respectively, with respect to regular seasonal
disbursals (Figure 9). This could be interpreted as extra payments because of the effect of
extreme rain conditions.
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Figure 9. Decomposition of POs for seasonality and tendency in wet and dry months. Source:
author’s processing.
Table 7. Future payouts in exceedance (PoEs) and ratios (POERs) for 2 years ahead. Note: arrows
reflect the direction of the tendency. Source: author’s processing.
Payout Exceedance PoE PoE Ratio (%)
Season
Year 1 ($COP/Month*ha)  Year 2 ($COP/Month*ha) Year 1 Year 2 POERs Forecas.t
Tendency Direction
Wet 491,528.90 1,568,978 18.56 59.27 T
Dry 695,868.10 582,540.40 26.28 22 1

We applied a tendency significance test, specifically, the Mann—-Kendall test, to the
reconstructed tendency series (Appendix A, Table Al). The results show that both sea-
sonal tendencies are significant at 95% confidence. These significant effects can also be
identified in the SSA results, where the singular eigenvectors show that the tendency
component accounts for most of the variation in the series with 79% and 94% for wet and
dry seasons, respectively.

In terms of coffee crop quality, the shapes of the density distributions and the summary
statistics (Figure 8, Table 6) indicate that the current and future quality of the crops in the
regions of the first component could be at risk. It is at risk as the transition from the
flowering to the filling phase usually occurs in the stages of the dry season, and this
requires stable irrigation levels that are not happening [55]. This effect can be seen in
Figure 9, which depicts the tendency of the dry season.

In Colombia, there are currently coffee index insurance programs that have had
positive results. One positive example is Cafe Seguro [33]. Besides the use of weather
stations and satellite data these programs use, the reason for their success may be that
they promote a closed approach to farmers and cooperatives to narrow gaps regarding
their challenges and the needs of the agricultural insurance programs. These programs
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could be an example to learn from and to promote insurance use by coffee farmers in more
productive regions. However, as some of their goods operate in Caldas (e.g., Samana),
which belongs to the first component with the greatest levels of POERs, specific approaches
should be used to ensure the transfer of risk as well as the development of further adaptation
and mitigation strategies, considering the insights of future disbursals according to the
methodology presented in this study.

Considering the limitations that satellite data could exhibit for its use in index insur-
ance models, such as the eventual lack of site calibration [28], weather station data has a
high potential for this purpose. Index insurance models such as the one proposed here
should be used in advance to calculate the expected future payments, which are related to
the seasonal and trend components of each crop season. These may result in more efficient
solutions for producers and insurers by knowing in advance the expected tendencies of
disbursals and, with that, concerted and suitable timely insurance responses [61].

4. Conclusions

This study offers a different methodology to quantify the financial weather risk in
agriculture. It is done by using a basic index insurance model to compute future payouts
and a ratio of payments in exceedance. This can be applied to short time series precipitation
data from weather stations near a crop’s productive zones. This new methodology allows
us to identify highly volatile weather crop production areas in the current- and mid-term by
applying a data-driven approach such as SVD techniques and a financial ratio that accounts
for a risk metric. This metric comprises the POERs or payouts in exceedance which could
be interpreted as future disbursals due to tendency components.

Studies highlight the need to promote insurance programs to acquire financial re-
silience, especially in low-income economies whose income relies on agricultural activities.
This study suggests a specific methodology to assess financial risk involving future weather
instances in crop seasons. This is because state-of-the-art index insurance reviews rec-
ommend deeper research to model and assist future index insurance scenarios, as well
as an emphasis on index derivation during critical crop seasons. We found that in the
mid-term, a hypothetical financial entity would have to disburse from 20 to 60% of payouts
in addition to regular seasonal disbursals due to the tendency of weather components in
dry coffee seasons.

As is the case for many other countries where a significant part of their productive
agricultural activities occurs in risky-weather regions, it is necessary to account for possible
extraordinary disbursements or overpayments before losses occur. In the case studied
here, these regions are the villages located in (i) Caldas: Samana, Cocorna; (ii) Antioquia:
Bricefio, San Carlos, and San Francisco; and (iii) Santander: El Guacamayo. Using the
POERs measures recently proposed in the literature, it is possible to identify risk regions
with an increasing trend of payments that could impact the quality of coffee and the
sustainability of ongoing insurance programs.

Public and private subsidies have been successfully implemented and have promoted
the expansion of index insurance in the department of Cauca, Colombia. One example is
the program Cafe Seguro. One of the key factors of this program’s success is the use of
public and private subsidies along with fostering a close working relationship with farmers.

This analysis can be implemented and customized in other crops and regions to
promote the wider use of index insurance programs. Therefore, programs should consider
the implementation of insurance products by maintaining a close work relationship with
farmers and by funding programs in order to ensure their adoption and the reduction
in costs.

These results could be improved with the inclusion of more weather indices, as well as
larger time series to capture climate changes. Crop yield data could be used to enhance the
limits and thresholds of the index model. Nevertheless, we believe that this study serves
as a point of reference for further debate and the elucidation of Colombia’s agricultural
development efforts.
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Appendix A

Table A1. Mann-Kendall Results for forecasted tendency components in wet and dry seasons
(significance level: « = 0.05).
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Figure A1. SSA analysis of PTPM time series for the first component. Source: author’s processing.
Notes: These images aid in deriving the tendency and seasonality signal components from a window
length of =N /2. The first column depicts the w-correlation plots for wet and dry seasons, which lets us
assess the strength of separability, as shown by the pairs that are separated from each other and those
that are contaminated by noise. The second column shows the eigenvectors useful to identify through
their form, tendency, and seasonal components. The third column identifies the pair of eigenvectors
to be chosen by those who form regular polygons. Note: selected vectors: wet: trend = (1,11,12),
seasonality = (6:7, 8:9). For dry: trend = (1), seasonality = (6:7, 8:9).
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