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Abstract: In recent years, the importance and severity of weather-related disasters have escalated,
attributed to rising temperatures and the occurrence of extreme weather events due to global warming.
The focus of disaster management has shifted from crisis management (e.g., repairing and recovering
from damage caused by natural disasters) to risk management (e.g., prediction and preparation) while
concentrating on early warning, thanks to the development of media and communication conditions.
The Rural Development Administration (Korea) has developed the “early warning service for weather
risk management in the agricultural sector” that detects weather risks for crops from high-resolution
weather information in advance and provides customized information to respond to possible disaster
risks in advance in response to the increasing number of extreme weather events. The core technology
of this service is damage prediction technology that determines the overall agricultural weather risk
level by quantifying the current growth stage of cultivated crops and the probability of possible
weather disasters according to the weather conditions of the farm. Agrometeorological disasters are
damages caused by weather conditions that can affect crops and can be predicted by estimating the
probability of damage that may occur from the interaction between hazardous weather and crop
characteristics. This review introduces the classification of possible weather risks by their occurrence
mechanisms, based on the developmental stage of crops and prediction techniques that have been
developed or applied to date. The accumulated crop growth and weather risk information is expected
to be utilized as support material for farming decision-making, which helps farmers proactively
respond to crop damage due to extreme weather events by providing highly reliable disaster forecasts
through the advancement of prediction technology.

Keywords: weather risk; acute damages; chronic damages; early warning system; FS-GeST

1. Introduction

Ongoing climate change is characterized by changes in the mean values of temperature
and precipitation, as well as increases in interannual variability and frequency of extreme
events. For farmers growing crops, unusual weather conditions and extreme weather
events are more threatening than increases in mean values over long periods of time [1,2].
Unusual weather conditions refer to weather events that fall outside the normal range of
variability of the normal weather. The possibility of them causing damage to the crops
being cultivated can be described as a “weather risk”.

Crops that have been cultivated in a specific area, particularly within a watershed,
for an extended period are presumed to have adapted to distinct environmental factors,
including soil and climate, to facilitate growth and reproduction. If these crops are cul-
tivated in a different watershed for a longer period, their external forms and internal
functions (e.g., plant height, leaf size, thickness, shape, stem thickness, and fruit sugar
content) may change to adapt to the new environment. This diversity of ecotypes, which
are genetically identical but phenotypically different, is well known and easily observed in
South Korea, which has relatively many watersheds due to complex topography. The main
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production areas of fruits and vegetables are good examples of agriculturally utilizing the
characteristics of environmental conditions at the watershed level. The weather outside of
the long-acclimatized climate range almost always leads to crop failure [3,4].

The WMO (World Meteorological Organization) evaluates these watershed-specific
climatic conditions by using the mean climate data observed for at least 30 years [5], and
high and low temperatures in the news media are based on an average year, and the growth
of crops refers to fast or slow based on an average year, as well. An average year’s climate
can be represented by the mean and standard deviation, and with enough observations, the
frequency of occurrence will approximate a normal distribution curve with symmetrical
left and right sides centered at the mean. If the observed values of a climate component
follow a normal distribution, it will fall outside the normal range (±1 standard deviation
from the mean (σ) = 84.1%) about once every 6 years (15.9%), and it will show a so-called
“extreme event” that is two standard deviations away from the mean once every 30 years
(2.1%) (Figure 1) [6].
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corresponding percentiles.

Existing agricultural adaptation measures to extreme events typically focus on in-
creased mean temperatures or precipitation. The current weather information system
delivers only visible weather hazards or damages that have already occurred through
multiple media, which makes it difficult for farmers to respond. The United Nations Inter-
national Strategy for Disaster Reduction (UNDRR) announced a framework and targets for
reducing weather-induced disasters internationally [7]. The Hyogo Framework 2005–2015,
released in 2005, promoted a shift in disaster management from the traditional focus on
rehabilitation to risk management for anticipation and preparedness [8]. The establishment
of early warning systems is the center of risk management. The subsequent 2015 Sendai
Framework (2015–2030) included the expansion of disaster early warning systems as one
of the global targets for reducing weather-induced disasters to be sustained and increased
for reducing weather-induced disasters (Figure 2) [9].
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The Ministry of the Interior and Safety (Korea) and the Korea Meteorological Adminis-
tration serve as the primary agencies governing the early warning and response system for
urban floods and typhoons in South Korea. However, the agricultural sector, which is most
affected by weather conditions, lacks specialized services for crop damage. Due to this
issue, the Rural Development Administration (Korea) launched the “early warning service
for weather risk management in the agricultural sector” in 2014, beginning with a pilot zone
and extending it to target crops and areas. The “early warning service” is a novel concept of
agricultural weather service that quantifies the weather conditions given to the farmland as
a “weather risk index”, according to the type of crops being grown and their developmental
stage, or delivers the possibility of disaster occurrence to the user one-on-one by comparing
it with the average year. It does not consume additional resources other than the existing
observation and forecasting system of the Korea Meteorological Administration [6,10].

To provide prompt warnings to users in anticipation of disasters, an accurate standard
for quantitatively assessing the risk of crop damage due to weather is imperative. This
review aims to introduce the method of classifying and calculating the weather risk of
crops applied by the “early warning service” for each crop according to its occurrence
mechanism. This review also describes the principle of estimating developmental stages
and the process of applying technology that allows weather information to be detailed at
the farm scale (Figure 3).
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2. Principles of Crop-Specific Weather Risk Assessment

It is necessary to accurately understand the biological characteristics of each crop
to classify crop-specific hazardous weather by collecting information on the types of
disasters, damage mechanisms, related hazardous weather and judgment criteria, and
actual occurrences of each crop in the main production area. Universities and research
institutions in South Korea and other countries have studied the weather conditions suitable
for crop growth and the environments that may damage crops, including disaster-related
studies and suitable cultivation site selection [12–18].

South Korea spans 33–38◦ north latitude and 126–132◦ east longitude, so the central
region has a cold winter climate, and a temperate climate in the south. In winter, the
northern region is affected by the Siberian and Mongolian highlands due to the westerly
wind and has a continental climate, so it is dry and very cold, but the southern region is
relatively warm. In summer, it is influenced by the Pacific Ocean and shows the charac-
teristics of an oceanic climate, so it is hot and humid. There are four distinct seasons, and
generally, summer and winter are long in the northern region, and spring and autumn
are long in the southern region. In South Korea, weather disasters occur due to various
meteorological elements. Frost injury occurs mainly in early spring (March–April), and
flooding occurs mainly in the summer (July–September). In addition, sunburn can also
occur in the summer. As such, temperature, precipitation, insolation, and wind speed are
meteorological elements that can cause damage to crops. Depending on the meteorological
elements, damage can be categorized into temperature-related damage (e.g., freezing and
frost injury, chilling injury, and hot temperature injury), solar radiation-related damage (e.g.,
lack of sunlight and sunburn), precipitation-related damage (e.g., drought and flooding),
and wind-related damage (e.g., strong wind damage and salt winds). Moreover, they can
be divided into acute and chronic damage, according to the duration of the damage [6,10].
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2.1. Acute Damages

Acute damages are usually caused by a sudden change in weather conditions over the
course of a day or two (e.g., freezing, flood, strong wind damage, and sunburn). Typical
examples are flood damage caused by flooding or a freezing injury due to a sudden cold
wave. The flowering period of pears, one of South Korea’s representative fruit crops,
usually occurs in early April, and pears are particularly vulnerable to low temperatures
compared to the pre-flowering stage. At this time of year, they suffer from cold damage
in sub-zero temperatures. If exposed to −1.7 ◦C or lower for more than 30 min, the ovary
of the flower will freeze and die, and fertilization will not be possible. Even if the fruit is
fertilized, it will not be marketable [19].

Acute damages can be forecasted through the establishment of thresholds that impact
crop growth and the probability of damage based on the extent of departure from these
thresholds. Furthermore, it is essential to consider the current growth progress, in addition
to the weather environment, because the threshold may change as a plant grows throughout
the year. For example, apples, a representative fruit tree grown in South Korea, have
a risk of freezing damage during the dormant season when the temperature is below
−25 ◦C or −30 ◦C. However, the threshold changes to −3 ◦C during germination, −1 ◦C
during flowering, and 1 ◦C during fruit enlargement. These conditions may vary slightly
depending on the variety and growing region [19].

In addition to simple temperature criteria, there are also methods for predicting
damages by using risk indices. The freezing hardiness of plants varies depending on the
external environment and developmental stage, even for the same variety or ecotype. In
particular, the freezing hardiness during the dormant period can be expressed indirectly by
the dormancy depth [20]. The dormancy–germination model for fruit trees developed by
Cesaraccio et al. [21] is the most well-known model for calculating dormancy depth. This
model calculates and accumulates chill days (Cd) by using daily maximum temperature,
daily minimum temperature, and variety-specific standard temperature from the falling
of fruits or harvesting date, and when the chill requirement is reached, the anti-chill days
value is calculated and subtracted back. When this accumulated value becomes zero,
germination is considered to begin.

Kim et al. [22] proposed a method to calculate the freezing injury risk index of peaches,
which are widely cultivated in South Korea, using the minimum temperature and the
accumulated chill days of the previous day. This method defines the temperature that in-
duces freezing injury as the point at which more than 50% of total individuals at maximum
dormancy depth during the peach germination period exhibit impaired germination, and
the browning (necrosis) ratio (Risk (%)) is calculated as follows.

Risk(%) =
100

1 + A·e(X+Tmin)·Dcd
(1)

Dcd = C·(|Cd| − 108)2 + D (2)

where Dcd means the cold resistance of the peach based on dormancy depth, Tmin means
low temperature, and A and X are the shape factors of the curve. In addition, C and D
are the parameters of the germination damage rate determined by the dormancy depth.
Based on this formula, the degree of browning ratio is calculated according to the minimum
temperature and dormancy depth. In other words, the risk of freezing damage is calculated
differently under the same temperature conditions depending on the dormancy depth
(Figure 4) (Equations (1) and (2)).
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The method proposed by [23] can be used to calculate the risk of freezing and frost
for the “Niitaka” pears. It uses the temperature at which 10% of flower buds are frozen
and 90% of flower buds are frozen for each developmental stage and derives the relation-
ships between the minimum temperature (Tmin) and freezing ratios (%) during budburst
(Equation (3)), flowering (Equation (4)), and post-flowering (Equation (5)), according to
conditions in South Korea [14]. where SFD means the spring frost damage in budburst
periods (SFDb), in flowering periods (SFDf), and in post-flowering periods (SFDp).

SFDb = −6.34·Tmin − 22.18, (3)

SFD f = −28.13·Tmin − 47.81, (4)

SFDp = −39.13·Tmin − 66.52, (5)

This method estimates the development stages (DVS) based on daily temperature
to simulate the degree of damage at each stage between the budburst and full bloom of
pear flower buds [24]. The daily damage rate can be estimated by using the heat unit for
budburst (HUb: 108), flowering (HUf: 234.5), and the developmental stage DVS (HU) of the
day (Figure 5). The damage risk from budburst to flowering can be calculated by Equation
(6), while that after flowering can be calculated by Equation (7) [14].

Risk(%) = SFDb +
(

SFD f − SFDb

)
× HU − HUb

HU f − HUb
(6)

Risk(%) = SFDp (7)
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Figure 5. A linear graph showing damage-inducing temperatures associated with budburst, flowering,
and post-flowering dates. These data were used to derive the actual risk index (Quoted from [14]).

2.2. Chronic Damages

Crop growth is affected by prolonged exposure to non-routine weather conditions over
a long period of time. Damages that can affect crop growth slowly over a long period are
called chronic damages, and they do not damage crops in a day or two like acute damage.
Chronic damages simulate the potential risk of damage to crops due to environmental
conditions (e.g., low temperature, high humidity, drought, and lack of sunlight) that deviate
from the average by more than two standard deviations (Figure 6) [25,26].
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Chilling injury, which can occur during the summer months, is a representative
example. Chilling injury is a growth disorder, but it is different from freezing or frost injury,
which can occur in early spring or late fall. For example, rice, a staple food crop in South
Korea, exhibits growth with high commercial value during the summer months under
sufficient temperature conditions. However, if it is exposed to insufficient accumulated
temperature conditions due to weather conditions different from normal (such as Changma
(rainy season) or abnormal weather), the crop will undergo insufficient growth and may
result in reduced commercial value. In the case of summer chilling, the damage can be
predicted by using the following Equation (8) [26].

DHC = Tmax+Tmin
2 − Tbase

Tmin < Tbase → Tmin = Tbase ,
Tmax > 30 ◦C → Tmax = 30 ,
Tmax < Tbase → DHC = 0

(8)

To assess low-temperature conditions over a long period, growing degree days (GDDs),
a cumulative temperature, are used. It accumulates the daily heat contribution (DHC),
the amount of heat per day that contributes to crop growth every four weeks using the
maximum temperature, the minimum temperature, and growth base temperature (Tbase),
and the mean and standard deviation are calculated for the past 30 years. The growth
suitability of a crop can be simulated by comparing the cumulative temperature during
the average year with the cumulative temperature at a specific time. In Equation (8),
if the minimum temperature is lower than the growth base temperature, the minimum
temperature is substituted for the growth threshold temperature to reflect the irreversibility
of crop growth. Moreover, the daily maximum temperature is limited to 30 ◦C, considering
that growth cannot accumulate due to increased respiration at high temperatures above
30 ◦C. The growth base temperature can be set to 10 ◦C for summer crops that are vulnerable
to chilling [25].

Crop growth is also affected by prolonged lack of sunlight. The chronic sunlight
deficit phenomenon, which occurs due to a prolonged lack of sunlight compared to normal,
can be expressed as a probability variable based on the climate characteristics of the past
30 years (1991–2020 normal). The distribution characteristics of solar radiation in the target
area are represented as a normal distribution with a 30-year mean and standard deviation.
After converting it to a Z-value (the standard normal distribution), the relative position
under the normal distribution curve is used as a criterion for determining damage. If
the solar radiation in a particular year is below −2σ of the normal distribution, it means
that there is a sunlight deficit that occurs about once every 30 years, like chronic chilling
damage. When Xi represents the cumulative sunshine duration over 4 weeks, the formula
for calculating the standardized normal distribution (Z-value) to determine whether it
is abnormal (dangerous) or normal (safe) is the same as the formula for chronic chilling
damage (Equation (9)).

Zi =
Xi − µi

σi
(9)

where µi and σi stand for mean cumulative solar radiation (4 weeks) and standard deviation
over 30 years. This method predicts the risk of damage by using the deviation of the Z-value
from the standard deviation (σ).

It is assumed that moisture supplied in the past is stored in the soil for a certain
period and that plants can utilize this stored moisture. Ref. [27] used the concept of
effective precipitation, which adds past daily precipitation while applying a weight to daily
precipitation, to develop the effective drought index (EDI), which can determine drought
on a daily basis. The agricultural drought index (ADI) is another method of predicting the
risk of damage by entering the weather characteristics of a particular year.

The ADI is a water balance index of the cultivation layer calculated by using the FAO
Penman–Monteith reference evapotranspiration, crop evapotranspiration with a unique
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coefficient for each crop, and ground runoff estimated from the runoff curve number, based
on the effective precipitation of the EDI [28]. In other words, the basis of the ADI is residual
soil moisture, which subtracts crop evapotranspiration and ground runoff from effective
precipitation. When the soil residual moisture is calculated for several decades and the
frequency distribution is prepared, the natural logarithmic value is close to the normal
distribution, which is the residual moisture index. The relative degree of drought can be
determined by calculating the residual moisture index of a certain year based on the mean
and standard deviation of residual moisture indices of a climatological normal year and
comparing it with the distribution of an average year. Specifically, the severity of drought
expressed by the ADI is categorized based on the standard deviation (σ) obtained from the
average year data. If the calculated residual moisture index value is lower than −1σ from
the mean of the average year, it indicates a “mild drought” stage, and if it is more than
−2σ, it indicates a “severe drought” stage (Figure 7) [29].
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3. Estimating Growth Stages

Growth stages that are important for farming operations, such as flowering and
maturity, are usually expressed by months or “calendar time” (e.g., the first 10 days of a
month and the last 10 days of a month). As the weather fluctuates due to climate change,
there is a certain difference between the growth stage based on the calendar time and the
actual growth. Therefore, it may become difficult to apply thresholds for each growth stage.
In this case, “thermal time” can resolve this issue.

It is possible to estimate key growth stages based on thermal time by applying appro-
priate estimation models (e.g., phenology models, growth rate models, and GDD models)
for major crops and cultivars. Phenology estimation studies are usually conducted on major
food crops or fruit crops in a country. In South Korea, there are many studies on rice among
food crops and apples and peaches among fruit crops. If a crop does not have enough
studies on its phenology, it is possible to set a criterion by backtracking the cumulative
temperature (GDD) after collecting observation dates of developmental stages (e.g., sowing,
germination, and flowering) from cultivation test data conducted by relevant organizations
and collecting weather data in the area from the Korea Meteorological Administration [30].
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4. Detailed Farm-Scale Weather Information and Prediction of Agrometeorological
Disasters at the Farm Level

The ground surface where plants grow creates a unique microclimate within a com-
munity, creating a local climate. In addition, the spatial and temporal variation of energy
and material balance caused by different landscapes such as mountains and hills gen-
erates a local climate, or microclimate. South Korea has complex and diverse terrains
consisting mostly of mountains, although there are some plains. Therefore, rural villages
are generally on slopes, hills, or surrounding them, and small, intensive farming com-
munities. This topography can create a wide range of climatic conditions even within a
small watershed area [31]. In fact, South Korean farms are very small (an average parcel
size per farm = 1.5 ha), which is only 2% of the United States (an average parcel size per
farm = 78.6 ha) [32]. Moreover, these farms cultivate diverse crops on a small scale. Since
agriculture and forestry are highly sensitive to weather conditions, it is difficult to reflect
the localized topographic environment with mesoscale climatic conditions for agriculture
and forestry in South Korea. Ref. [33] argued the need for a model that can estimate
microclimates for complex and diverse terrain distributions such as South Korea.

To calculate area-level meteorological information and deliver it to users, weather
information corresponding to random points that are not observed must be estimated in
various ways, and a distribution map should also be generated from it. The technology of
electronic climate mapping using a geospatial correction scheme. FS-GeST (Field Specific
Geospatial Schemes based on Topo-climatology) has recently evolved to the level at which
we can predict localized weather events in each farm or orchard and the resulting impact
on crops [4].

In the past, it was possible to create a background distribution map through spatial
interpolation after collecting approximately 600 weather observations from the ASOS and
AWOS, which are observed on a point-by-point basis. For forecast data, it is possible to
utilize local forecasts provided by the Korea Meteorological Administration at 3 h intervals,
with a forecast lead time of up to 67 h. Since it is provided at a 5 × 5 km grid resolution for
the entire Korean Peninsula, it can be used as a background distribution map.

For temperature, the first step in reflecting the effects of terrain onto the background
distribution map is to correct for elevation deviation. This corrects the temperature using
a temperature value at an observation point the temperature lapse rate at which the
temperature changes with the changing altitude [34]. Moreover, the maximum temperature
can be corrected by reflecting the increase in temperature through solar radiation reflecting
the terrain effect [35,36]. The minimum temperature can be corrected by simulating the
thermal belt or cold air drainage [37–39]. This was reported to have an RMSE of about 1.0
to 1.2 ◦C based on the study target area in South Korea [39].

Kim and Yun [40] devised a method to convert the near real-time or forecasted
daily precipitation distribution provided by the Korea Meteorological Administration
at a 5 km grid resolution into a precise distribution map at a 270 m grid resolution. The
precipitation downscaling process consists of two steps: the first step was to increase the
resolution to 1 km by applying weather radar data to 5 km grid local forecasts, and the
second step was to reflect terrain characteristics using spatial statistical techniques based
on the mountain precipitation model (PRISM; Parameter-elevation Regression on Inde-
pendent Slopes Model) (Figure 8) [41–43]. According to Kim and Yun [40], the developed
precipitation estimation model showed an improvement effect of about 28% compared to
the existing model.
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It is possible to produce and provide differentiated weather information at the farm
level by using detailed weather information. If weather information is utilized effectively,
it can enable real-time prediction and preparation for crop growth information and damage
risks. In other words, grid-level weather information is calculated first, and the growth
stage is estimated independently for each grid by using weather information. Then, it
predicts the risk of potential damage by growth stage. The “early warning service for
weather risk management in the agricultural sector” provides the risk of weather damages
by crop, as well as detailed weather and forecast information. As a crop grows, the weather
conditions it can adapt to change. If we apply the detailed weather information to thermal
time, which can be used to estimate the developmental stages of a crop, we can depict
the growth information on a high-resolution grid, and damage to crops can be applied
differentially based on the growth stage (Figures 9 and 10) [6].
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5. Conclusions

This review introduces the method of calculating damage that is currently applied
to the “early warning service” of the Rural Development Administration and the process
of applying it by integrating it with detailed high-resolution meteorological data. Down-
scaling technology and disaster application technology optimized for complex terrain
conditions such as in South Korea have been steadily developing due to their environmen-
tal characteristics. A geospatial correction scheme can be applied to past, present, and
future scenarios and has been developed and improved for various spatial and temporal
resolutions. Therefore, it has a positive impact on application in the agricultural field.

The “early warning service” reports the growth progress and potential damage by
crops to individual farmers in advance, which is a unique technology in the world, and
it is expected to continue to advance. It can provide detailed and differentiated disaster
information by using detailed weather information, which enables the provision of “crop
growth and damage predictions for your farm”. As of 2023, weather risk indices have been
developed or applied to 40 crops according to their growth stages.

Assessment data of weather, growth stages, and weather risk are all made based on
the weather information and forecast data of the Korea Meteorological Administration.
In addition, each model of the “early warning service” has its own error. Therefore, each
element has some errors. In the case of temperature, there is an RMSE of ±1 ◦C, and the
growth stage shows an RMSE of ±2 days based on the blooming period of the peach. In
addition, in the case of forecast data, errors may occur in the process of detailing them
because errors are implied by themselves [4,22,34,35,38,39].

If various types of weather information and forecast data provided by the Korea
Meteorological Administration improve, agrometeorological disaster prediction technology
will also advance accordingly. For example, the “early warning service” uses daily weather
data for damage prediction. If we can downscale hourly weather data to the farm level, it
will be possible to determine the risk level based on exposure hours to hazardous weather
conditions. We expect that it will become a major contributor to the development of disaster
response by producing digital weather and climate information with high accuracy through
the expansion of the applicable regions and the advancement of prediction technology and
its application to agriculture and forestry in various ways.
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