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Abstract
Drought management in Sri Lanka is mostly limited to relief provision due to the shortage of scientific details to develop
sufficient drought risk management. Therefore, spatio-temporal variability of droughts in two cropping seasons, Yala (May–
August) and Maha (October–March) in Sri Lanka, have been investigated using the Standardized Precipitation
Evapotranspiration Index (SPEI). The SPEI-4 at August (SPEI-4August) shows an apparent decadal variation over wet, interme-
diate, and dry climate regions in the country, which is coherent with the decadal shift of rainfall in 1999. For the Yala season, the
number of drought events (SPEI-4August < −1) in the late period (2000–2015) is higher than that in the early period (1985–1999).
On the other hand, the decadal variation of SPEI-6March is not distinguished; however, the number of drought events (SPEI-
6March < −1) in all climate regions is less after 2003 as compared to the early period. The principle component time series of SPEI-
4August and rainfall in Yala seasons (r = 0.93) have closely associated, which implies that rainfall received in the Yala season can
ascribe the observed decadal variation in SPEI-4August. In the Yala season, less moisture transport towards Sri Lanka is observed
in the late period due to the weakening of 850 hPa wind circulation and increasing of 500 hPa geopotential height, which causes
more moisture divergence and ultimately affects the decreasing rainfall over the country. Meanwhile, the observed rainfall
variability in cropping seasons, especially in the Yala season, is characterized by the large-scale circulation at interannual
(Nino3.4) to decadal-scale (Pacific Decadal Oscillation (PDO), and North Atlantic Oscillation (NAO).
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1 Introduction

Changes in the global climate alter the hydrological cycle
(Rosmann et al. 2016; Back et al. 2013). As a result, changes
in extreme climate events frequently occur with greater severity

(Polade et al. 2014; O’Gorman 2012; Sun et al. 2012; Seager
et al. 2012). The extreme climate events, along with their asso-
ciated disasters, can cause severe damage to crop yield and have
the potential to destabilize food systems, threatening local to
global food security (Lesk et al. 2016). Among these extreme
climate events, drought is one of the more devastating natural
hazards, affecting millions of people and causing extensive
damage to crops and natural ecosystems in the world each year
(Zhao and Li 2015). For instance, Food and Agriculture
Organisation (FAO) estimated that hydrometeorological disas-
ters such as floods and droughts caused 83% of losses in crop
and livestock production in developing countries in 2003 and
2013 (FAO 2015). Furthermore, the severity of the economic
impact of the drought is growing. Between 2005 and 2015, the
average annual loss in crop and livestock production in devel-
oping countries had skyrocketed from under USD 2 billion per
year until 2010 to approximately USD 8 billion in 2014 (FAO
2018). Notably, between 1900 and 2010, two billion people
were affected, and more than ten million people passed away
worldwide because of the impacts of drought (Van Loon 2015).
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Even though the drought has a massive impact on society,
quantifying drought characteristics (intensity, magnitude, du-
ration, and spatial extent), predicting and mitigating drought
are difficult tasks among the climate community (Vicente-
Serrano et al. 2016). Droughts are considered to be the most
complex and least-understood natural hazard, interrelatedwith
many different processes such as land-based processes (e.g.,
precipitation, evaporation rates, soil moisture current, runoff
(Spinoni et al. 2017; Dai 2011)), atmospheric processes (mon-
soon circulations, atmospheric evaporative demand) (Vicente-
Serrano et al. 2020; Zhang and Zhou 2015; Lin and Shelton
2020), and ocean processes (teleconnection with sea surface
temperatures) (Dai 2011; Spinoni et al. 2017; Abiy et al.
2019). Due to its complexity, there is no acceptable universal
approach to defining, monitoring, or quantifying drought
characteristics, the spatial and temporal extent, up to date
(Quiring 2009). To assess and clarify the characteristics of
droughts, different drought indices have been developed in
the last few decades, such as the Palmer Drought Severity
Index (PDSI) (Palmer 1965), the Standardized Precipitation
Index (SPI) (McKee et al. 1993), the Reconnaissance Drought
Index (RDI) (Tsakiris 2004), and the Standardized
Precipitation Evapotranspiration Index (SPEI) (Vicente-
Serrano et al. 2010). These indices are widely adopted in
global and regional scale drought-related studies (Potop
et al. 2012; Potopová et al. 2015; Yao et al. 2018). The recent-
ly developed SPEI is widely used to identify the drought im-
pacts on hydrological, agricultural (Potop et al. 2012), and
ecological systems. In addition, the SPEI is employed to ex-
plain the atmospheric drought mechanisms (Vicente-Serrano
et al. 2011), analyzed drought variability (Potop et al. 2012),
drought reconstruction (Allen et al. 2011). Furthermore, the
SPEI is a more reliable indicator to identify drought charac-
teristics such as drought severity (Beguería et al. 2014). Lin
and Shelton (2020) have adopted the SPEI to describe the
drought characteristics and variability in the Mahaweli River
Basin of Sri Lanka and found that SPEI well reproduces the
observed droughts during 1985–2015.

Droughts gradually initiate with a precipitation deficit and
usually hit different regions of a country with varying levels of
intensity and at different time scales. IPCC (2014) states that
the tropics and subtropics recorded more intensified droughts
with a longer time scale since the 1970s. For example, in the
South Asian region, India, Pakistan, and Sri Lanka have ex-
perienced long-lasting droughts once every 3 years due to the
Indian summer monsoon rainfall variability (Aadhar and
Mishra 2017). In terms of the number of people affected,
and the relief provided, drought had been regarded as one of
the most significant climate hazards in Sri Lanka (Zubair et al.
2006). According to Disaster Management Centre – Sri Lanka
(DMC) (http://www.desinventar.lk/), the number of people
affected by drought has gradually increased from the year
2000 onwards; in particular, above 6% of the total

population affected by drought in 1998, 2001, 2004, 2014,
and 2017 (http://www.desinventar.lk/). In general, the
prolonged drought, with high severity, severely hit the
agriculture production as most of the cultivation in the
intermediate and dry zones in Sri Lanka depends on the
numerous irrigated or semi-rain fed minor reservoirs’. For
example, the continued drought conditions from 2016 to
2017 declined the paddy production by 46%, which is the
lowest paddy production over the last decade in Sri Lanka
(Central Bank 2017). In addition, Aadhar and Mishra (2017)
found that more than 0.2 million people in South India and Sri
Lanka have affected by the prevailing severe drought in 2017.

Despite many people affected by drought in the last few
decades, few studies have focused on addressing the spatial-
temporal variability of drought over Sri Lanka with recurrent
drought conditions. For example, Lyon et al. 2009 assessed
the potential use of meteorological drought indices as predic-
tors of drought relief payments in Sri Lanka for 1960–2000.
They found a statistically significant relationship between
drought indicators and relief payments both temporarily and
spatially in Sri Lanka, suggesting the potential utility of
meteorological drought assessments for disaster risk
management. The study conducted by Burchfield and
Gilligan (2016) investigated the structural and dynamic
factors of agricultural adaptation in response to severe
drought in Sri Lanka in 2014. Their finding suggested that
dynamic factors such as local autonomy, effective
monitoring, perceived risk, diversification potential,
community cohesion, and farmer experience affected
agricultural adaptation more than structural factors. Gunda
et al. (2016) used the PDSI and the SPI at a 9-month scale
(SPI-9) to assess the spatial-temporal distribution of drought
over Sri Lanka. They found that different indices correlated
best with different climate zones in Sri Lanka. For example,
PDSI correlated best with the intermediate zone, SPI-9 corre-
lated best with the dry zone, but neither index correlated well
with the wet zone. They also evaluated the potential impacts
of drought on soil moisture regimes over the wet and dry
zones.

However, these studies did not focus on investigating
drought variation, and its associated mechanisms, in major
cropping seasons (Yala and Maha seasons) in Sri Lanka.
Gunda et al. (2016) recommended the need for further re-
search to identify a drought index such as SPEI for evaluating
the drought characteristics in wet and dry zones. GlobalWater
Partnership – South Asia (GWP-SAS) also highlighted the
importance of identifying the characterization of regional
drought using appropriate drought index on seasonal time
scales and for different climate regions in Sri Lanka (GWP-
SAS 2014). However, up-to-date drought variability during
the Yala (May to August) and Maha (October to March)
cropping seasons are not well studied by the previous re-
searchers. In addition, most studies use simple SPI indices,
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which are only based on precipitation to identify drought char-
acteristics, without incorporating the effect of potential evapo-
transpiration. Furthermore, the relationship between monsoon
circulation and drought is not well established in Sri Lanka.
Moreover, the influence of the variability of large-scale ocean
circulation such as El Niño-Southern Oscillation (ENSO),
Pacific Decadal Oscillation (PDO), and North Atlantic
Oscillation (NAO) on rainfall during these two cropping sea-
sons is not being investigated.

At present, drought management in Sri Lanka is primarily
limited to relief provision; however, it is now recognized that
risk management and ongoing adaptation are required due to
the significant impact on crop yield and the livelihoods of
people. Therefore, strong evidence-based scientific informa-
tion is desirable to develop more effective disaster risk man-
agement and adaptation interventions. It is a vital step to se-
cure the most vulnerable inhabitants in drought-affected areas
and to ensure food security at a local level. Therefore, using
the most updated data sets from more observational stations,
this study focuses on bridging the research gap relevant to
drought variability and its associated mechanisms during the
major cropping seasons in Sri Lanka. The paper is organized
as follows: section 1 presents the introduction with a back-
ground of drought in Sri-Lanka, section 2 describes the study
site and the datasets, section 3 discusses the methodology
adopted by this study, section 4 presents results and discus-
sions, and section 5 summarizes the main findings.

2 Study Site and Data

2.1 Study Site

Sri Lanka is a tropical island country located off the Indian
Ocean (5°55′ ~ 9°51′N and 79°41′ ~ 81°53′ E. The southwest
(SWM, June to September) and northeast (NEM, December to
February) monsoons are the two main monsoon seasons in Sri
Lanka (Malmgren et al. 2003). In between dominant monsoon
seasons, there are two inter-monsoonal periods called first
inter-monsoon (FIM, March to May) and second inter-
monsoon (SIM, October to November). The southern and
southwestern regions and the western side of the central
mountains receive more rainfall during the SWM season
(Wickramagamage 2016). The NEM season brings rain to
the eastern part of the central highland, northern and eastern
side of the island. Based on the regional differences in the
rainfall amount, seasonality, and variability, the wet zone,
intermediate zone, and the semiarid dry zone have been
well-demarcated (Ranatunge et al. 2003; Rubasinghe et al.
2015; Malmgren et al. 2003; Lin and Shelton 2020) as shown
in Fig. 1a. In the wet zone, peaks, ridges, basins, valleys,
plateaus, and escarpments are dominant, while most of the
dry and intermediate zones have flat terrain with few isolated

hills. As a result of the complex topographic features, climatic
elements such as rainfall, winds, temperature, relative humid-
ity demonstrate significant differences among the three zones.
For instance, the annual total rainfall in wet and intermediate
dry zones is about 2500 mm and 1500 mm, respectively
(Rubasinghe et al. 2015). The mean annual average tempera-
ture of the 0–150 m is 27°C, while it abruptly decreases as the
altitude increases in the highlands. At an altitude of about
1800 m, the mean annual temperature is 15°C (Marambe
et al. 2014).

Based on the seasonal rainfall pattern in Sri Lanka, the two
pronounced cropping seasons are known as Maha and Yala.
The Maha cropping season starts from October to March,
while the Yala cropping season begins in May spans up to
the end of August (Marambe et al. 2014). During the Maha
cropping season, rainfall receives mainly from the SIM and
NEM. Sonnadara (2015) addressed that the dry region where
most paddy fields are located gets adequate rainfall from these
two monsoon seasons. The Yala cropping season is based on
the SWM rainfall and is concentrated in the wet region, while
relatively less rainfall is received over the intermediate and dry
regions. Consequently, the irrigated water is the key water
source for cultivation in the dry and intermediate regions.
The wet zone receives rainfall mainly from the SWM and
SIM seasons, while NEM and FIM season bring a significant
amount of rainfall, sufficient for year-round farming
(Jayawardene et al. 2005).

2.2 Data Description

The Department of Meteorology-Sri Lanka provides con-
tinuous monthly rainfall, minimum and maximum temper-
ature data from 18 meteorological stations for the period
1985–2015. The spatial distribution of the meteorological
stations is shown in Fig. 1a. The present study has used 1°
× 1° resolution of the Sea surface temperature (SST) data
(Rayner et al. 2003) from the Met Office Hadley Center
Sea Ice and Sea Sur face Tempera ture vers ion
1.1(HadISST1.1) to calculate the Nino3.4 index for the
study period. The NAO is defined as a meridional dipole
in atmospheric pressure with centers of action near the
Azores and Iceland (Xiao et al. 2015) and calculated
using rotated principal component analysis. The NAO in-
dex is available at the Climate Prediction Center of the
National Ocean and Atmospheric Administration (NOAA)
(https://www.cpc.ncep.noaa.gov/products/precip/CWlink/
pna/nao.shtml). The PDO is referred to as a long-lived El-
Niño like a Pacific climate variability pattern and defined
as the leading principal component of monthly SST
anomalies in the North Pacific Ocean, poleward of 20°N
(Zhang et al. 1997). The PDO index is available at the
Earth System Research Laboratory (ESRL) of NOAA
(http://www.esrl.noaa.gov/psd/data/correlation/pdo.data).
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In addition to the observation data, the monthly 0.5° × 0.
5° grid resolution of the horizontal (u), meridional (v)
wind at 850 hPa, and geo-potential height (z) at 500 hPa
from ERA-I (Dee et al. 2011) have been used to explain
associated large scale mechanism. Global Precipitation
Climatology Centre (GPCC) rainfall data set with 0.5° ×
0.5° grids resolution has been used to identify the spatial
distribution of the rainfall during the Yala and Maha sea-
sons over Sri Lanka.

3 Methodology

3.1 Area Average Rainfall and Temperature

Before calculating the SPEI, the area-weighted average
precipitation and min/max temperature time series have
been considered for the three climate zones (wet, interme-
diate, and dry) previously defined (Malmgren et al. 2003;
Ranatunge et al. 2003; Rubasinghe et al. 2015). Due to
the complicated topographic features of Sri Lanka, the
widely use Thiessen polygon (T.P.) method in hydrology
and meteorology (Schumann 1998; Han and Bray 2006)
cannot be used because it gives reliable rainfall estimation
for flat terrain only. Therefore, the T.P. method with the
elevation regression is applied to calculate area average
rainfall in the three-climate zone. This method is previ-
ously used to estimate rainfall in the complex topographic
watershed in Sri Lanka (Mahaweli River Basin) (Shelton
and Lin 2019).

3.2 Standardized Precipitation Evapotranspiration
Index (SPEI)

When considering the difference between SPI and SPEI, pre-
cipitation is the only meteorological parameter used for calcu-
lating the SPI, which canmonitor both wet and dry conditions.
It is well known that potential evapotranspiration contributes
to drought and intensifies the severity (Dai 2011; Sheffield
and Wood 2008; Sheffield et al. 2012). Interestingly, the
SPEI index incorporates the potential evapotranspiration,
which is intensified by increasing the average ocean and land
temperature by 0.85 °C during 1951–2012 (IPCC 2014). In
this study, we also used SPEI to investigate drought variability
in two cropping seasons in Sri Lanka.

The methods of calculating SPEI have been described by
Vicente-Serrano et al. (2010) and can be calculated based on
the difference between precipitation (P) and potential evapo-
transpiration (PET), as shown in Eq. 1. Meanwhile, SPEI can
be calculated at different timescales following Eqs. 2 and 3

D ¼ P−PET ð1Þ

Dk
i; j ¼ ∑

j

l¼ j−kþ1
Pi;l−PETi;l
� �

if j≥k ð2Þ

Dk
i; j ¼ ∑

12

l¼13−kþ j
Pi−1;l−PETi−1;l
� �þ ∑

j

l¼1
Pi;l−PETi;l if j < k ð3Þ

where P and PET are monthly precipitation and potential
evapotranspiration, D represents the aggregated value of
monthly precipitation minus potential evapotranspiration for

Fig. 1 The spatial distribution of meteorological station (red square) on
(a) topographymap of Sir Lanka and annual cycle of rainfall (mm/month)
for (b) wet, (c) intermediate, and (d) dry regions. The light ash and light
pink strips indicate monthly groupings for the Maha (October–March)

and Yala (May–August) seasons. The black dot indicates the long- term
mean for monthly rainfall for the period 1985–2015. The lower and upper
bounds in the box show 95th and 10th percentile rainfall, respectively.
Whisker lines depict the maximum and minimum rainfall in each region
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k timescale (months). i (year) and j (month) depend on the
selected timescale (k). In the next stage, we transformed Dk

i; j
into standardized units using a log-logistic probability distri-
bution, and the standardized units to get the SPEI, which can
be compared in space and time at different timescales
(Vicente-Serrano et al. 2010).

For the drought analysis, the PET is vital for drought de-
velopment and evolution, affected by temperature and other
factors, like wind speed, humidity, sunshine duration or solar
radiation, etc. In this study, the simplest Thornthwaite method
(Thornthwaite 1948) has been used to calculate PET because
most meteorological stations do not measure the climate pa-
rameters (wind speed, specific humidity, solar radiation, etc.)
except rainfall and temperature. Mavromatis (2007) revealed
that the calculated SPEI values are similar when using simple
Thornthwaite and complex PET calculation methods to
calculate PET. van der Schrier et al. (2011) suggested that this
PET calculation method will not affect the observed variation
of drought characteristics in the South Asian region. As fur-
ther evidence, Lin and Shelton (2020) revealed that the meth-
od used for PET has not a strong influence on SPEI calcula-
tion for the Mahaweli River Basin in Sri Lanka.

Bärring et al. (2006) found a non-significant difference
between the two results obtained using the observed area av-
erage with point observations for defining dry and wet spells.
Therefore, area-averaged rainfall and temperature are used for
calculating the SPEI index at 4- and 6-month time scales to
represent the Yala and Maha cropping seasons, respectively.
As Yala cropping season covers 4 months, i.e., May, June,
July, and August, in order to consider the drought over this
season, SPEI-4 at August (hereafter SPEI-4August) is calculat-
ed, so rainfall and potential evapotranspiration from May to
August can all be taken into consideration for deriving the
SPEI-4August. The Maha cropping season covers 6 months
spanning from October to March; in order to represent the
drought over this season, SPEI-6 at March (SPEI-6March)
was calculated using the rainfall and Evapotranspiration for
October to March period.

According to the Central Bank reports, we firstly selected
severe drought years and most wet years for both seasons
separately to identify the spatial distribution of the SPEI-
6March and SPEI-4August. For the Maha season, 1994 is con-
sidered a wet year, while severe droughts were recorded in
2014 (Central Bank Report 1994 and 2014). The prevailing
drought during the Yala season in 2012 severely hit eco-
nomic growth due to the decline of agriculture production
and a hydropower crisis in Sri Lanka (Central Bank Report
2012). Meanwhile, the whole country experienced extreme
rainfall events during the Yala season in 1998 (Central
BankReport 2012).

Furthermore, the SPEI-6March and SPEI-4August for every
station in each region have been used to perform Empirical
Orthogonal Functions (EOF) analysis to understand the spatial

variability of droughts over Sri Lanka. If SPEI-6March < −1
and SPEI-4August < − 1, we consider it as a drought event.

3.3 Empirical Orthogonal Functions

Different empirical techniques have been employed to inves-
tigate the variability of rainfall and droughts; among these
techniques, EOF analysis is one of the widely adopted atmo-
spheric science tools since the late 1940s. EOF compresses
geophysical data fields in space and time, which denote or-
thogonal spatial patterns (eigenvectors) and the corresponding
time series of Principal Component (PC). The EOF method
separates the dominant mode of variability and decomposes
data into spatial and temporal patterns. In general, the EOF
technique is applied to find a new set of variables that capture
most of the observed variance from the data through linear
combinations of the original variables. The formulation and
computation of EOFs are not described here because EOFs
have been extensively studied in the literature (Hannachi et al.
2007; Navarra and Simoncini 2010) and widely used to iden-
tify the variability of drought in the different parts of the world
(Wang et al. 2019; Kim et al. 2011; Wang et al. 2015). We
applied EOF decomposition towards the seasonal average var-
iate field of SPEI (SPEI-4August and SPEI-6March), extracted
the spatial modes and their corresponding time coefficients,
and exposed the temporal and spatial variation of droughts in
two cropping seasons.

The spatial variation of the SPEI-4August, SPEI-6March, and
rainfall during the two seasons, the station based EOF analysis
is performed and selected the first two Principal Component
(PC1) time series. Based on the Student’s t test, the correlation
coefficients (r) for the PC1 of SPEI-4August/SPEI-6March and
rainfall were tested for significance at a 95% confidence level.

To find out the step changes in PC1 of SPEI and rainfall
anomalies, the distribution-free cumulative sum control chart
(CUSUM) (Gocic and Trajkovic 2013), cumulative deviation,
and Worsley likelihood ratio tests were used. If one out of
those three tests detects the step change at 95% of lower con-
fidence level, rank-sum test and student’s t test were used to
assess the significance of differences between the mean for
before and after the change.

3.4 Cross-Wavelets Analysis

Previous studies have focused on the teleconnection of large-
scale circulation indices and drought (Niranjan Kumar et al.
2013; Xiao et al. 2016; Torres-Valcárcel 2018; Wang et al.
2016; Wang et al. 2017). Among the large-scale circulation
indices, the PDO and NAO are part of atmospheric circulation
modes, while Nino3.4 represents the oceanic SST signal. We
selected the PC1 time series of the Yala and Maha rainfall
seasons and applied the cross wavelet transform (XWT) tech-
nique for identifying the relationship between rainfall in two
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cropping seasons and the aforementioned indices; because
XWT can identify the regular variations occurring in a natural
frequency with high accuracy in time scale (Grinsted et al.
2004). This technique is widely applied to examine oceanic–
climatic fluctuations in most of the hydrometeorological stud-
ies (Deng et al. 2018; Echer et al. 2008; Grinsted et al. 2004).

4 Results

4.1 Rainfall Distribution during the Two Cropping
Seasons

The rainfall pattern in Sri Lanka is heavy and seasonally well
distributed due to the movement of the Inter-Tropical
Convergence Zone (ITCZ) over the equatorial region (Burt
and Weerasinghe 2014). Figures 1b–d show monthly rainfall
distribution in wet, intermediate, and dry regions in Sri Lanka.
The largest (349.6 mm) and lowest (82.6 mm) average monthly
rainfall in wet is recorded in October and February, respective-
ly. In the intermediate region, the largest average rainfall is
recorded in October (285.8 mm). The lowest average rainfall
in the intermediate region is 67.7 mm in July. In November, the
dry region experiences the largest average rainfall (294 mm),
and July is the driest month (22.6 mm). Based on the annual
cycle in Fig. 1b–d, all the climate zones depict the bimodal
distribution pattern of rainfall. For instance, the two rainfall
peaks are observed in October and May in the wet region
(Fig. 1b). Furthermore, the largest rainfall variation in the wet
region is observed in May, while the other two regions exhibit
considerable rainfall variation in December.

According to seasonal variation of rainfall, there are twomon-
soons (southwest and northeast) and two inter-monsoon (first
inter-monsoon and second inter-monsoon) periods. During the

Yala cropping season, Southwest Monsoon rainfall (SWM-June
to September) plays a key role. On the other hand, Maha
cropping season consists of the second inter-monsoon (SIM;
October–November) and Northeast Monsoon (NEM;
December to February). In the wet region, the Maha (Yala) rain-
fall season contributes 52.2% (33.0%) of the total rainfall
(2382mm). The recorded annual total rainfall in the intermediate
region is 1794.6 mm, with 61.7% (19.5%) of rainfall received
during the Maha (Yala) season. The station-based area average
total annual rainfall in the dry region is 1360 mm, while 75.7%
and 11% of rainfalls are received during the Maha and Yala
seasons, respectively. The spatial distribution of rainfall during
the Yala season is displayed in Fig. 2a where the wet region
receives considerable rainfall during the May–August, and most
of the dry and intermediate regions recorded the lowest rainfall
due to the orographic influence of the central mountain. It is
apparent that the whole country receives adequate rainfall during
the SIM season (October and November) (Fig. 2b). The eastern
part of the country gets more rainfall during the NEM season, as
shown in (Fig. 2c).

Considering the spatial rainfall distribution, it is evident
that the Maha rainfall is sufficient for agriculture production
in the whole country; however, due to the less rainfall amount
in the Yala season, the cropping in the intermediate and dry
region mostly depends on irrigation. During the Yala season,
most of the farmers in intermediate and dry regions cultivate
selected crops, which need fewer water requirements for
growth as the solution for water scarcity.

4.2 Drought Variation in Two Cropping Seasons

Based on the Central Bank reports, the spatial distribution of
SPEI-6March and SPEI-4August in severe drought and most wet
years are displayed in Fig. 3. As shown in Fig. 3a–b, whole

Fig. 2 The rainfall climatology
(mm/month) for (a) May–August
(MJJA), (b) October–November
(ON), and (c) December–
February (DJF) over Sri Lanka for
the 1985–2015 period. Black
lines demarcate the wet, interme-
diate, and dry climate zones
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stations showed a positive SPEI-6March in 1994 and negative
SPEI-6March in 2014. When we take a close look at the distri-
bution of SPEI-6March, it is found that positive SPEI-6March is
concentrated in the dry region (1.5 ~ 2), while negative SPEI-
6March are more prominent in the western and southwestern
part of the country (Fig. 3b). During the Yala season in 1998,
all the stations attributed to positive SEPI-4August, except two
stations in the southeastern and eastern part of the country,
suggested that the whole country experienced rainfall (Fig.
3c). In contrast, negative SEPI-4August is recorded for all the
stations during the Yala season in 2012 (Fig. 3d), where most
of the station exceeds dought threshold limits (SEPI-4August <
−1). Based on these findings, it is suggested that the magni-
tude of SPEI-6March/SPEI-4August differs from region to region
and season to season. Consequently, we performed spatial
EOF analysis for SPEI-6March and SPEI-4August to identify
the spatial variability during 1985–2015.

Understanding the variability in drought during the main
cropping season is essential to identify the risk of food secu-
rity on a national scale. In this study, SPEI-6March and SPEI-
4Auguest are selected to identify droughts in Maha and Yala
seasons, respectively. The drought (SPEI-6March < −1) during
theMaha season is observed in 1987, 1989, 1992, 1997, 2004,
2014, over the wet region (Fig. 4a). In the intermediate zone,
the years 1992, 1997, 2004, and 2014 recorded drought events
(Fig. 4b). As shown in Fig. 4c, the droughts during the Maha
season are recorded in 1988, 1989, 1997, and 2014 over the
dry zone. We further noticed that the number of drought
events for wet (2) and dry (1) regions for the 2000–2015 is
less compared with that of 1985–1999 (Fig. 4a–c).

Figure 4d–f illustrate the temporal evolution of droughts
(SPEI-4August) in wet, intermediate, and dry zones during the

Yala season, respectively. The droughts in the Yala season of
1986, 2001, 2002, 2011, and 2012 have been recorded over the
wet zone. On the other hand, 1994, 2001, 2004, and 2012 re-
corded droughts in the intermediate region. The six drought
events are recorded during the Yala season in 1994, 2002,
2005, 2006, 2011, and 2014 over the dry zone. It is interesting
to notice that occurrences of drought in the Yala season of the
late period (2000–2015) are comparatively higher than the early
period (1985–1999). Based on the 9-year runningmean of SPEI-
4August, the decadal variation of droughts in the Yala season is
identified over the three-climate zone in Sri Lanka (Fig. 4d–f).
Similar to our findings, NiranjanKumar et al. (2013) also found a
decadal variation of the monsoon drought in India.

4.3 Spatial Distribution of Seasonal Drought by EOF
Analysis

Based on EOF analysis, the first three loading vectors and
their corresponding principal component (PC) series for
SPEI-6March time series in Maha and Yala (SPEI-4August) sea-
sons have been shown by Figs. 5 and 6, respectively. The first
three factors explain 78.7% of the total variance of SPEI-
6March. Therefore, the first three EOFs and their corresponding
PCs have been a good indicator to identify the primary fea-
tures of drought patterns in the Maha season. For the Maha
season, EOF1 explains 65% of the total variance of SPEI-
6March, which exhibits the evolution of dry/wet conditions
and coherent drought all over Sri Lanka (Fig. 5a). Based on
the EOF value and associated PC1 time series, it can be con-
cluded that the whole country experiences drought (wet) con-
ditions irrespective of the climate zones during the Maha sea-
son in dry (wet) years. Results further show that the drought

Fig. 3 Spatial distribution of SPEI-6 at March (SPEI-6March) in relatively
(a) wet (1994) and (b) dry (2014) Maha seasons in Sri Lanka. (c, d) are
the same as (a) but for the SPEI-4 at August (SPEI-4August) in relatively
wet (1998), and dry (2012) Yala season, respectively. The specific years

are selected based on the Central Bank reports in Sri Lanka. Black lines
demarcate the wet, intermediate, and dry climate zones. The negative
SPEI (SPEI<–1) indicates drought, while positive SPEI (SPEI>1) repre-
sents the wet events
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events in the early (1985–1999) period were prominent com-
pared to the late (2000–2015) period (Fig. 5a2). That suggests
the climate was relatively dry before 1999 but became wet
after 2000. The EOF2 accounted for 8.2% of the total variance
(Fig. 5b1) and demonstrated dipole mode distribution over the
wet and dry zones, including the intermediate zone in Sri
Lanka. This type of distribution could be explained by the
orographic influence and atmospheric circulation.

During the Maha season, the water vapor is mainly
transported from the Bay of Bengal to the eastern and north-
eastern parts of Sri Lanka and then penetrates further to the
western and northwestern parts of the country. However, due
to the blocking effect of central mountains, which is situated
in the central of the country (As shown in Fig. 1a), the mois-
ture could not transport easily to the western and southwestern
parts of the country. Hence, the rainfall and drought situation
in the intermediate and dry regions are different from the wet
regions during the Maha season.

The EOF and associated PC time series of drought during
the Yala season is displayed in Fig. 6. EOF1 explained 44.2%
of the total variance. It reflects the evolution of wet and dry
conditions over Sri Lanka. When EOF1 becomes positive
from 1985 to 1999, the whole country recordedwet conditions
during the Yala period, but a contrast pattern is observed after
2000 (Fig. 6a2). The linear PC1 time series associated with a
9-year running mean exhibited a decadal variation of drought

during the Yala season. EOF2 explained 12.4% of the total
variance of SPEI-4August. Furthermore, it reflects the antiphase
distribution of droughts over the wet and dry regions of the
country (Fig. 6b1). Interestingly, the 9-year running mean of
the PC time series related to EOF2 indicates the weak decadal
variability signal in the Yala season (Fig. 6b2).

4.4 The Rainfall Variation in the Two Cropping
Seasons

The PC1 time series of Yala and Maha rainfall is used to
identify the relationship with the PC1 time series of SPEI-
4August and SPEI-6March (Fig. 7). Based on the EOF analysis,
the three consecutive PCs of rainfall received in the Yala
(Maha) season explained 53.2% (59.2), 9.67% (11.36), and
9.15% (6.86). On the one hand, the rainfall during the Maha
season shows a strong relationship (r = 0.79) with SPEI-6March

(Fig. 7a). On the other hand, the dominant mode of the SPEI-
4August has a statistically significant correlation (r = 0.93) with
rainfall during the Yala season (Fig. 7b). Therefore, rainfall
variation in Yala and Maha ascribed observed SPEI variation
in two cropping seasons over three regions in Sri Lanka, indi-
cating a weak effect of 4–6 months cumulative temperature
variability on the seasonal precipitation variability over the
period from 1985 to 2015, though the correlation of rainfall
with SPEI-6 is higher than that with SPEI-4.

Fig. 4 Temporal evolution of SPEI-6 at March in (a) wet (b) intermediate
and (c) dry climate zones in Sri Lanka for the period from 1985 to 2015.
(d–f), are the same as top panels but for SPEI-4 at August. The thick black

line indicates the 9-year runningmean, while the dashed lines indicate the
+1 and −1 as a threshold for wet and dry events, respectively. The blue
(red) bars represent positive (negative) values of the SPEI time series

Korean Meteorological Society

134 S. Shelton et al.



It can be suggested that both the timing and the spatial
distribution of rainfall had an impact on drought evolution
over a particular region (Deng et al. 2018). Therefore, the
temporal variation of rainfall during the Maha and Yala sea-
sons over three climate zones are investigated (Figs. 8a–f).
Maha season falls within the second inter-monsoon
(October–November) and Northeast monsoon (December–
February) season. The Yala season received rainfall mainly
from the southwest monsoon (May–August) season. In the
Maha season, the average monthly rainfall for the Wet, inter-
mediate, and dry regions is 197, 176, and 159 mm, respec-
tively. The rainfall anomaly below the standard deviation
(−1σ) is recorded in 1986, 1988, 1991, 2003, 2011, and
2013 for the wet region (Fig. 8a). Meanwhile, the years
1991, 1995, 1996, 2003, and 2013, are observed over the
intermediate region, corresponding to the negative rainfall
anomaly below the –1σ (45 mm) (Fig. 8b). Notably, we
found below-average rainfall events in 1987, 1988, 1991,
1996, and 2013 in the dry region (Fig. 8c). Based on the
result, most of the negative rainfall anomalies during the
Maha season are recorded in 1985–2000. The 9-year running
mean indicates a weak decadal shift of the rainfall over the
three regions during the study period.

The monthly average rainfall in the wet region (196 mm) is
larger compared to the intermediate (87 mm) and dry (39 mm)

regions during the Yala season. Negative rainfall anomalies
below the –1σ (44 mm) are recorded for 1986, 2000, 2001,
2011and 2012 during the Yala season in the wet zone (Fig.
8d). As shown in Fig. 8e, the years 1994, 2001, 2002, 2004,
2011, and 2012 were characterized by negative rainfall anom-
alies in the intermediate region, i.e., they are below the –1σ
(24 mm) for the intermediate region. Figure 8f exhibits a neg-
ative rainfall anomaly during the Yala season in the years
1994, 1999, 2002, 2006, 2011, and 2012 for the dry zone.
The results highlight that below-average rainfall events in
the wet, intermediate, and dry regions are dominant in the late
period (2000–2015) relative to the early period (1985–1999).
For instance, we detected 12 negative anomalous rainfall
years in wet and intermediate regions in the late period. The
9-year running mean emphasized a decadal rainfall shift dur-
ing the early and late periods over three regions.

We applied abrupt change detection methods, namely the
cumulative sum, cumulative deviation, and Worsley likeli-
hood, to find the change points that have occurred during
1985–2015. Notably, a statistically significant change point
of both Yala rainfall and SPEI-4August time series is observed
in 1999. On the other hand, Maha rainfall showed a statisti-
cally non-significant change point in 1996; however, SPEI-
6March depicted a statistically significant change point in the
year 2003 (Table 1).

Fig. 5 Empirical orthogonal
function (EOF) analysis for SPEI-
6 at March (Maha season) for the
period 1985–2015 (a1–b1) and
their corresponding principal
component (PC series (a2–b2).
The thick black line indicates the
9-year running mean for the PC
time series. The blue (red) bars
represent a positive (negative)
value of the PC time series
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4.5 The Influence of Large Scale Circulation on
Seasonal Rainfall

As we know, SSTs are warmer, and the trade winds are weak-
er than normal in the central and eastern Pacific Ocean, and

SSTs are cooler than normal in the eastern Indian and western
Pacific Oceans during El Niño events. These conditions are
reversed during La Niña events (Philander, 1990). El Niño
and the Sothern Oscillation together comprise a complex
atmosphere-ocean interaction system known as the ENSO

Fig. 7 The temporal evolution of
the principal component one
(PC1) time series of SPEI-6 at
March (red line) and rainfall
anomaly (blue line) for (a) Maha
seasons (b) is the same as (a) but
for the SPEI-4 at August (red line)
Yala season. The correlation co-
efficient between PC1 of SPEI
and rainfall anomaly is shown by
r, while the ** indicates a signifi-
cant correlation at the 95% confi-
dence level

Fig. 6 Empirical orthogonal
function (EOF) analysis for SPEI-
4 at August (Yala season) for the
period 1985–2015 (a1–b1) and
their corresponding principal
component (PC series (a2–b2).
The thick black line indicates the
9-year running mean for the PC
time series. The blue (red) bars
represent positive (negative)
values of the PC time series
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phenomenon. Shaman and Tziperman (2007) have depicted
that ENSO-Indian Monsoon teleconnection comes from the
ENSO related dynamics in the upper tropospheric mid-
latitude regions. Warming over the central Pacific creates up-
per tropospheric divergence over the region, which is the
Rossby waves source. These Rossby waves are guided by
North-African-Asian jet, and associated positive vorticity
anomalies do get flooded over the central Asian regions. The
effect of these anomalous positive vorticities is pronounced
cooling over those regions, which resulted in weak tempera-
ture gradients in the upper troposphere over the Indian region.
This disrupts the monsoon flow over the Indian region, and Sri
Lanka experience below-average rainfall monsoon during El-
Nino years; in contrast, the inverse pattern is observed during
the La-Nino years.

The previous study revealed that ISMR has negatively and
strongly associated NAO with the previous spring (MAM),
which might be explained in terms of the winter sea level
pressure (SLP) over Azores High, one of the pressure centres
of action in the NAO (Bhatla et al. 2016). It is observed
below-average winter SLP over this reason, during the nega-
tive NAOI, which lead to weaker westerlies than usual

carrying warm maritime air mass over the Eurasian region,
as a result, increase the wintertime snow depth over Eurasia
to enhance the good monsoon activity over the Indian region
(Kripalani and Kulkarni 1999). However, the relationship be-
tween NAOI and ISMR changes its sign from negative to
positive during monsoon season due to the intense westerlies
with respect to the changing wind direction by more than 120
and increase in wind speed by at least by 3 m/s in comparison
to that of the pre-monsoon season (Bhatla et al. 2016).

As the decadal variation of the PDO and the number of
Monsoon depression over the Bay of Bengal depicts a strong
negative correlation. For instance, Several recent studies have
shown that variability in the Pacific Ocean can modulate the
Walker circulation over the Indo–Pacific basin, with subsi-
dence over the Maritime continents and generate low-level
easterly anomalies over the equatorial Indian Ocean
(Krishnamurthy and Krishnamurthy 2014; Roxy et al. 2014).

The relationship of first modes of precipitation variability
with the large-scale variability over two regions of Sri-Lanka
is assessed and presented in Fig. 9. Three different sea surface
temperature indices (SSTs) are utilized, within, which there is
the oceanic Nino index (Nino3.4), refers to as sea surface

Fig. 8 Temporal evolution of
rainfall anomaly (mm/month) for
(a) wet, (b) intermediate, and (c)
dry climate zones during the
Maha season (October–March).
(d–f), are the same as top panels
but for the Yala Season (May–
August). The thick black line
indicates the 9-year running
mean. The blue (red) bars repre-
sent positive (negative) rainfall
anomalies. The μ and σ represent
the long-term mean (mm/month)
and standard deviation of rainfall,
respectively, while the dashed
horizontal lines indicate ± stan-
dard deviations

Table 1 The change point of the
PC1 time series of SPEI-4
August, SPEI-6 at March, and
seasonal rainfall during the Yala
and Maha seasons. The letters
“a,” and “b,” indicate the statisti-
cally significant step-change at
95%, and 99% confidence levels,
respectively

Method Yala season Maha season

PC1-SPEI-4 PC1-Rain PC1-SPEI-6 PC1-Rain

CUSUM 1999a 1999a 2002 1996

Cumulative deviation 1999b 1999a 2003 1996

Worsley likelihood 1999a 1999a 2003 1996a
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temperature anomalies in an area of the east-central equatorial
Pacific Ocean, PDO and the NAO. A significant relationship
between the NINO3.4 and PC1 of Yala rainfall (Fig. 9a) can
be found within a 3–4-year, 2–3-year, 4–6-year, and 2–3-year
bands oscillation over 1989–1992, 1995–1997, 1992–2001, and
2009–2011 time intervals, respectively. The highest peak that
corresponds to the band of the 4–6-year is obtained for the period
from 1992 to 2001 in the Yala season. The dominated arrows in
this band are straight up, meaning that the Nino3.4 leads the
rainfall by 90°. This signifies that nino3.4 influences the highest
mode of precipitation variability over the area at different time
scales ranging from 2 to 6 years. At this time, bands remain
shows dominated out-of-phase variations between these param-
eters. A band of 2–3-year shows a significant relationship be-
tween the PC1 and Nino3.4 during 2006–2009 (Fig. 9d). This
implies that the rainfall change over Maha is associated with the
Nino3.4 anomaly. An in-phase variation between the rainfall and
Nino3.4 is obtained over this area. It means that the positive
(negative) face of Nino3.4 corresponds with a positive
(negative) face of rainfall.

The PDO associated with the Yala rainfall variability depicts
significant association coefficients during 1994–1997 corre-
sponding to bands of 1–2-year and 5–6-year oscillations (Fig.
9b). Over the 1990–1993, 2009–2010, and 2000–2003 time

intervals, 2–4-year, 10–12-year, and 3–4-year bands are
attained. There is an overlapping band of the 4–5-year band
between 1990 and 1993. Arrows within the band 2–4-year are
straight down, whereas within 10–12-year are straight up, sig-
nifying that the Yala rainfall lags the PDO, but the latter leads
the rainfall during the corresponding times. Bands remain to
exhibit in-phase oscillations within their respective time. It
means that the seas surface temperature anomaly influences
the rainfall variability during the Yala season. Two important
bands can be observed from the relationship between the rain-
fall during theMaha season and the PDO (Fig. 9e). These bands
of 1–2-year and 4–6-year oscillations are found during 2008–
2011 and 1991–1998, respectively. Anti-phase (in-phase) vari-
ation can be found over the band of 4–6-year (1–2-year), cor-
respondingly. This means that a positive (negative) face of
PDO is connected with a negative (positive) face of the rainfall.

Correlations between PC1 of rainfall in Yala season and
NAO are significant over 1–2-year and 2–4-year bands during
the period from 1993 to 1998 and from 2009 to 2011, respec-
tively (Fig. 9c). It means that the NAO influences the rainfall
variability over this region. Opposite flows can be observed
between the NAO and PC1 in the Yala season during 1993–
1998, meaning that positive variability in rainfall is linked
with negative variability in NAO in this period. However,

Fig. 9 Cross wavelet transform of the rainfall PC1 time series with (a)
Nino3.4, (b) Pacific decadal oscillation (PDO), and (c) North Atlantic
oscillation (NAO) for the Yala season. A thick black contour line indi-
cates a 95% confidence level against the red noise. The arrows represent
the relative phase relationship between the two-time series. (d–f), are the

same as the top panel, except for Maha season. Red (dark blue) color
represents a higher variance in data. Arrows pointing upwards
(downwards) indicate a lag (lead) of 90° (−90°) (one-quarter of a cycle),
respectively. Arrows pointing to the left (right) indicate the antiphase (in-
phase) relationship, respectively
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from 2009 to 2011, an in-phase oscillation between the two
variables is apparent. This means the positive (negative) face
of NAO matches with the positive (negative) face of rainfall.
Significant relationships of the precipitation variability in
Maha season are found in bands of 4–6-year and 1–4-year
over 1993–1996 and 2008–2012, respectively (Fig. 9f). It
means that the change in sea surface temperature over the
NAO region is importantly associated with the high rainfall
variability of the region. An in-phase relationship is obtained
between the precipitation variability and the NAO during
1993–1996, whereas and dominant antiphase is acquired be-
tween these variables from 2008 to 2012. This means the
positive (negative) face of NAO matches with a negative
(positive) face of rainfall.

The SST variability through the teleconnection can lead to
variations in geopotential height. The variability in geopotential
height induces the variation in rainfall. Likewise, the moisture
from SST could be transported via the circulation of the winds
into the inland of Sri Lanka. Under certain boundary layer con-
ditions, the moisture from the seas could undergo rising motions
favoring (disturbing) the convection systems. This situation
could lead to rainfall variability following the influence of sea
surface temperature changes.

4.6 Mechanism for Decadal Rainfall Shift for Yala
Cropping Season

Analysis of the moisture divergence variability provides in-
sights into the major modes of precipitation variability, as well
as the moisture sources themselves (Xu et al. 2016).
Therefore, the EOF analysis was applied over the domain
5.5° ~ 10°N and 79°E ~ 83°E to examine the spatial and tem-
poral behavior of moisture flux divergence in the Yala season.
Figure 9a and c illustrate the dominant mode of EOFs of
Vertically Integrated Moisture Flux Divergence (VIMFD)
during the Yala season, while the first (EOF1) and second
(EOF2) modes account for 50% and 12% of the total variance,
respectively. The first EOF captures extreme moisture diver-
gence (convergence) patterns during the weak (strong) mon-
soon years, while deep moisture divergence (convergence) is
located in the western/ southwestern parts of Sri Lanka. More
than average moisture is converged when the PC of the year is
positive (Fig. 9a). Furthermore, the 9-year running mean ex-
hibits a decadal variation of PC1 time series, as shown in Fig.
9b. Based on Figs. 10a, b, the strongest moisture convergence
is observed during 1985–1999, while moisture divergence
over Sri Lanka is dominant during 2000–2015, which

Fig. 10 The (a) first EOF with
explained variance (%) of mean
vertically integrated moisture flux
divergence (units;
10−6 kg m−2 s−1) in the Yala
season for 1985–2015 and (b) the
corresponding principal compo-
nent (PC1) time series. The lower
panel is the same as the top panel,
but for the second EOF and PC2.
The 9-year running mean of the
PC time series is depicted in the
black line. Positive and negative
PC1 values are shown in blue and
red colors, respectively. The wet,
int, and dry represent the three
climate regions
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ascribed the observed decadal variation of Yala rainfall over
Sri Lanka.

The second spatial pattern (Fig. 10c) portrays the most
typical characteristics of the moisture flux divergence with
uniformly negative (positive) departures located in the eastern
and southeastern (western and southwestern) parts of the
country. The time coefficient (Fig. 9d) shows more moisture
divergence occurrences during the 1995–2007 period over the
western /southwestern part of the country. A similar result has
been recorded by Xu et al. (2016). They point out that the
characterization of spatial patterns of inter-annual variability
in the atmospheric moisture divergence over the tropical
Pacific (EOF analyses) is linked directly to anomalies in
rainfall.

In order to understand the decadal variation of VIMD over
Sri Lanka during 1985–2015,We further investigate low-level
wind (at 850 hPa) circulation and the difference between wet
and dry years of the geopotential height. Figure 11 illustrates
the mean state of wind circulation at 850 hPa. As a result of

intensified surface evaporation due to the increase in wind
speed over warm SSTs regions, releasing more heat flux in a
strong wind environment. Chelton and Xie (2010) addressed
that the releasing of strong heat flux strengthens atmospheric
instability, which leads to strong convection over the region.
As shown in Fig. 11a, the wind speed over the western and
southwestern parts of Sri Lanka and the surrounding sea is
greater than the Bay of Bengal’s direction. In addition, it fur-
ther shows that wind from the Arabian Sea direction brings
moisture towards Sri Lanka. The wind magnitude of the early
period (1985–1999) is strengthened compared to the long-
term mean (Fig. 11b), while cyclonic wind circulation is ob-
served near Sri Lanka and the eastern Arabian Sea. Pathak
et al. (2017) identified that major atmospheric moisture con-
tributors are the Western Indian Ocean (WIO), Central Indian
Ocean (CIO), and Upper Indian Ocean (UIO) for the Indian
summer monsoon period. Similarly, we found that the
Arabian Sea (western Indian Ocean) is a key moisture source
for the rainfall during the Yala season in Sri Lanka.

It also displays that the wind magnitude and wind direction
in the late period are weaker than the long-term mean wind
speed (Fig. 11c). This observed weakening of the monsoonal
winds is caused by decreasing the land-sea thermal contrast
because of warmer Arabian SST. Based on Fig. 10, we sug-
gest that moisture convergence over Sri Lanka, especially
over the wet region, is below normal for 2000–2015 that
causes rainfall subsidence during the Yala season. Similarly,
Izumo et al. (2008)found that a decrease in southwesterly
winds would lead to a weaker monsoon rainfall by decreasing
moisture convergence over the Indian summer monsoon
region.

As observed, the weakening of the low-level jets is one of
the key evidence for weakening the Yala rainfall over Sri
Lanka for 2000–2015. In parallel with the observed result,
Roxy et al. (2015) revealed that the weakening of mean south-
westerly winds is one reason for the reduced Indian summer
monsoon rainfall in recent decades. Lin et al. (2016) observed
the decadal weakening of low-level south wind averaged over
110° E ~ 120°E due to East Asian summermonsoon in the late
1970s.

The geopotential height at 500 hPa level (hereafter H500)
in early (1985–1999) and late (2000–2015) periods is ana-
lyzed to identify the mechanism for the observed decadal
changes of Yala rainfall. Figure 12a–b depicts the anomalous
H500 averaged over two periods separately. As we know, the
weak geopotential height anomaly creates a favorable condi-
tion for wind penetration over the continent. In the early peri-
od, H500 overmost parts of the South Asian region, with large
negative anomalies centered over Sri Lanka and the surround-
ing Indian Ocean. Positive H500 anomalies are located from
the northern Arabian Sea to central Asia (i.e., between 45°E
and 75°E). Because of low H500, enhanced wind circulation
brought considerablemoisture towards the country in the early

Fig. 11 The wind magnitude (shaded; ms−1) at 850 hPa superimposed
with wind vectors in the Yala season averaged for (a) 1985–2015
(WClim). (b, c) the same as (a) but for the anomalous wind for 1985–
1999 (WP1) and 2000–2015 (WP2), respectively. The reference wind vec-
tor magnitude is 12 ms−1 for the first panel and 0.5 ms−1 for the last two
panels
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period and received above-average rainfall during the Yala
season (Fig. 12a). Similar to these findings, Okoro et al.
(2019) found that the 700 hPa geopotential height has mainly
negative (positive) anomalies in wet (dry) years at the Gulf of
Guinea area and the eastern equatorial Atlantic.

Besides, increased geopotential heights and decreased fre-
quency of depressions may have been related to increased
frequencies and intensities of dry conditions (Türkeş 1998).
The H500 anomalies in the late period are opposite to those in
the early period. The positive H500 anomalies centered over
Sri Lanka and surrounding areas can induce anomalous down-
ward motion, which is favorable for deficient rainfall condi-
tions (Fig. 12b). In general, the interdecadal difference of
geopotential height anomalies is also consistent with the de-
cadal change of rainfall anomalies during the Yala season in
Sri Lanka, whereby more frequent and severe drought events
occurred over the period from 2000 to 2015.

5 Conclusion

A comprehensive understanding of drought variation and its
associated mechanisms are vital for the enhancement of
drought mitigation planning. Therefore, the spatial and tem-
poral characteristics of drought and the differential influence
of ENSO, PDO, and NAO events on the drought over Sri
Lanka have been examined for the two major cropping

seasons. For this purpose, the multi-scale Standardized
Precipitation Evapotranspiration Index (SPEI) was calculated
for wet, intermediate, and dry climate zones in Sri Lanka
during the period 1985–2015. SPEI-4August and SPEI-6March

were selected to evaluate drought variation during the Yala
and Maha cropping seasons, respectively.

The SPEI-6March depicts more wet events after 2003,
whereas from 1980 to 1999, drought events are dominated.
During the Maha season, this wetting tendency is favorable
for agriculture and livestock productions, especially over the
intermediate and dry regions. In Sri Lanka, the drought in the
Yala season (SPEI-4August) shows the decadal variation
inherited by the decadal variation of the rainfall received dur-
ing the Yala season. It also showed a step-change in 1999 and
more drought events during the late period (2000–2015). We
found that the SPEI-4August and SPEI-6March were closely as-
sociated with Southwest monsoon and northeast monsoon
rainfall, respectively, over the three climate regions.
Interestingly, the observed decadal variation of SPEI-4August
can be ascribed by the decadal variation of rainfall in the Yala
season.

We further investigate the causes for decadal variation in
Yala rainfall and found that the moisture divergence also
depicted a decadal shift compatible with the decadal weaken-
ing of Yala rainfall. It is well established that low-level mois-
ture transport is a key contributor to the Indian summer mon-
soon rainfall. In terms of moisture transport, the low-level

Fig. 12 Anomalous geopotential
height at 500 hPa (H500) in Yala
season averaged for the period of
(a) 1985–1999 (P1), and (b)
2000–2015 (P2) periods. The cli-
matology of H500 (H500Clim) is
calculated for the 1985–2015
period
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wind circulation (850 hPa) is studied in this study. Notably,
the weakening of the 850 hPa wind circulation in the late
period (2000–2015) suppressed moisture transport and asso-
ciated moisture convergence over Sri Lanka. Meanwhile, in-
creasing the geopotential height at 500 hPa reduces the wind-
driven moisture flux in the late period. On the other hand,
the large-scale circulation characterizes the observed seasonal
rainfall variability at interannual (Nino3.4) to decadal-scale
(PDO, AMO).

It is stongly suggested that more complicated PET calcula-
tion method, such as FAO-56 Penman-Monteith (Valiantzas
2013), is applied to incoperate other climate variables except
temperature, especially for the further projections of drought
changes in the region.

This study provides valuable information for sustainable
water resources management and agricultural activities across
Sri Lanka. In addition, it allows taking adaptation measures to
future climate changes by considering the widespread
droughts anticipated in the coming decades that are important
on a national scale. The lesson learned from previous drought
experiences should be considered to set the adaptation strate-
gies for future droughts.
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