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Abstract: For Sri Lanka, as an agricultural country, a methodical drought monitoring mechanism,
including spatial and temporal variations, may significantly contribute to its agricultural sustain-
ability. Investigating long-term meteorological and agricultural drought occurrences in Sri Lanka
and assessing drought hazard at the district level are the main objectives of the study. Standardized
Precipitation Index (SPI), Rainfall Anomaly Index (RAI), and Vegetation Health Index (VHI) were
used as drought indicators to investigate the spatial and temporal distribution of agriculture and
meteorological droughts. Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) data
from 1989 to 2019 was used to calculate SPI and RAI. MOD13A1 and MOD11A2 data from Moderate
Resolution Imaging Spectroradiometer (MODIS) from 2001 to 2019, were used to generate the Vegeta-
tion Condition Index (VCI) and Temperature Condition Index (TCI). Agricultural drought monitoring
was done using VHI and generated using the spatial integration of VCI and TCI. Thus, various
spatial data analysis techniques were extensively employed for vector and raster data integration
and analysis. A methodology has been developed for the drought declaration of the country using
the VHI-derived drought area percentage. Accordingly, for a particular year, if the country-wide
annual extreme and severe drought area percentage based on VHI drought classes is >30%, it can
be declared as a drought year. Moreover, administrative districts of Sri Lanka were classified into
four hazard classes, No drought, Low drought, Moderate drought, and High drought, using the
natural-beak classification scheme for both agricultural and meteorological droughts. The findings
of this study can be used effectively by the relevant decision-makers for drought risk management
(DRM), resilience, sustainable agriculture, and policymaking.

Keywords: drought; agricultural drought; meteorological drought; drought hazards; remote sensing;
MODIS; spatial analysis; CHIRPS data; rainfall; VHI

1. Introduction

Drought is a natural phenomenon that occurs recurrently, causing widespread de-
pletion of natural or manmade water resources over a large geographical area during
a considerable period [1]. It is natural for drought regions to experience extreme water
shortages due to delays in rainfall, insufficient rainfall, and high surface water evaporation
caused by overheating [2]. Therefore, drought has a significant adverse effect on agricul-
ture, socioeconomic activities, and the natural ecosystem [3]. Drought is relatively more
severe than any other hydro-meteorological hazard, affecting more people and their crops
to a broader geographical extent [4]. In the last two decades, the economic loss to the world
due to drought has been reported in the thousands of billions, and the number of people
affected by the drought has exceeded one billion [5]. As a result of climate change, global
warming is expected to lead to more severe droughts, both globally and regionally, with
increased drought risk [6-10].

Sustainability 2021, 13, 3427. https:/ /doi.org/10.3390/su13063427

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0177-3251
https://orcid.org/0000-0001-7540-0103
https://doi.org/10.3390/su13063427
https://doi.org/10.3390/su13063427
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13063427
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13063427?type=check_update&version=3

Sustainability 2021, 13, 3427

2 of 28

Although Sri Lanka is a tropical country, it has been hit by many extreme to se-
vere droughts over the past few decades, and their adverse effects have severely af-
fected the country’s economy [11,12]. According to various studies and reports, there
were 14 drought events that had been recorded during the period from 1980 to 2019 in
Sri Lanka [13-15]. Moreover, about 52% of crop damage from 1974 to 2013 was caused by
drought, alone [12]. The droughts recorded during 2001, 2002, 2016, and 2017 were of great
concern to Sri Lanka [12,15]. A continuous drought reported in 2001 and 2002 severely
affected the country’s hydropower generation and agriculture sector, reducing its GDP
by about 1% [12]. Therefore, identifying drought-prone areas through the study of the
occurrence and spatial distribution of historical droughts in Sri Lanka would be of utmost
importance in selecting drought mitigation measures to reduce the future drought risk.

However, a better understanding of drought is needed to determine the spatial—-
temporal occurrence of it, because the drought is a very complex process. It is also chal-
lenging to determine the exact beginning and end of a drought, and, often, the effects of
drought can last even longer after a severe drought [16]. Droughts are generally classified
into four major types: meteorological, agricultural, hydrological, and socioeconomic [17].
These four types of droughts are interlinked and come one after the other; for example,
agricultural droughts occur sometime after the meteorological drought. Meteorological
drought is defined as a prolonged dry weather period that dominates an area due to a
long delay or lack of rainfall events [18]. Agricultural droughts occur when crops are
damaged, and this drought coincides more closely with the meteorological drought, but
the crop stage determines the time interval between the two droughts [19]. Hydrological
droughts usually occur several months after the onset of meteorological drought, and the
main reason for this is the prolonged lack of rainfall, which significantly reduces the flow
of rivers, reservoirs, and groundwater levels. Although meteorological drought recovery is
short, hydrological drought recovery takes a long time [20].

Rainfall is the major contributing factor to drought, and the effects of drought are
reflected in declining water levels in reservoirs, declining soil moisture, reduced river flow,
and declining groundwater levels [21]. Thus, many scientists have developed various meth-
ods and indices for studying and monitoring droughts for more than half a century, using
both catalyst (precipitation, temperature, soil moisture, evapotranspiration, humidity) and
response (vegetation health and reservoir and groundwater levels) parameters [22-28].
The uniqueness of drought indices is that they can illustrate the severity and magnitude
of a drought event [29]. Usually, it does not show a reliable correlation among different
drought indices, and it is common for some drought indices to indicate drought in one area
but not for others [30].

Although a large number of drought indices have been developed for meteorological
drought monitoring, the major indices are the Palmer Drought Intensity Index (PDSI), the
Standardized Precipitation Index (SPI), Rainfall Anomaly Index (RAI), and the Standard-
ized Precipitation Evapotranspiration Index (SPEI) [22,31]. Compared to other meteorolog-
ical drought indicators, SPI and RAI have been used in many studies, as they have a better
ability to characterize the dryness and wetness of the area [32—40]. The SPI and RAI indices
can be introduced as straightforward and flexible indices to monitor drought at different
timeframes with a —3 to +3 index scale. Furthermore, various researchers have shown that
an increase in the number of non-rainy days mainly contributes to drought occurrence [41],
and some studies have shown that climate change has increased the number of dry days
in some areas and increased the likelihood of heavy rains by keeping the total annual
rainfall unchanged.

Traditionally, drought monitoring relied on hydrological meteorological measure-
ments obtained from local gauge stations [42,43]. Even though the rainfall stations” data
are more accurate, they are less suitable for continuous drought monitoring, due to sparse
observation nets, scale mismatches, and the fact that they only apply to a small surround-
ing area [44]. Therefore, satellite remote sensing can be used as a more viable option to
minimize those disadvantages of location-specific drought monitoring [45,46]. It provides
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a sound approach to measure the variability of drought monitoring parameters with high
spatial and temporal resolution through near-real-time observations [46]. For example,
Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) data are decent
substitutes for station-based rainfall data, as these data have been estimated via satellites
and have increased accuracy through the station data integration [41,47]. Furthermore, the
validity of CHIRPS data has been confirmed by several studies using gauge precipitation
data for (OR within) many regions of the world and used to develop a large number of
studies on drought [48,49].

Agriculture drought indices generated using satellite data in drought monitoring
and assessment as the best auxiliary for the station data are very popular all over the
world, due to their unique features, such as low cost, synoptic view, data recurrence, and
reliability [50]. The use of Normalized Difference Vegetation Index (NDVI), Temperature
Condition Index (TCI), and Vegetation Condition Index (VCI) for agricultural drought
identification and monitoring is globally recognized [51-54]. Those indicators” uniqueness
is their autonomy from different environmental conditions [55,56].

Since Sri Lanka is an agricultural country and is prone to frequent droughts, system-
atic drought monitoring can significantly contribute to the sustainable development of
agriculture. Moreover, over the past few decades, many studies have been conducted
to monitor the drought in Sri Lanka, and most of these studies are SPI-based drought
analyses based on location-specific rainfall data [14,57-59]. However, most of those studies
have not paid much attention to map the spatial-temporal patterns and drought hazards.
The spatial distribution of drought is not adequately represented, as only location-specific
data have been used for those studies. Therefore, it is timely and important to perform a
comprehensive drought analysis representing the spatial distribution of drought in agri-
cultural planning, disaster management, and drought mitigation [14,59]. Henceforth, this
study specifically focuses on investigating the use of satellite-based drought monitoring
for Sri Lanka’s agricultural sustainability.

This study was intended to monitor the pattern of long-term rainfall over months,
seasons, and years and to assess the extent to which changes in daily rainfall have affected
drought. The main objective of this study was to monitor long-term meteorological and
agricultural drought patterns in Sri Lanka. CHIRPS-derived Rainfall Anomaly Index (RAI)
and the Standardized Precipitation Index (SPI) were used to monitor the meteorological
drought, while Moderate Resolution Imaging Spectroradiometer (MODIS)-based Vegeta-
tion Condition Index (VCI), Temperature Condition Index (TCI), and Vegetation Health
Index (VHI) were used for agricultural drought monitoring. Furthermore, the study has
been extended to assess district-wide drought hazards based on the long-term occurrence
of meteorological and agricultural droughts in Sri Lanka. Another objective of the study is
to introduce a novel drought declaration mechanism through a quantitative approach. An
attempt has also been made to observe the impact on the country’s economy in conjunc-
tion with the respective years in which severe droughts in Sri Lanka have occurred. The
results of the study could be effectively used for disaster risk management (DRM), disaster
resilience, and achieving sustainable agriculture.

2. Study Area, Spatial Data, and Methodology
2.1. Study Area

Sri Lanka is an agricultural island in nature with a tropical climate, located in the
southwestern part of the Indian Ocean and below India at latitudes 5-10° N and longitudes
79-82° E (Figure 1). Sri Lanka covers 65,610 km? and has a coastline of 1340 km, with a
population of 22 million. Moreover, Sri Lanka is divided into four climatic zone, wet zone
(>2500 mm), dry zone (1800-2500 mm), intermediate zone (1200-1800 mm), and semiarid
zone (<1200 mm), categorized using the average of long-term annual rainfall [60]. Moreover,
there are four rainfall seasons (monsoon seasons) identified in Sri Lanka that directly affect
the annual rainfall, namely northeast monsoon (NEM—December to February), first inter-
monsoon (FIM—March to April), southwest monsoon (SWM—May to September), and the
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second inter-monsoon (SIM—October to November) [61]. According to these four tropical
rainy seasons, in Sri Lanka, two cultivation seasons, known as “Yala” and “Maha,” can
be identified. Yala season is from April to September, and Maha season is from October
to March next year [62]. Sri Lanka is one of the most affected countries, in terms of the
percentage of the population affected by various natural disasters, and is ranked second
among the affected countries in the Global Climate Risk Index published in 2019 [63].
Furthermore, drought is one of the most severe natural disasters affecting agriculture in
Sri Lanka and has affected various parts of the country in different intensities.
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Figure 1. District and climate zone boundaries of Sri Lanka.

Moreover, in order to understand how the variability of rainfall reported at the district
level contributes to different climatic zones, it is important to identify the percentage of
areas represented by different districts for the respective climatic zones. The district area
percentages for the four climatic zones are represented in Table Al.

2.2. Spatial Data

In this study, Climate Hazards Group Infrared Precipitation with Stations (CHIRPS)
daily rainfall [64] and terra-MODIS (Terra Moderate Resolution Imaging Spectroradiome-
ter) monthly NDVI and Land Surface Temperature (LST) data were used to calculate the
meteorological and agricultural drought in Sri Lanka. CHIRPS rainfall products are avail-
able as gridded data at daily time intervals, and they were downloaded from the Climate
Hazard Center covering 1989 to 2019. The CHIRPS data products provided with a spatial
resolution of 5 km that have been developed by integrating satellite estimated rainfall with
ground-measured rainfall data. However, agricultural drought monitoring cannot be done
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using CHIRPS data, alone, as it does not capture vegetation responses. Therefore, crop
responses to drought are best captured by satellite data and are widely used for agricultural
drought monitoring.

The MODIS product, also known as MOD11A2, with a spatial resolution of one kilo-
meter, is available to represent the Land Surface Temperature (LST) every eight days [65].
That data is available for free download from the National Aeronautics and Space Admin-
istration (NASA) Earth Data portal at 8-day intervals. The MOD11A2 product consists
of both day and night temperature as two separate layers. The MOD13A3 product is
also available at the NASA-Earth Data portal monthly time interval with 1 km spatial
resolution. NDVI, Enhanced Vegetation Index (EVI), and quality control bands (QC-bands)
are available in this data product [66]. The NDVI and LST were used to generate the VCI
and TCI from 2001 to 2019, while CHIRPS data were used to generate RAI and SPI from
1989 to 2019.

2.3. Methodology

Figure 2 shows a detailed overview of the flow representation of the methodology used
for the study. This flow chart provides the overall picture of the data usage and statistical
parameters, as well as equations that were used for drought index computations in the
study. Henceforth, the calculation of the number of dry days and wet days, Standardized
Precipitation Index (SPI), Rainfall Anomaly Index (RAI), Vegetation Condition Index (VCI),
Temperature Condition Index (TCI), Vegetation Health Index (VHI), and drought hazard
are explained in detail.
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Figure 2. Methodology flowchart for the study. SD stands for Stand deviation, T for temperature, P for Rainfall, and VI for

Vegetation index.

2.3.1. Number of Wet and Dry Days Calculation

In order to study the occurrence of drought and its persistence due to changes in
rainfall patterns, different rainfall classes are used as representations in Table 1. Daily
CHIRPS rainfall raster data were used to classify according to those rainfall classes. This
classification procedure was applied to 11,315 raster layers, and each covers daily rainfall
of 31 years, from 1989 to 2019, to generate binary raster information. Then the binary layers
were produced for Dry, Light, Moderate, Rather Heavy, Heavy and Very Heavy rain classes.
Then, the number of average days of occurrence in different rainfall classes for the four
rainy seasons (SWM, NEM, FIM, and SIM) was calculated separately.
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Table 1. Classification of daily rainfall [67].

Class Rainfall (R) in a Day (mm)
Dry <2.0
Light 2.0>R<10.0
Moderate 10.0>R <335
Rather heavy 335>R <644
Heavy 64.4>R <1244
Very heavy >124.4

2.3.2. Calculation of Rainfall Anomaly Index (RAI)

The Rainfall Anomaly Index (RAI) can be introduced as an essential and useful
indicator in studying and analyzing meteorological droughts [68]. This indicator appears
to be a simple index that is easy to calculate, compared to other drought indicators. This
index can also be calculated using different time dimensions, such as monthly, seasonal, or
annual. In this study, the annual, seasonal, and monthly accumulated rainfall of Sri Lanka
for 31 years from, 1989 to 2019, were calculated using CHIRPS daily data. After that, the
rainfall anomaly index for the above time dimensions was calculated using Equation (1).
In the RAI calculation, a particular rainfall is a negative value if it is less than a long-term
average and a positive if it is more. Negative values always represent drought, and the
magnitude of that value determines the magnitude of the drought.

Py — v

RAL; = o

)

where, P is rainfall, u and o are the long-term mean and standard deviation of ith timeframe
at jth timescale.

2.3.3. Standardized Precipitation Index (SPI)

The SPlis designed to determine meteorological drought at multiple time intervals.
Long-term rainfall data are required to calculate the SPI, and those data are then subjected
to a probability distribution and then to a normal distribution, keeping the median SPI at
zero for a desired location or period [69]. SPI values vary from —3 to +3, and, according to
the calculation, the rain that is higher than the median rainfall is given as a positive SPI,
while a negative value represents less than the median [26]. Gamma distribution is defined
by its frequency or probability function as in Equation (2).

=

x&l.e”
g(X) = W fOI‘ x>0 (2)

where, “o” and “3” are the parameters of shape and scale, x is the amount of precipitation,
and I (a) is the gamma distribution function. Equations (3) and (4) are used to calculate the
o and (5 parameters.

4A
= 1+ 1-0-? 3)
BzgwhereA: (x) — Zh;l(x) (4)

where, n is the number of rainfall records.

The gamma function is not defined for x = 0, and the cumulative probability is
calculated using Equation (5), since zero precipitation is the most common occurrence in
terms of precipitation.

H(x) = q+ (1-q)G(x) )

The probability of zero precipitation is given as g, and G (x) is the gamma function’s
cumulative probability. The cumulative probability H (x) is then converted to the standard
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normal distribution (z) using the mean of zeros and the variance of one, and the result
is SPI. Based on the SPI methodology described above, SPI was generated using World
Meteorological Organization (WMO)-SPI software covering all districts and climatic zones
of Sri Lanka from 1989 to 2019. Furthermore, the SPI was calculated for different time
sequences as 1, 3, 6,9, 12, and 24 months, so that the long-term and short-term variability
of the drought could be identified. The SPI value classification, according to the drought
classes provided in Table 2 and SPI values of 1-3 months, can be used to identify short-
term droughts, 6-9 months of monsoon droughts, and 12-24 months of long-term and
interannual droughts.

Table 2. Standardized Precipitation Index (SPI) drought classes based on its values and probability
distribution [26].

Class No Drought Class SPI Value Range % of Probability
1 Extreme drought SPI < -2 2.3
2 Severe drought —2<SPI< -15 44
3 Moderate drought —15<SPI< -1 9.2
4 Normal —1<SPI<1 68.2
5 Moderately wet 1<SPI<15 9.2
6 Severe wet 15<SPI<2 44
7 Extreme wet SPI>2 2.3

2.3.4. Vegetation Condition Index (VCI)

Although NDVI has successfully identified well-grown and stressed crops, inter-
pretation problems often arise, due to changes in vegetation levels and environmental
resources, such as climate, soil, and vegetation in a given area. For instance, NDVI can be
strongly differentiated between a single crop for a resource-rich area and a nonabundant
area. Therefore, it is possible to identify the two components in NDVI as ecological and
climatic, and it is difficult to observe differences between the two components for the
intense or high vegetation zone. The NDVI value, alone, makes it challenging to identify
the climatic component of crops, and researchers designed the VCI index to easily identify
the weather impact on crops [25]. The Vegetation Condition Index (VCI) can be calculated
using Equation (6).

NDVI — NDVIpin
NDVInax — NDVIyin

where, the maximum value of the VCI index is in the range of 100, and the minimum is 0,
which is close to 100 in suitable crop environments and close to 0 in bad crop conditions.

VCI = 6)

2.3.5. Temperature Condition Index (TCI)

The Temperature Condition Index (TCI) is calculated using long-term temperature
data, widely used by various researchers to determine vegetation’s stress due to tem-
perature variation [51]. The calculation of TCI values is done inversely to the VCI with
Equation (7), considering that the increase in temperature will affect vegetation growth.
In such a calculation, both the TCI and VCI indices’ values are in the same scale and
dimensions, and the increase in their values indicates a favorable situation for the crop.

Tmax 7 T

Tmax - Tmin

TCI = (7)

Temperature conditions at any given time are calculated using the maximum and
minimum temperatures of the considered period. Low values of TCI indicate adverse
conditions for the crop, and high values indicate favorable conditions. In the case of crops,
the temperature is most affected in the early stages of the crop, but a gradual increase in
temperature indicates drought.
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2.3.6. Vegetation Health Index (VHI)

For nearly three decades, many researchers have used the VHI index to identify
agricultural droughts, their duration, and the impact of different geographical regions
globally [52,70]. Combining VCI and TCI with the following Equation (8), the VHI indicator
is designed to determine crop health status.

VHI = «-VCI+ (1 — «)TCI 8)

The ot is the contributing factor for both VCI and TCI. In most studies, the VHI drought
index is calculated by keeping the value of o at 0.5, and the VHI value is scattered in the
range of 0 to 100. Low VHI values are indicative of drought, while high values indicate
vigorous vegetation.

2.3.7. Drought Frequency and Hazard

RAI and VHI indexes are used to calculate the frequency of meteorological and agri-
cultural drought hazards, respectively. Drought classes of VHI, called extreme, severe,
and moderate, were used to calculate drought frequencies from 2001 to 2019. For meteoro-
logical drought hazard mapping, annual RAI data from 1989 to 2019 were used, and RAI
values —1.5 were used as a threshold for annual drought binary extraction. Drought layers
calculated for each month were classified according to the drought classes in each index,
and then binary layers were produced to represent only the drought classes. The frequency
of droughts per year was calculated using the calculated monthly binary estimates, and the
average, minor, moderate, and severe levels of drought were classified according to the fre-
quency of the annual drought using the natural-breaks method. Annual binary layers were
then generated using only the moderate and severe drought classes, and these maps were
accumulated with the sum for all years to calculate the frequency of long-term drought
at the district level or each pixel level. Finally, the above-processed layers were subject
to spatial normalization (0-100) using maximum and minimum frequencies to identify
drought hazards at the pixel level, and the no drought, low, moderate, and high drought
classes were determined through natural-breaks classification. Equitation (9) applies to the
calculation of drought frequency.

Fj = (E) «100 )

Drought frequency is Fj, and j is the drought class. nj indicates how many times the
drought level j occurred through the relevant layers. N is the total number of drought
layers used for the study.

3. Results

This study’s initial face provides the context for the analysis of long-term annual
average rainfall covering the whole of Sri Lanka monthly, during each monsoon season,
and annually for a period of 31 years, from 1989 to 2019.

3.1. Long-Term Rainfall Average at District and Climate Zones

Table A2 shows how the 31 years average rainfall changes at the climatic zone and
district level. The crop’s maximum growth and maturity during the Yala season are in June
and July, but Table A2 clearly shows that the average rainfall received by all the districts in
the dry zone during those two months is less than 40 mm. This means that crop cultivation
in the dry zone should be carried out with proper water management in the Yala season.
Otherwise, the crop is more vulnerable to drought. SIM receives the highest rainfall in all
districts, but the semiarid zone districts receive the lowest rainfall in all seasons.

The wet zone districts receive significant rainfall during all monsoon seasons, and
even the dry zone receives comparably high rainfall than the SWM in FIM. Compared to
the study conducted using gauge rainfall data from 1976 to 2006 [71], this study shows
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that districts in the intermediate zone of Kurunegala, Matale, and Badulla receive higher
rainfall during the NEM and SIM seasons. On the other hand, it appears that the average
rainfall for all the districts in the wet zone during the last 31 years has exceeded 100 mm in
all the months, i.e., this region is wet, and the chances of drought are much less. However,
considering the variability of annual average rainfall in the climatic zones, the values of
the wet, dry, and intermediate zones are consistent with the rainfall classification of the
climatic zones. However, the semiarid zone’s rainfall appears to be increasing 65 mm than
the maximum average (1200 mm). This shows that the semiarid zone has moved slowly
toward the dry zone for the last 31 years.

3.2. Wet Days and Dry Days in Monsoon Seasons

This section looks at how the number of rainy days for the four monsoon seasons in
the country’s wet, dry, intermediate, and semiarid climate zones over the past 31 years
coincided with the drought. Figures 3 and 4 show how the number of rainy days recorded
in the aforementioned climate zones varies for the different rainfall classes (Table 1).
Figures 3 and 4 are arranged according to the southwest monsoon (SWM), northeast mon-
soon (NEM), first inter-monsoon (FIM), and second inter-monsoon (SIM), also known as
the monsoon season in the country, and four graphs for four seasons are used to represent
one climate zone.

These graphs can be used to understand how different rainfall classes and their
number of events affect drought and distribution. In the wet zone, under all monsoon
conditions, the Moderate rainfall class appears to be higher than that of the Light, and a
significant increase in the number of days occurring in both classes can be observed. SWM
has the highest incidence of Very Heavy and Heavy class and FIM and NEM have the lowest
incidence. Another indication is that, during the drought period, the three classes of Light,
Moderate, and Rather Heavy saw the number of days of rainfall decrease significantly.

The dry zone usually experiences more drought, while NEM and SIM receive the most
rainfall for all classes. Yala season crops are controlled mainly by rainfall in both SWM and
FIM seasons, but the study of SWM and FIM charts in the dry zone shows that the dry
zone receives less rainfall in both seasons for all the rainfall classes. In both the SEM and
FIM monsoons, the Light class is predominant, and the number of days is 15-35 and 5-20,
respectively. Light, Moderate, and Rather Heavy rainfall classes during drought are also
observed to be 20% to 60% lower than the average. Another important factor identified
in this region is that the occurrence of drought in both the major crop seasons of Yala and
Maha and the considerable reduction in the number of days of rainfall classes in Light,
Moderate, and Rather Heavy coincide with each other. All other monsoon seasons except
SIM show no significant increase in rainfall in this region.

In terms of the intermediate zone, its monsoon behavior is more or less similar to
that of the dry zone, but SWM was receiving more days of rain than the dry zone. Light
rainfall days in SWM and SIM in this region show a significant increase, but not all other
classes. The pattern of precipitation days in the semiarid zone is similar to that of the dry
zone but is characterized by higher values of the Light and Moderate classes in the dry and
intermediate zones than in the SWM and FIM. However, Rather Heavy, Heavy, and Very
Heavy show lower values for all other regions and all monsoons.

The number of heavy rainfall events varies from 1 to 5 for all climatic zones and rainy
seasons. The peculiarity is that Very Heavy events in the dry zone in SWM are sporadic
(only two cases), but a slight increase in such cases in the NEM can be detected in the wet
zone. Heavy behaves similarly to Very Heavy, and about 90% of Heavy cases in SWM occur
in the wet zone, while NEM is more prevalent in the dry zone, although Heavy events are
scattered throughout Sri Lanka.

However, the main finding of the study of variability in small rainfall events (Light
and Moderate) for all the seasons is that, in the years of drought, the number of rainy
days of those two classes is 25-30% less than the average. However, the implication is
that the lower number of rainy days in Light and Moderate classes is much more likely
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to contribute to drought. In other words, the persistence of drought depends on how the
wet and dry days are maintained during the monsoon season. Thus, the most important
observation reflected in the representation of the variability of Light and Moderate rainfall
occurrence over time is that those rainfall events caused by SWM in the dry zone are less
than ten days in total, even in the non-drought years.
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Figure 3. Mean number of rainy days exceeding the reported daily rainfall threshold level; bars and
lines represent the number of rainy days in the classes defined in Table 1. The average number of
rainy days in the wet zone (a—d) during southwest monsoon (SWM), northeast monsoon (NEM),
first inter-monsoon (FIM), and second inter-monsoon (SIM), respectively, and (e-h) dry zone during
SWM, NEM, FIM, and SIM, respectively.
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Figure 4. Mean number of rainy days exceeding the reported daily rainfall threshold level; bars and
lines represent the number of rainy days in the classes, defined in Table 1. The average number of
rainy days in the intermediate zone (a-d) during SWM, NEM, FIM, and SIM, respectively, and (e-h)
semiarid zone during SWM, NEM, FIM, and SIM, respectively.

This means that the incidence of all types of rainfall during the “Yala” season is
generally less in the dry zone. Overall, it appears that the reduction in the number of days
of 2-10 and 10-30 mm of rainfall is closely related to the occurrence of drought. It is clear
from these observations that the Light, Moderate, and Rather Heavy rain classes have the
most significant impact on drought. Thus, the conclusion that can be made from all these
observations is that a better understanding of drought can be obtained by studying the
occurrence of Light, Moderate, and Rather Heavy rainy days.
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Changes in Dry Days in Yala and Maha Crop Season

Figure 5 shows the variation of dry days in the wet, dry, intermediate, and semiarid
zones during the Yala and Maha cropping seasons from 1989 to 2019. The most important
thing that emerges here is the tendency for an apparent decrease in the number of non-rainy
days from 1990 to 2019 for all the climatic zones.

Figure 5. Variation of the number of dry days in the wet (a), dry (b), intermediate (c), and semiarid (d) zones over both Yala

and Maha cropping seasons. (Total number of days for Yala season, 182, and Maha, 183).

This shows that the dry weather in Sri Lanka is gradually decreasing. However, further
scrutiny of these graphs shows a strong correlation between the drought occurrences and
the increase in non-rainy days, and the dry days in drought years show a decrease of
20-40 days, compared to the average dry days in the year.

3.3. Rainfall Anomaly (Annual and Monthly)

Preliminary drought studies can be carried out using the Rainfall Anomalies Index
(RAI), a simple and essential indicator that can be effectively used in meteorological
drought monitoring. Furthermore, using this RAI, rainfall variability can be calculated on
different time scales, such as monthly, seasonally, or annually. Figure 6 shows the Rainfall
Anomalies Index’s variation generated using the annual and seasonal average rainfall of
Sri Lanka from 1989 to 2019. Negative anomalies show dry years, and positive anomalies
represent the wet year, and the length of the bar determines the intensity of drought or
wetness on that chart. This analysis is a fair reflection of the droughts reported in Sri Lanka
and their severity.

There was a severe drought in the 2016 Maha season, and, similarly, droughts were
detected in 2017 and 2018 with low intensity. However, it is possible to identify whether or
not there was a drought in any given year, but it is impossible to identify seasonal changes
only with the annual RAI The best solution to this is to analyze the RAI separately for
Yala and Maha’s two seasons. According to the Disaster Management Center, although the
2013 Yala season was a bumper crop season, the 2013-2014 Maha season was a drought
season, as shown in Figure 6. The RAI analysis season drought shows more drought in the
Yala season than in the Maha season from 1990 to 2019. However, after 2012, there is an
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increasing drought in the Maha season, but no single prominent meteorological drought
occurred during the Yala season.
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Figure 6. (a) Annual, (b) Yala, and (c) Maha season rainfall anomaly index from 1989 to 2019 in
Sri Lanka.

However, the pixel-based RAI indeXx, calculated at the monthly time frame, is more
suitable for studying the spatial-temporal variability of drought during the Yala and Maha
seasons. Figure 7 shows the spatial distribution of RAI values in Sri Lanka during both the
Yala and Maha seasons for drought and non-drought years. It shows that the variations in
the drought in the 2012 Yala and 20162017 Maha seasons are well-reflected in this monthly
RAI Drought Index. This index’s specialty is that it accurately depicts the occurrence of
heavy rains in addition to drought, with good examples being identified as the 2010 Yala
and 2015 Maha seasons.
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Figure 7. Monthly variation of Rainfall Anomaly Index (RAI) values over drought and non-drought years in Yala (2010,
Non-drought Year; 2012, Drought Year) and Maha season (20142015, Non-drought year; 2016-2017, Drought year).

3.4. Standardized Precipitation Index (SPI)

Standardized Precipitation Index (SPI) is one of the most important indicators used
consistently by various researchers and decision-makers to determine and monitor drought
intensity. Furthermore, previously reported studies [72-75] have shown that the historical
spatial-temporal distribution of meteorological droughts can be determined using this
SPI index. In this study, CHIRPS rainfall data were used to calculate the SPI index from
1989 to 2019, covering each district using a World Meteorological Organization (WMO)
tool at different time frames. SPI values can be well used to determine short-term and
long-term drought.

SPIis a drought index widely used by decision-makers worldwide to identify, monitor,
and determine droughts’ severity. In this study, the SPI values at the district level in
Sri Lanka were calculated for 3, 6,9, 12, and 24 months from 1989 to 2019, as this index
is designed to determine the meteorological drought for such different time scales. Soil
moisture and crop health generally respond to short-term and small-scale rainfall changes,
while long-term rainfall changes are reflected by changes in groundwater runoff and
reservoir storage.

A 3-month SPI can be used to reflect short- and medium-term soil moisture changes
and their seasonal reflections. Table 3 shows the change in SPI (3-month) values for drought
(2016-2017) and non-drought years (2014-2015) during the Maha cropping season for all
the 25 districts in Sri Lanka. The analysis of rainfall anomaly for the Maha season showed



Sustainability 2021, 13, 3427

15 of 28

that those two years were more suitable for understanding the SPI values changes during
drought and non-drought periods. Here, it is clear that the SPI value is low during the
drought season. In the Yala season, the early grain filling stage of paddy is in June, when
the plants need to receive water. The decrease in soil moisture due to the rainfall decrease
severely affects the crop yield. Moreover, October and November are the seasons when the
Maha season begins with the cultivation of crops, and the occurrence of drought during
this period leads to an increase in non-crop areas. As shown clearly with 3-month SPI
values in Table 3, there was a severe drought in Sri Lanka during the 20162017 Maha
season [76]. This had a significant impact on the paddy harvest in 2016 Maha, and 19 out
of 25 districts in Sri Lanka were affected by the drought.

Table 3. Three-month SPI values for a good year (2014-2015) and a drought year (2016-2017).

2014-2015 Maha 2016-2017 Maha

District

Sep Oct Nov  Dec Jan Feb Sep Oct Nov Dec Jan Feb
Ampara 0.48 1.45 127 073 207 314 —1.61 -3.1 -1.29 -1.9 —1.09 —1.01
Anuradhapura 0.05 0.77 147 097 247 286 —1.95 —3.28 —2.3 -2 —0.82 —0.44
Badulla 0.29 0.92 1.01 0.73 0.76 1.84 —2.26 —3.46 -2.29 -2.19 -0.8 —0.72
Batticaloa 0.5 1.54 1.48 095 269 381 —1.24 —2.57 -1.32 —1.78 -1.1 —0.96
Colombo 0.82 0.93 116 0.6l 1.68 1.77 —2.69 -3.29 —2.53 -1.93 —0.36 —0.66
Galle 0.51 1.65 167  0.84 1.51 1.75 —1.84 —2.24 -1.72 -1.25 —0.15 —0.32
Gampaha 0.76 0.84 1.18 0.91 194 214 —2.75 —-3.71 —2.58 —2.14 —0.42 —0.86
Hambantota 0.19 1.55 112 046 0.85 1.48 —-1.67 —2.35 —1.36 —1.49 —0.73 —0.74
Jaffna 0.52 0.31 1.42 1.34 0.71 25 —1.31 —3.01 -2 —1.89 —0.74 —0.2
Kalutara 0.75 1.23 1.43 0.72 1.5 1.6 —2.48 —2.82 —2.23 -1.7 —0.46 —0.6
Kandy 0.62 0.81 1.08 0.85 1.09 1.72 —2.42 —3.58 —2.23 —2.18 —0.71 —0.85
Kegalle 0.88 0.84 117 099 1.53 1.77 —2.81 —3.66 —2.53 —2.14 —0.4 —0.85
Kilinochchi 0.35 0.53 1.55 1.31 1.08 243 —1.51 —2.63 -1.92 —1.87 —0.8 —0.29
Kurunegala 0.55 0.81 1.35 119 207 269 —2.42 —-3.71 —2.34 —2.12 —0.52 —0.55
Mannar 027 073 154 098 137 2.69 -22 —3.14 —2.51 —1.88 -0.7 —0.23
Matale 0.24 0.96 1.26 0.9 224 286 —2.13 —3.36 —2.18 —2.15 —0.89 —0.69
Matara 0.49 1.69 1.61 0.64 1.41 1.63 —1.86 —2.41 —1.82 —1.51 —0.49 —0.53
Moneragala 0.08 1.23 1.01 0.67  0.89 1.96 -1.91 —3.12 —1.41 —-1.72 —0.72 —0.78
Mullaitivu 027  0.82 1.66 1.26 127 291 —1.48 —2.5 —2.03 —1.86 —0.95 —0.39
Nuwara Eliya 0.66 0.81 1.04 079 0.57 1.07 —2.67 —3.59 —2.64 —2.3 —0.73 —0.83
Polonnaruwa 0.22 1.23 1.56 1.09 353 353 —1.62 —2.86 —1.89 —1.84 —0.92 —0.71
Puttalam 047 081 157 1.32 192 278 —2.41 —3.89 —2.52 —-2.1 —043 —0.38
Ratnapura 0.66 1.25 14 0.88 1.34 1.64 —2.29 -3.07 —2.31 -1.89 —0.52 —0.65
Trincomalee 0.34 0.94 1.48 1.18 3.31 3.34 -1.27 —2.45 —1.63 -15 —0.72 —0.4
Vavuniya 0.12 0.7 1.64 1.21 218 289 -1.77 —2.82 —2.08 —1.82 —0.84 —0.36

Figure 8 shows the 3, 6, 9, 12, and 24-month SPI values for the wet, intermediate, dry,
and semiarid zones of Sri Lanka from 1989 to 2019, respectively. An important point to
note from all the SPI analyses described above is that droughts’ intensity in the dry zone
is much higher than in the wet zone. This reflects well for the chronological variability of
short- and long-term droughts. During the last 31 (1989 to 2019) years, which is the study
period of this research, drought has been reported from various parts of Sri Lanka in the
years 1989, 1992, 1996, 2000, 2001, 2002, 2004, 2009, 2012, 2013, 2014, 2016, 2017, and 2018,
respectively as reported in various studies [12,14,77]. The SPI depicted in Figure 8 has
captured well all the droughts mentioned above in most of the studied SPI time intervals.
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Figure 8. Shows how 3-month, 6-month, 9-month, 12-month, and 24-month SPI values vary from 1989 to 2019 for the wet,
dry, intermediate, and semiarid climatic zones.

Although short-term drought is represented by 3-month SPI, long-term (6, 9, 12, or
24 months) SPI can be effectively used to determine the long-term drought behavior. The
6-month SPI has good potential to reflect the seasonal and medium-term rainfall trends,
and changes in rainfall can also be detected for different periods. Confirming this, the SPI
variation at 6, 9, 12, and 24 months accurately represented the long-term droughts of 2009,
2013, 2014 and the drought that continued from 2016 to 2018 in Sri Lanka. It is typical for
agricultural as well as hydrological droughts to take a season or more to develop. The 9-
month, 12-month, and 24-month SPIs provide accurate indications of interseasonal rainfall
patterns, highlighting the impact on water flows, groundwater levels, and reservoir levels.

A closer observation of SPI variables reveals that the dry zone’s SPI values are always
lower in each timeframe than the other three zones. The other identification is that the
semiarid region’s drought pattern is similar to the intermediate zone’s drought. The
important thing that emerged from the detailed analysis of those drought years was that
these droughts occurred in different periods, i.e., short-term and long-term. The droughts
that occurred mainly in the dry zone during 2008-2009, 20132014, and 20162018 are
the best examples of recent long-term droughts. SPIs have captured droughts and high
rainfall (flood) years such as 2010, 2011, 2013, and 2015. The years 2013 and 2014 are
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meteorologically critical years, as those periods alternate between the two Yala and Maha
seasons of drought and non-drought.

4. Discussion

As the study focused on the monitoring of meteorological and agricultural drought
and hazard mapping, long-term (31-year) monthly, seasonal, and annual rainfall variability
at the district and climate zone level were analyzed for an overview of drought-affected
seasons and districts. It was well-identified that the dry and semiarid zones of Sri Lanka
receive significantly less rainfall during the NEM season. It is also a reason for more
droughts during that season. Analysis of the number of days with different rainfall classes
in climatic zones revealed that the number of days during which Light and Moderate occur
during a drought is 20-30% lower than normal. However, this implies that the reduction
in the number of rainy days in the Light and Moderate classes contributes more to the
occurrence of drought than other classes. In other words, the occurrence and propagation
of drought depend on the number of wet and dry days during a particular monsoon season.
The most important thing that emerges here is the tendency for an apparent decrease in the
number of rain-free days for all climate zones from 1990 to 2019. This shows that the dry
weather in Sri Lanka is gradually declining. However, the number of dry days during the
dry season is reduced by 20-40 days, compared to the year’s average dry day.

RAI is important when referring to meteorological drought indicators, because it
can be easily used to monitor how the drought has historically changed with the annual
and seasonal rainfall variation. Importantly, this study shows a direct link between the
droughts found in this study and the reported droughts. Although the incidence of drought
during the Yala season was high before 2010, it has decreased since 2010, but the incidence
of drought during the Maha season has increased. To better understand, the spatial and
temporal variations of meteorological drought at monthly or quarterly selected dry and
wet years were compared. Subsequent results show that, in both Yala and Maha seasons,
the crop is affected by drought in both the early and mature stages. The SPI index was used
to monitor the historical drought further using the periods of 1, 3, 6, 9, 12, and 24 months,
during which time the variability of the drought from 1989 to 2019 was indicated to reflect
the short- and long-term occurrence of the drought. In this study, the short-term and
long-term events of droughts identified by the SPI analysis show a close relationship with
the reported drought events [12,14,77].

4.1. Agriculture Drought Monitoring

In order to determine the relationship between meteorology and agricultural drought,
the NDVI, LST, VCI, TCI, and VHI indices were analyzed as described herein. Variations in
VCI and TCI were studied, assuming that most vegetation was stressed during the drought
years and average in other years. A continuous decrease in the values of VCI and TCI
or the longevity of low values is suitable for demonstrating dryness or crop stress level
in a country, region, province, district, or a pixel of a satellite image. Figure 9 shows the
VCI and TCl indices’ spatial and temporal variability during the Yala (April to September)
seasons of the drought year of 2012 and non-drought year of 2013.

The exciting thing to see here is how well the two indicators have successfully mon-
itored drought and non-drought seasons. Annual RAI (Figure 5) and the SPI (Figure 7)
analyses of 3-month, 6-month, and 9-month periods show that 2012 was a meteorological
drought year, and 2013 was non-drought. The study of VCI and TCI also reveals that they
are similarly observed, which concludes that the meteorological drought also turned into
an agricultural drought in 2012. Further analysis of both the VCI and TCI indicators shows
that farmers and their farms in the dry zone were the most affected by the drought and
suffered from severe drought from June to August in 2012.
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Figure 9. Vegetation Condition Index (VCI) and Temperature Condition Index (TCI) changes in
drought and non-drought years.

Determining the intensity, spatial distribution, and duration of drought relative to a
particular crop-season or year is essential in disaster management and decision-making.
Similarly, if the spread and occurrence of drought can be calculated over several years in
history, it is essential in drought management. Figure 10 shows the severity of the drought
and spatial distribution from 2001 to 2019 using the VHI drought classification shown in
Table 4. The maps thus generated a range from dark red to light yellow, with low VHI
values representing extreme-to-moderate drought and green showing good, healthy crops.
The significant drought years mapped via VHI for 2001 to 2019 are 2001, 2002, 2004, 2009,
2012, 2014, and 2016 and are very well coinciding with field information [11-15].

Table 4. Drought classification based on Vegetation Health Index (VHI) [78].

Drought Category VHI Value

Extreme drought VHI <10
Severe drought 10 < VHI <20
Moderate drought 20 < VHI < 30
Mild drought 30 < VHI < 40

No drought 40 < VHI
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Figure 10. Spatial distribution of annual agriculture drought in Sri Lanka from 2001 to 2019.

4.2. Annual Drought Area, Its Classification, and Declaration

Variability of annual percentage of VHI drought classes” area of Sri Lanka is given
by Table A3 in detail. Most importantly, that area percentage shows that the percentage
of drought-prone areas of the Extreme category in Sri Lanka is more than 10% each year
that droughts have reported. Furthermore, as the intensity of the drought increases, the
extent of the extreme category’s drought-prone areas to vary from 10% to 20%, with the
2001 and 2012 droughts showing the highest percentage of drought-prone areas in the
extreme drought category. Overall, it is clear that the VHI index has captured the drought
conditions in Sri Lanka in terms of both extreme and severe droughts.

The VHI’s class area percentage-based methodology can be introduced as a quan-
titative approach to declare drought in Sri Lanka. This is done by combining the area
percentages of the Extreme and Severe drought classes of VHI and classifying them into
four drought area classes (DA classes), such as DA1, DA2, DA3, and DA4, as shown in
Table 5.

As shown in Table 6, it is indicated that the drought can be declared if the DA
classes become DA4. This is evidenced by the fact that Sri Lanka experienced severe
droughts in 2001, 2009, 2012, and 2016 regarding population exposure and agriculture crop
damage [12,14,75].
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Table 5. Country-wide annual drought area percentage based on VHI drought classes.

Drought Area (DA) Classes Area Percentage (A %)
DA1 A% <10
DA2 10 < A% <20
DA3 20 < A% <30
DA4 A% > 30

Table 6. Country-wide annual drought area percentage for extreme (Ex) and severe (Se) drought
classes, together with drought area (DA) classes, can be used for drought declaration.

Year Ex—Se of VHI A% DA Classes Drought Declaration
2001 30.16 DA4 Yes
2002 20.91 DA3 -
2003 2.64 DAl -
2004 20.00 DA2 -
2005 9.08 DAl -
2006 14.90 DA2 -
2007 13.56 DA2 -
2008 4.62 DAl -
2009 35.57 DA4 Yes
2010 9.62 DAl -
2011 13.76 DA2 -
2012 30.42 DA4 Yes
2013 17.03 DA2 -
2014 29.15 DA3 -
2015 2.48 DAl -
2016 30.15 DA4 Yes
2017 23.27 DA3 -
2018 16.72 DA2 -
2019 10.02 DAl -

4.3. Drought Hazard Mapping

As shown in Figure 11, the districts were classified into different hazard classes, such
as Low, Moderate, and High, using a natural-break classification scheme. Furthermore,
RAI-based meteorological drought hazard maps shown in Figure 11b were generated by
applying the same approach used in agriculture drought hazard mapping.

When observing both the meteorological and agricultural drought hazard maps, the
districts where the majority of the geographical area falls in the wet zone do not show
drought hazards, while the other three climate zones represent all the hazard classes.
In particular, when only considering the district level meteorological drought hazard
distribution, all districts that show a high percentage of the geographical area in dry and
semiarid climate zones fall under medium to high hazard classes. Districts with a majority
area of the intermediate zone represent low hazard, while districts in the wet zone do not
show meteorological drought hazard.

A distinctive feature of the distribution of agricultural drought hazards at the district
level is the high hazard of districts, where the majority of rain-fed crops are grown, and
the moderate hazard of the districts in the dry zone, where most of the crops are irrigated.
It is important to note that districts in the dry and semiarid zones have moderate-to-high
drought hazards, when considering the distribution of these meteorological and agricul-
tural drought hazards. In fact, discrepancies between meteorological and agricultural
drought risk maps generated at the district level in Sri Lanka indicate that meteorological
drought does not always translate into an agricultural drought and that the onset of agri-
cultural drought depends on the nature of the crop being cultivated (rain-fed or irrigated).
However, the main advantage of identifying the relevant drought hazard in districts or
provinces is that, by establishing sustainable agriculture and economy in those districts,
decision-makers can minimize the impact of drought on water and food shortages.
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Figure 11. (a) Meteorological and (b) agricultural drought hazard at the district level in Sri Lanka.

In order to further understand the damage caused by drought on the country’s
economy, Figure 12 compares the years of severe drought in Sri Lanka from 1989 to 2019
and the percentage of gross domestic product (GDP) growth in the country. It can be clearly
observed that the damage caused by the drought is directly related to the decline in the
country’s GDP. The main reason for this is the significant impact of drought on agriculture.
A gradual decline in GDP between 2015 and 2019 is due to a combination of both drought
and floods. However, this implies that proper drought hazard analysis can minimize the
drought impact on agriculture and minimize damage to the country’s economy. We strongly
believe that monitoring drought will help policy makers and planners to capture the trend
of drought and its distribution in Sri Lanka. Furthermore, the adopted methodology can
be used in similar study areas in tropical regions to quantify the drought. At the same time,
the present study will help to achieve sustainable development [79].
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Figure 12. Annual % of gross domestic product (GDP) growth and drought occurrence; black circles
represent the drought years [80].
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5. Conclusions

In this study, SPI and RAI indicators, calculated with CHIRPS data, were used to
monitor the meteorological drought in Sri Lanka from 1989 to 2019. Furthermore, VHI
generated by MODIS-derived NDVI and LST was used from 2001 to 2019 to monitor
agricultural drought. In addition, the SWM, NEM, FIM, and SIM monsoon seasons were
studied in detail using five classes of rainfall, Light, Moderate, Rather Heavy, Heavy,
and Very Heavy, as well as dry days, to understand the occurrence of drought in the
wet, dry, intermediate and semiarid climates of Sri Lanka. The rainfall class study results
revealed that the number of days of Light and Moderate occurring in all four climatic zones
tends to increase. Therefore, all climatic zones appear to be moving in the direction of
drought reduction, because the reduction in the number of days of Light, Moderate, and
Heavy rainfall directly contributes to the drought. The variability of the dry days of the
climatic zones suggests that the dry days for both Yala and Maha seasons show a significant
decrease for all regions and that the increase in the number of dry days is directly related
to the occurrence of drought. That is to say, the dryness in Sri Lanka has been surpassed,
and the wetness has increased.

Using the CHIRPS data, the RAI, which is calculated annually, per monsoon, and
monthly, can accurately monitor the occurrence of meteorological droughts and their
temporal and spatial distributions. Another critical point that this RAI analysis suggests is
that, although the Yala season was most prone to droughts before 2012, it has shifted since
2012 to the Maha season. The SP], studied under different timeframes, provides excellent
support for monitoring the variability of short-term and long-term droughts by district,
province, and region.

VHI, a combination of VCI and TCI derived from MODIS NDVI and temperature
data, was well-suited for monitoring and mapping the spatial and temporal distribution
of agricultural drought in Sri Lanka. In both the Yala and Maha seasons, it was well-
established that, when the VCI and TCI are less than 30%, the crop becomes stressed, and
the gradual persistence or further decrease of VCI and TCI leads to agricultural drought.
The meteorological drought results analyzed via SPI and RAI and the agricultural drought
monitored via VHI are similar. Another important conclusion that can be drawn here is
that meteorological drought does not always translate into an agricultural drought; for
example, during the 2007-2008 and 20112012 Maha seasons, the meteorological drought
showed some degree. However, it did not translate into an agricultural drought. The
VHI index also confirms this. It can be confirmed that a quantitative approach can be
given to the declaration of drought by using the area percentage of the Extreme and Severe
classes, calculated using the VHI index. The most important finding of this study is that
the country’s GDP has declined sharply during the years of severe drought in Sri Lanka. It
can be concluded that the drought has a direct impact on the country’s economy.

This study demonstrates that the rainfall data provided by satellite estimates can be
used for meteorological drought monitoring as a good substitute for data provided by
sparsely distributed rainfall locations. Although the spatial resolution of these rainfall
data is relatively low, the study further demonstrates the potential of remote sensing data
and GIS technology in monitoring high-resolution agricultural droughts. This study’s
uniqueness is that it calculates the meteorological and agricultural drought hazard at the
district level. This is because district-level hazard information provides an essential context
in disaster management planning and decision-making. When considering agriculture,
crop planning can be done effectively and sustainably for drought-prone areas so identified.
This can be done by introducing drought-tolerant crops, changing crop patterns, making
minor changes during the growing season, etc., so that sustainable agriculture can continue.
Sri Lanka’s forest cover has decreased significantly over the past few decades [81], which
could have a significant impact on the increasing severity of droughts in Sri Lanka. Fur-
thermore, a previous study [82] showed an increasing trend of annual rainfall in Sri Lanka.
Therefore, deforestation and changes in rainfall patterns can be considered as a driving
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force for drought, and there could be other factors, too. Thus, it is strongly recommended
that future research should pay more attention to such studies.
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Appendix A

Table A1. Percentage of district area contribution to different climatic zones.

District Area Percentage

DISTRICT
Dry Zone Wet Zone Intermediate Semiarid Zone

Ampara 83.32 0.00 11.12 5.56
Anuradhapura 80.27 0.00 0.00 19.73
Badulla 12.92 1.95 85.12 0.00
Batticaloa 100.00 0.00 0.00 0.00
Colombo 0.00 100.00 0.00 0.00
Galle 0.01 99.99 0.00 0.00
Gampaha 0.11 98.06 1.83 0.00
Hambantota 11.15 0.17 18.83 69.85
Jaffna 100.00 0.00 0.00 0.00
Kalutara 0.01 99.99 0.00 0.00
Kandy 0.00 46.54 53.46 0.00
Kegalle 0.00 100.00 0.00 0.00
Kilinochchi 100.00 0.00 0.00 0.00
Kurunegala 20.12 7.29 72.21 0.37
Mannar 39.36 0.00 0.00 60.64
Matale 33.73 0.62 65.65 0.00
Matara 0.00 85.09 14.91 0.00
Moneragala 53.61 0.00 36.82 9.57
Mullaittivu 100.00 0.00 0.00 0.00
Nuwara Eliya 0.00 70.06 29.94 0.00
Polonnaruwa 98.43 0.00 1.57 0.00
Puttalam 21.22 0.27 25.27 53.23
Ratnapura 11.81 70.11 17.65 0.43
Trincomalee 100.00 0.00 0.00 0.00

Vavuniya 97.35 0.00 0.00 2.65
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Table A2. Mean monthly, seasonal, and annual rainfall for 25 districts in Sri Lanka from 1989 to 2019.

District January  February March April May June July August September October November December SWM FIM SIM NEM Annual
Ampara 237 145 75 100 77 30 43 67 68 191 327 339 57 87 259 241 1698
Anuradhapura 106 47 63 138 112 16 33 50 115 243 308 248 63 101 275 134 1480
Badulla 208 111 116 174 150 91 80 93 157 264 347 291 114 145 306 203 2082
Batticaloa 228 106 54 63 30 17 35 58 66 189 343 361 39 58 266 231 1550
Colombo 106 99 152 296 351 300 190 176 323 439 375 187 268 224 407 130 2994
Galle 141 114 162 252 420 272 182 183 332 380 359 200 278 207 370 152 2998
Gampaha 88 90 137 270 284 264 147 137 238 408 340 151 214 204 374 110 2554
Hambantota 138 79 78 120 125 66 43 62 68 166 267 182 73 99 217 133 1393
Jaffna 73 26 21 56 27 12 18 12 32 219 436 216 14 38 328 105 1147
Kalutara 137 120 173 309 434 320 207 202 390 427 397 224 311 241 412 160 3340
Kandy 178 110 127 218 167 181 140 140 199 330 337 262 166 173 334 183 2390
Kegalle 113 108 166 304 293 297 201 187 272 449 371 181 250 235 410 134 2942
Kilinochchi 85 33 29 78 19 13 14 19 41 191 396 232 13 54 294 117 1152
Kurunegala 82 64 107 210 166 110 68 67 116 322 293 157 105 159 307 101 1762
Mannar 77 41 56 118 60 13 10 18 125 209 341 202 43 87 275 107 1268
Matale 183 101 105 174 152 75 74 88 148 293 342 328 107 140 317 204 2064
Matara 146 115 152 198 329 240 138 155 253 317 345 201 223 175 331 154 2590
Moneragala 186 104 96 150 130 38 43 62 65 220 339 266 67 123 280 185 1698
Mullaitivu 107 39 39 98 47 12 19 33 81 204 421 266 37 68 313 137 1367
Nuwara Eliya 144 112 138 224 213 228 170 169 239 313 314 245 204 181 314 167 2509
Polonnaruwa 181 79 67 102 154 16 49 75 134 262 335 340 86 85 298 200 1795
Puttalam 64 41 78 174 120 46 26 37 106 257 271 139 67 126 264 81 1359
Ratnapura 145 127 177 261 317 254 160 164 249 339 361 206 229 219 350 159 2760
Trincomalee 164 61 36 61 78 18 53 63 97 200 373 317 60 49 287 181 1522
Vavuniya 110 43 48 118 90 14 42 46 114 212 387 260 59 83 299 138 1485
Wet Zone 127 111 159 268 332 278 179 176 285 385 356 197 1250 426 742 435 2877
Intermediate zone 160 99 114 190 164 109 81 88 140 289 330 247 583 304 619 506 1979
Dry zone 151 74 63 112 97 17 38 54 93 224 344 282 298 175 568 507 1521

Semiarid zone 103 55 70 136 84 18 16 36 84 200 281 183 239 206 482 342 1265
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Table A3. Country-wide district’s annual drought area percentage based on VHI drought classes.

VHI Drought Classes (Area in Percentage)

Year
Extreme Severe Moderate Mild No

2001 20.80 9.36 7.43 11.45 50.96
2002 13.62 7.29 10.07 12.10 56.92
2003 1.33 1.31 2.37 4.18 90.82
2004 11.35 8.65 11.17 13.14 55.69
2005 494 4.13 6.54 9.55 74.83
2006 8.66 6.24 8.49 10.59 66.02
2007 8.75 4.81 6.42 8.27 71.75
2008 2.40 2.22 3.96 6.84 84.59
2009 24.32 11.25 13.12 13.74 37.57
2010 5.67 3.94 5.57 7.57 77.25
2011 7.88 5.87 8.70 11.51 66.03
2012 20.78 9.64 11.33 12.60 45.64
2013 11.88 5.15 7.16 9.26 66.54
2014 19.93 9.22 11.19 12.04 47.62
2015 1.29 1.20 2.25 3.85 91.41
2016 19.42 10.73 10.86 12.74 46.25
2017 15.40 7.86 10.25 12.51 53.98
2018 10.00 6.72 9.18 11.58 62.53
2019 6.02 4.00 6.02 7.82 76.14
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