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Abstract: This study investigates the variation of seasonal streamflow and streamflow extremes in
five catchments of the Mahaweli River Basin (MRB) Sri Lanka from 1990 to 2014, and the relationship
between streamflow and seasonal rainfall in each catchment is then examined. Furthermore,
the influence of Indian Ocean Dipole (IOD) and El Nino and Southern Oscillation (ENSO) on the
seasonal rainfall and streamflow in the upper (UMRB) and lower reaches (LMRB) of MRB are explored.
It’s found that the rainfall amount in southwest monsoon (SWM) season contributes 29.7% out of
annual total rainfall in the UMRB, while the LMRB records 41% of the total rainfall during the
northeast monsoon (NEM) season. The maximum streamflow of upper (lower) Mahaweli catchments
is observed in the SWM (NEM) season. Catchments in the UMRB (LMRB) recorded strong interannual
variability of seasonal overall flow (Q50), Maximum 10-day, and 30-day flows during the SWM (NEM)
season. It’s further revealed that the catchment streamflow in the UMRB is closely correlated with the
SWM rainfall in the interannual time scale, while streamflow of catchments in the LMRB is closely
associated with the NEM rainfall. The effects of ENSO and IOD on streamflow are consistent with
their impacts on rainfall for all catchments in MRB, with strong seasonal dependent. These suggested
that the sea surface temperature anomalies in the both Indian Ocean and tropical Pacific Ocean are
important factors affecting the streamflow variability in the MRB, especially during the SWM season.

Keywords: streamflow variability; hydrological extreme; seasonal rainfall; Mahaweli River Basin;
ENSO; Indian Ocean Dipole

1. Introduction

The hydrologic cycle at the watershed scale reflects the complex interactions among climate, land
use, and land cover changes (LULC), soil properties, geology, and terrain [1]. Climate change affects
the changes in the global hydrological cycle [2] that can lead to severe storms, floods, and droughts [3].
Streamflow is the most important component of the hydrological cycle, which directly links to water
resources management. Alterations in the long-term discharge of streamflow can be caused by decadal
or inter-decadal climate variability, and anthropogenic activates such as LULC in the upstream basin,
construction of reservoirs [4], and diversion of water for irrigation [5,6]. Among them, precipitation
variability [7] and LULC [8] in the watershed are the two most likely drivers of long-term discharge
modifications in a large river basin. For example, Pascolini-Campbell et al. [9] found that natural
precipitation variability influenced by interannual to decadal ENSO variability is the main cause for
observed inter-annual variability of Gila River flow. Similarly, Panda et al. [10] revealed that intensified
interannual variability of the Mahanadi streamflow is occurred due to the moving variability of
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rainfall. Furthermore, stronger interannual rainfall signals showed the same pattern as the streamflow
variability over West Africa [11]. These facts suggested that annual and seasonal variations in the
streamflow associated with the inconsistent atmospheric conditions via variation in rainfall and
temperature. The resulting anomalous flow regimes may have caused a series of water resource
problems in some regions [12], in terms of quality and quantity [13]. In these situations, altered flow
regimes affect hydropower generation, drainage, and irrigation operation [14] as well as freshwater
ecosystems. Therefore, the impacts of climate change and anthropogenic perturbations on changes in
the streamflow [15] have been widely investigated by the research community in recent years.

As a result of climate change, the earlier studies of streamflow in various parts of the world
observed either increased river discharge [5,16] or increased water stress [17]. In addition, some studies
identified the changes in streamflow in different seasons [10,18]. Observational studies revealed a
decreasing trend in annual flood maxima, despite increases in precipitation [19]. Wasko and Sharma [20]
reported that a rise in temperature could cause a rise in precipitation, which leads to an overall increase
in streamflow at small catchments. Gudmundsson et al. [21] found that significantly decreasing
regional trend in mean, 90th percentile of streamflow, and maximum streamflow in South Asia for the
period of 1971-2010 while the observed increasing trend of these streamflow variables in East Asia for
the period of 1961-2000. Zhang et al. [22] reported declining trends of streamflow in southern Australia
since 1950. Based on these studies, the trend and variability of the streamflow are not the same around
the world, which could be largely ascribed to the difference in rainfall trends and variations.

The Mahaweli Development Program (MDP) was implemented based on the Mahaweli River Basin
(MRB) since 1977. As the largest and the most extensive physical and human resource development
program ever implemented in Sri Lanka, MDP had focused on constructing a series of reservoirs,
hydroelectricity plants and to develop a large area of land with irrigation. After implementing MDP,
Mahaweli water irrigates in the one-sixth (55% of the dry zone) of Sri Lanka [23] and generates 40%
of hydropower to the national grid. In the context of the water-climate-food-energy nexus, the MDP
associated with Mahaweli water was demonstrating substantial failures due to the spatial and temporal
impacts of climate variability, socioeconomic demands for water allocation and distribution for paddy
cultivation in dry zone areas. Therefore, studying the hydro-climatic variability and changes in the
Mahaweli River Basin (MRB) is important for effective water management and irrigation. According
to the previous studies, most of the research related to MRB address water resource management [23],
water pollution [24], agriculture, and soil [25]. Up to date, very limited studies have been focused
on investigating seasonal streamflow characteristics, the variation of streamflow extremes, and their
linkages with the major climatic variables over MRB. To understand the integral view of the impact of
climate variability on the water cycle over a specific region, the study of river discharge evolution is
very important, which may be required to present and planned irrigation schemes within the water,
energy, and food security nexus. Therefore, this study has been focused to investigate the streamflow
variability at the interannual timescale in order to get a better understanding of the year-to-year
variation in fundamental flow characteristics. For capturing the year-to-year variation of seasonal
streamflow in each catchment, the mean and median of the daily streamflow for a given season are
analyzed. In addition, the long-term Max10-day flow, Max30-day flow, Prevalence of flows above 95th
percentile of the daily streamflow (PQ95), and Prevalence of flows below 5th percentile of the daily
streamflow (PQ5) have been calculated for each catchment to identify the extreme flow characteristics
and year to year variation.

Previous studies suggested that El Nifio-Southern Oscillation (ENSO) does influence temperature,
rainfall, and streamflow in Sri Lanka [23,26-28]. Meanwhile, Indian Ocean sea surface temperature
also has an impact on rainfall over Sri Lanka through large-scale water vapor convergence in the lower
troposphere. In the positive Indian Ocean Dipole (IOD) phase, more rainfall is received over Sri Lanka
compared to negative IOD [29,30]. Zubair [27] focused on the influence on Mahaweli streamflow by El
Nino-southern oscillation (ENSO) phenomenon, without distinguishing the relationship of rainfall
over the UMRB and LMRB with Nino3.4 index in different seasons. For his study, only two river
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gauges and three rain gauges located in the UMRB are used to identify the influence of ENSO in
Mahaweli streamflow and rainfall for the 1943-1993 period. Many studies found that the weakening in
the ENSO-monsoon relationship in recent decades is dominated by natural decadal variability rather
than the global warming trend [31]. Therefore, there is a timely need to identify the relationship among
catchment rainfall, streamflow, and ENSO in different sub-basins of Mahaweli River Basin using more
updated hydro-meteorological station observational data. In addition, the impact of the Indian Ocean
signal on the MRB rainfall and streamflow has also yet been revealed. Due to the complex terrain and
monsoon system in Sri Lanka, the rainfall in the upper reaches of the MRB is mostly affected by the
southwest monsoon, while the rainfall in lower reaches of the MRB is affected by the northeast monsoon.
Therefore, in this study, the variations of seasonal hydro-climatic variables in the MRB and their
relationship with the external ocean signals (i.e., IOD, Nino3.4) are explored for the upper and lower
reaches of MRB during the southwest and northeast monsoon period, respectively. The understandings
of the streamflow and rainfall variabilities in the MRB and their possible mechanisms will also provide
scientific support to sustainable water resource management under the MDP.

The paper is organized as follows. The study area and datasets used in this study are briefly
described in Section 2. In addition, the outline of the methodology applied is given in the same section.
The result and discussion are drawn in Section 3. Finally, Section 4 is allocated for conclusions.

2. Dataset and Methods

2.1. Study Area and Dataset

The Mahaweli River is the longest river in Sri Lanka. It flows for 335 km. As the largest river
basin, MRB covers an estimated area of about 10,448 km?2, which is about 16% of Sri Lanka’s land
area [32]. Annually, the basin receives precipitation of 28 x 10° m? out of that 9 x 10° m? is discharged
to the sea [33]. The mean annual runoff of the Mahaweli is 8.8 x 10° m? and contributed to one-seventh
of the total runoff of all the rivers in Sri Lanka [34]. In the MRB, the rainfall is highly variable in time
and space. Hewawasam [35] classified the MRB into upper (UMRB) and lower (LMRB) Mahaweli
basins. According to his demarcation, the UMRB belongs to the wet climatic zone and a small patch of
the intermediate zone. The upper reaches of the Mahaweli located in the western part of the central
highlands, whereas the total annual precipitation is reaching 6000 mm [32,33]. The mean annual
precipitation for the lower reaches of the MRB varies from about 1600-1900 mm. Mahaweli water
irrigates 3650 km? of paddy fields in the lowlands, including 10,049 km of canal networks at present.
Also, the Mahaweli hydropower complex has seven major power stations with a capacity of 775 MWs,
which contributes around 17% electrical energy (40% of the island-wide hydropower potential) to the
national grid annually [35]. In the present, approximately 15% of the Sri Lankan population (2.8 million
people) inhabits MRB, and about 166,269 households being settled in the Mahaweli settlement areas.

The previously defined boundaries of the UMRB and LMRB [35] are utilized in this study to
demarcate two reaches of the river basin. The associated watersheds in six river gauging stations are
delineated using the SRTM digital elevation model (Figure 1b). After delineated catchments based
on the river gauges, three catchments (Calidoniya-CA, Nawalapitiya-NA, and Peradeniya-PA) are
belonging to the upper reaches of MRB (UMRB, 2917.3 km?). There are three catchments, i.e., Laggala
(LA), Thaldana (TH), and Manampitiya (MA), located in lower reaches of the MRB (LMRB, 7345.7 km?).
Figure 1c shows elevation profile along the main channel of the Mahaweli River. The topography
range for CA, NA, and PA catchments are 1327-2060 m, 562-1300 m, and 467-2060 m, respectively.
The topography range of LA, TH, and MA catchments are 163-1657 m, 300-1337 m, and 39-2264 m,
respectively. As shown in Table 1, the area of CA, NA, PA, and LA catchments are 185.1, 143.7, 1146,
and 117.9 km?, respectively. The MA catchment (5929 km?) has comprised the UMRB (2917.3 km?)
and part of the LMRB (3011.7 km?). The streamflow in NA and CA catchments in the UMRB and also
streamflow at LA and TH catchments in the LMRB are less influenced by human activities such as
reservoir operations and water diversion for irrigation. However, the streamflow in PA catchment
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can be influenced by the reservoir operation for hydropower generation to some extent, and the river
diversion can also modulate the streamflow of MA catchment at Pollgolla barrage.
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Figure 1. Distribution of (a) rain gauges (black dots) and river gauges (red stars) over the Mahaweli
River Basin. (b) Delineated six catchments and (c) elevation profile along with the Mahaweli River start
from Calidoniya, to Manampitiya catchment. The red color polygon indicates the upper Mahaweli
river basin (UMRB), while the rest of the area represents the lower Mahaweli river basin (LMRB). Blue
squares show the dam sites in MRB.

Table 1. Characteristics of delineated catchments and their country locations.

Catchment Lat (°N) Lon (°E) Elev/m Area/km? River Period

CA 6°54’ 80°42’ 1296 185.1 Agra oya 1990-2014
NA 7°02 80°32’ 573 143.7 Mahaweli 1990-2014
PE 7°16’ 80°36’ 479 1146.0 Mahaweli 1990-2014
LA 7°34' 80°49’ 165 117.9 Kalu Ganga 1990-2014
TH 7°05’ 81°02 385 276.3 Badulu oya 1996-2014

MA 7°54’ 81°05 44 5929.2 Mahaweli 1990-2014
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The daily streamflow data recorded in outlets of six catchments over the MRB are obtained
from the Department of Irrigation, Sri Lanka, from 1990 to 2014. The spatial distribution of river
gauging stations and their characteristics are presented in Figure 1a and Table 1, respectively. Three
river gage stations (Nawalapitiya, Peradeniya, and Manampitiya) are located in the main channel of
Mahaweli river while Claidoniya, Thaldana, and Laggala river gauges are located in the branches
of Mahaweli river are called as Agra Oya, Badulu Oya, and Kalu Gaga, respectively. Thaldana
catchment in the LMRB is not used for analysis due to the lack of long-term daily streamflow records.
The daily precipitation records from 43 rain gauge stations covering the MRB are provided by the
Department of Meteorology, Sri Lanka, for the period of 1990-2014. The SRTM digital elevation model
(30 m resolution) is downloaded from the global topography database (http://earthexplorer.usgs.govy/).
The present study used 1° X 1° resolution Sea surface temperature (SST) data from the Met Office
Hadley Center Sea Ice and Sea Surface Temperature version 1.1 (HadISST1.1) [36] to calculate the
Nifio3.4 index, which represents the central tropical Pacific ocean conditions. Besides, the Dipole mode
index (DMI) has been calculated, which denotes the east-west temperature gradient across the tropical
Indian Ocean [37] using the same SST data product.

2.2. Methodology

It’s well known that there are four seasons on Sri Lanka and other South Asian countries,
which are defined by the rainfall and circulation patterns over the country, i.e., southwest monsoon
(SWM; June-September), northeast monsoon (NEM; December—February), first inter-monsoon (FIM;
March-May) and second inter-monsoon (SIM; October—-November), respectively [38,39]. The area
average annual and seasonal rainfall in delineated catchments, i.e., CA, NA, PA, LA, and MA,
are calculated for the period 1990-2014 to investigate the seasonal cycle of streamflow and rainfall
and their relationship over MRB. For estimating area average rainfall, the Thiessen polygon (TP)
method is widely used in hydrology and meteorology [40,41]. However, the simplistic TP method
is suitable for estimating monthly precipitation in the flat terrains [42]. The rainfall amount in the
mountainous watershed is also dependent on the local topography. Therefore, the area average rainfall
is calculated by combining the TP method with the elevation regression method [42], and this method
has been applied to calculate the area average rainfall in mountainous catchment [43]. In this study,
the rain gauges data inside the delineated catchment boundary are used to calculate area average
precipitation using the above-mentioned method. As there is no rain gauge inside the LA catchment
(Table 2), the nearest two rain gauges outside the LA catchment (with distance of 2.6 km and 6.8 km,
respectively) are used to calculate the area average rainfall in LA catchment. Noting that the combined
method is not applied to calculate the area average rainfall in CA and LA catchments due to the less
number of stations (<3). For demonstrating the spatial distribution of seasonal rainfall over MRB,
the Cressman interpolation technique [44] is adopted to interpolate the rain gauge data into 0.1 x 0.1
degree grid-cell data.

Table 2. Rainfall totals (mm) over different catchments/ basin for the northeast monsoon (NEM), first
inter-monsoon (FIM), southwest monsoon (SWM), and second inter-monsoon (SIM) seasons. CA, NA,
PA, LA, and MA denote Calidonia, Nawalapitiya, Peradeniya, Laggala, and Manampitiya catchments,
respectively. The bold value indicates the recorded maximum rainfall in each season.

Seasonal Rainfall/mm

Catchment/Basin No. of Rain Gauge Total Rainfall/mm
NEM FIM SWM SIM
CA 2 278 354 504 353 1489
NA 4 409 977 1987 712 4085
PA 14 402 591 927 572 2492
LA 2 923 399 272 683 2277
MA 33 624 356 377 540 1897
LMRB 21 748 307 212 556 1823

UMRB 22 525 434 639 560 2158
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As an initial stage of analysis, daily streamflow time series with more than 15% missing values
within the analysis period are excluded in calculating the monthly average. If there is a one- or
two-day gap in the daily dataset, the missing values are interpolated by calculating the average of
proceeding and succeeding two days daily streamflow. The low, medium, and high streamflow are
widely used as hydrological indicators in water research and management [18]. In this paper, seasonal
streamflow characteristics will also be computed and analyzed for the above mentioned four different
seasons. In addition, the 5th, 50th, and 95th percentiles of daily streamflow for the different seasons
(SWM, NEM, FIM, and SIM) have been calculated for each catchment. The low flow (Q5), median
flow (Q50), and high flow (Q95) are related to the 5th, 50th, and 95th percentile value of the daily
streamflow, respectively. The Max10-day flow and Max30-day flow, prevalence of flows below Q5
(PQ5), and prevalence flow above Q95 (PQ95) [18,21] are considered as indices to identify the extreme
streamflow events. To understand the variability of streamflow extremes, time series of Max10-day
flow, Max30-day flow, PQ5, and PQ95 are analyzed. The top 10 and 30 maximum daily streamflow
records for the given season in each year are selected to calculate the average of Max10-day and
Max30-days flow (m3s71), respectively. To calculate the PQ5 in each catchment for different seasons,
the numbers of days, which are below the Q5 values, are counted. Similarly, the numbers of days that
exceed the Q95 are counted to get PQ95.

3. Result and Discussion

3.1. Seasonal Cycle of Rainfall and Streamflow

Figure 2 shows the seasonal cycle of mean monthly streamflow and rainfall in CA, NA, PA, LA,
and MA catchments of the MRB for the period 1990-2014. The close association between the annual
cycle of streamflow and rainfall over catchments in the UMRB and LMRB can be found. For the UMRB,
two dominant peaks of rainfall (June and October) are observed in the CA, NA, and PA catchments
(Figure 2a—c). During the SWM season (June to September), the maximum rainfall is recorded in
June with relatively less rainfall observed during August and September in the UMRB. The lowest
rainfall and streamflow of the CA, NA and PA catchments are recorded from December to February
(Figure 2a—c), which are responding to the cease of the NEM season.
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Figure 2. Average streamflow (m® s71) and rainfall (mm) for (a) Calidoniya, (b) Nawalapitiya, and (c)
Peradeniya catchments in UMRB during the periods of 1990-2014. (d) Laggala and (e) Manampitiya
are the same as (a) but catchments located in the LMRB, respectively. The pink and light blue shaded
strips indicate the northeast monsoon (NEM) and southwest monsoon (SWM) seasons, respectively.
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The LA and MA catchments in the LMRB have recorded more rainfall and streamflow from
November and January. According to Figure 2d—e, the lowest streamflow of the LA and MA catchments
are observed from May to September, and less rainfall can be found from February to September,
except that there are small peaks in April both for rainfall and streamflow. Based on the station data
analysis, we can find that the streamflow of each catchment is closely associated with rainfall variation
over both the upper and lower reaches of the MRB. For the long-term average (1990-2014) of rainfall in
MRB, annual total rainfall of the LMRB and UMRB are estimated to be 1823 and 2158 mm, respectively.
Out of these, the LMRB received the highest seasonal rainfall during the NEM season, which is about
41.0% of the annual total. In addition, the LMRB received 30.5%, 16.9%, and 11.6% rainfall during the
SIM, FIM, and SWM seasons, respectively. The UMRB recorded more than 50% of the total rainfall
during the SWM (29.7%) and SIM (25.9%) seasons. On the other hand, the contributions of the NEM
and FIM rainfall to annual total rainfall of the UMRB are 24.3% and 20.1%, respectively.

The total rainfall distribution in each season over the MRB during the period of 1990-2014 is
displayed in Figure 3. In addition, Table 2 provides the rainfall variation in selected catchments for
different seasons. During the FIM season, the total rainfall is higher in the southwestern part of the
catchment (NA, 924 mm) than rest of the MRB catchments (Figure 3a), while most of the area received
less than 350 mm rainfall in total (Table 2). Due to the orographic rainfall on the windward side of the
mountain ridge, the western and southern parts of the MRB receive more rainfall during the SWM
season (Figure 3b). The maximum and minimum rainfall during the SWM season is recorded in NA
(1987 mm) and LA (271 mm) catchments, respectively.

v
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Figure 3. Distribution of total rainfall (mm) for (a) first inter-monsoon, (b) southwest monsoon, (c)
second inter-monsoon, and (d) northeast monsoon seasons over MRB during the period of 1990-2014.
The red color polygon indicates the upper Mahaweli river basin (UMRB), while the rest of the area
belongs to the LMRB. Black color polygons, demarcate the catchment boundaries.

Figure 3c represents total rainfall distribution in the SIM season. In general, the whole basin
receives more than 500 mm in total rainfall during the SIM season, regardless of the orographic
influence of central mountains in Sri Lanka. In the SIM season, the NA (712 mm) catchment recorded
maximum rainfall, while the lowest rainfall is observed in the CA (353 mm) catchment (Table 2).
According to Figure 3d, the total amount of rainfall from the NEM season in the LMRB and eastern part
of the UMRB is higher than rainfall received in the western and southern parts of the UMRB. During
the NEM season, the LA catchment recorded the highest rainfall (923 mm), and the CA catchment
receives the lowest rainfall (277 mm).

The seasonality of streamflow differs extensively among the basins and is influenced mostly
by the local seasonal cycle of precipitation [45]. To identify the seasonality of Mahaweli streamflow,
the median, mean, minimum, and maximum, streamflow in each catchment for the four seasons
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are analyzed (Figure 4). In addition, the 10th and 90th percentile of the seasonal streamflow are
displayed by the lower and upper boundary of the box. For the UMRB, CA (9.73 m® s7!) and PA
(66.43 m3 s71) catchments recorded the larger mean monthly streamflow during the SIM season than
the other three seasons (Figure 4a,c). The NA (28.2 m3 s71) catchment recorded the highest average
monthly streamflow during the SWM season (Figure 4b). The mean streamflow of the LA (17.1 m3 s71)
and MA (231.8 m3 s7!) catchments during the NEM season are higher than the other three seasons.
Lowest monthly mean streamflow in the LA (0.85 m3 s™!) and MA (22.08 m? s7!) catchments have
been observed in the SWM season (Figure 4d—e).
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Figure 4. Streamflow characteristics (m? s71) for (a) Calidoniya, (b) Nawalapitiya, and (c) Peradeniya
(d) Laggala and (e) Manampitiya catchments in the LMRB. Northeast monsoon, first inter-monsoon,
southwest monsoon, and second inter-monsoon seasons are indicated by NEM, FIM, SWM, and SIM,
respectively. The black dot indicates the seasonal long term mean for average monthly discharge for the
period 1990-2014. The lower and upper bounds in the box show 95th and 10th percentile streamflow,
respectively. Whisker lines depict the maximum and minimum streamflow in each catchment.

The large variation between maximum and minimum streamflow is also observed in the SWM
season for the UMRB catchments. The difference between minimum (2.6 m> s~!) and maximum
(16.2 m3 s71) streamflow in the CA catchment during the SWM season is larger than other seasons.
For the NA (PA) catchment, the minimum and maximum streamflows are 15.5 (16.4) and 38.4
(180.0) m3 s71, respectively, which observed during the SWM season. In the same season, both
catchments exhibit larger variation of streamflow as compare to other seasons. The LA catchment
depicts large variation between maximum (39.1 m® s™!) and minimum (3.7 m? s ™!) streamflow during the
NEM season. Similarly, the MA catchment recorded a large difference between minimum (57.0 m3 s71)
and maximum (687.3 m3 s7!) streamflow during the NEM season compared to other seasons.

The CA catchment recorded the highest 95th percentile streamflow (15.8 m® s™!) during the SIM
season. The NA (32.4 m3 s™1) and PA (116.4 m? s71) catchments recorded the highest 95th percentile
streamflow during the SWM season. The lowest 10th percentile streamflow for the CA (2.6 m3s71),
NA (3.9 m3 s71), and PA (10.3 m3 s~!) catchments are recorded in the FIM season. The highest 90th
percentile streamflow in the LA and MA catchments is 33.5 and 441.2 m3s1, respectively, that recorded
in the NEM season. The lowest 10th percentile streamflow for the LA (0.5 m3 s71) and MA (39.1 m3 s71)
catchments are observed in the SWM season.
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As extreme streamflow indicators, the average Max10-day flow and Max30-day flow for the FIM,
SIM, SWM, and NEM seasons are shown in Table 3. The largest average value of Max10-day flow
in the CA (21.0 m® s71), NA (76.3 m3 s7!), and PA (134.8 m3 s7!) catchments is observed during the
SWM season. Compare to the other seasons, the average value of the Max30-day flow also recorded
the largest magnitude during the SWM season for catchments in the UMRB. The lowest Max10-day
flow and Max30-day flow of the CA and PA catchments are observed in the FIM season. The average
Max10-day flow (14.7 m® s~!) and Max30-day flow (10.9 m> s7!) events in the NA catchment are
lowest, which is recorded during the NEM season. As compared to the maximum value in a different
season, the average Max10-day flow (70.0 m® s~!') and Max30-day flow (38.4 m? s~!) at LA catchment
in the LMRB are observed during the NEM season. For MA catchment, the largest average value of
Max10-day flow (Max30-day flow) is 759.1 m3 s71 (466.7 m3 s71), which is recorded in the NEM season.
The lowest Max10-day flow and Max30- day flow at both catchments in the LMRB are recorded during
the SWM season (Table 2). The results clearly show that the high streamflow extremes in the UMRB
catchments are mostly found in the SWM season when heavy and very heavy rainfall occurs frequently.
In the LMRB catchments, extreme high flow events can be found during the NEM season, the rainy
season for the catchments. This is consistent with the result by Groisman et al. [46], i.e., the variations
of high and very high streamflow are closely associated with heavy and very heavy precipitation.

Table 3. The Max10-day flow and Max30-day flow (m3 s71) for the northeast monsoon (NEM), first
inter-monsoon (FIM), southwest monsoon (SWM), and second inter-monsoon (SIM) seasons. The
CA,NA, PA, LA, and MA represent Calidonia, Nawalapitiya, Peradeniya, Laggala, and Manampitiya
catchments, respectively. Max30-day flow values are depicted within brackets. The recorded maximum
of the two indices among four seasons are bolded.

Season/m? s~1

Index Catchment

FIM SWM SIM NEM
CA 9.9(7.6) 21.0(14.5) 20.2(14.4) 12.3(9.0)
NA 31.9(18.6) 76.3(52.2) 46.6(30.6) 14.7(10.9)

Max 10-day fl
(Miﬁsoo.;fymﬁx) PA 64.4(44.7) 154.2(110.3)  134.8(98.1) 78.3(56.8)
y MA 155.9(109.0) 633(45.8)  2453(142.0)  759.1(466.7)
LA 7.6(5.4) 2.4(1.7) 13.6(7.9) 70.0(38.4)

3.2. Inter-Annual Variation of Streamflow

Understanding of year-to-year variations in streamflow is important for the development and
management of water resources in most regions. Considering the contribution of seasonal rainfall to
the total annual rainfall, the SWM season for the UMRB and NEM season for the LMRB are important
than the other two inter-monsoonal periods. Meanwhile, maximum streamflow in the UMRB (LMRB)
catchments is recorded during the SWM (NEM) season, while the minimum streamflow in the UMRB
(LMRB) catchments is observed during the NEM (SWM) season. Therefore, the SWM and NEM seasons
are selected in this study.

The anomalous streamflow variation of each catchment during the SWM season is depicted in
Figure 5. For the UMRB, where rainfall is significantly influenced by the SWM, different features for
the interannual variation of seasonally averaged streamflow can be found for different sub-basins.
The streamflow of CA catchment indicates a positive anomaly from 1992 to 1996, with streamflow
anomalies in 1993, 1996, and 2013 exceeding one standard deviation (o). Generally, it is noticed that
most of the years after 1997 inherited a negative anomaly of streamflow except 1998, 2006, 2010, and
2013 (Figure 5a). The streamflow of the NA catchment shows a negative anomaly from 1991 to 2006
except 1992, 1993, 1995, 1998, and 2005. Among negative anomalies, streamflow anomaly in 1994, 2001,
2003, and 2014 are below the —10 (5.2 m® s1) level. Positive streamflow anomalies can also be found
from the 2007-2013 period, except 2012. Furthermore, streamflow anomalies in 2007, 2010, and 2013
can exceed the +10 level (Figure 5b).
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Figure 5. Evolution of anomalous median (Q50) streamflow (m3 s for (a) Calidoniya, (b) Nawalapitiya,
and (c) Peradeniya catchments in the UMRB during the southwest monsoon seasons. (d) Laggala and
(e) Manampitiya are the same as (a) but catchments located in the LMRB, respectively. The pand o
represent the long term mean and standard deviation of Q50, respectively. The dash lines indicate the
+0 level. Positive (negative) anomaly is depicted by blue (red) color.

In the PA catchment, streamflow during the SWM season shows a negative anomaly for most
years from 1990 to 2008, except for 1992, 1993, 2004, and 2007 (Figure 5c), with the magnitude of
anomalies below —10 (34.7 m3 s7!) level. Based on all catchments in the UMRB, the year 2013 shows a
remarkable positive anomaly of streamflow. The streamflow of the LA catchment shows a negative
anomaly from 1999 to 2012 except 2006, 2007, and 2010, and 2009, 2011, and 2012 recorded negative
anomaly below the —10 (0.4 m3s71). Considering the interannual variation of streamflow anomaly in
the LA catchment during the SWM season, the positive streamflow anomalies can be found from 1993
to 1998, and for 2013 and 2014, with large than +1c (0.4 m® s™!) positive streamflow anomaly found in
1995, 1998, 2013 and 2014 respectively (Figure 5d). The MA catchment indicates a negative anomaly of
streamflow below the —10 (19.7 m? s71) level in 1992, 1993, 1994, and 2014, while the positive anomalies
exceeding the +10 level are recorded only in 1995 (Figure 5e).

Figure 6 shows the anomalous streamflow at five catchments in the MRB during the NEM season.
The magnitude of streamflow anomalies of the UMRB catchments during the NEM season is smaller
compared to that during the SWM season (Figure 6a—c). The contrast pattern is observed for the
LA and MA catchments (Figure 6d—e). The CA catchment showed the largest positive streamflow
anomaly (5.5 m3 s71) in 2011, followed by 2013, while the year 2004 indicates a negative streamflow
anomaly, which is below —10 (2.7 m3 s71) level. For the NA catchment, larger than +10 (3.4 m3s71)
positive streamflow anomalies are recorded in 1990, 2011, and 2013. In the PA catchment, the negative
anomalies of streamflow are observed from 1990 to 2005 except 2004, while positive anomalies that
exceed the +10 (24.8 m3 s71) level are recorded in 2004, 2010, and 2013 (Figure 6¢). The positive
streamflow anomaly of streamflow of the LA catchment exceeds +10 (8.5 m? s7!) in year 1994, 2011 and
2013, while a strong negative anomaly (below -8.5 m?3 s71) recorded in 1997, 2004 and 2009 (Figure 6d).
In the MA catchment, 1993, 1996, 2002, 2008, and 2014 exhibit negative anomalies of streamflow,
which exceed the —10 (140.3 m® s71) level, while streamflow for the NEM season in 2011 and 2013
show large positive anomalies exceeding +10 (140.3 m® s71) (Figure 6e).
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Figure 6. Evolution of anomalous median (Q50) streamflow (m3s~1) for (a) Calidoniya, (b) Nawalapitiya,
and (c) Peradeniya catchments in the UMRB during the northeast monsoon seasons. (d) Laggala and
(e) Manampitiya are the same as (a) but catchments located in the LMRB, respectively. The pand o
represent the long term mean and standard deviation of Q50, respectively. The dash lines indicate the
+0 level. Positive (negative) anomaly is depicted by blue (red) color.

To identify the variability in each catchment, the variance (02) has been calculated for the SWM
and NEM seasons. The variance of the streamflow in CA, NA, and PA catchments is 10.24 m® s72,
27.04 m® s72, and 1207.4 m® s72, respectively, for the SWM season. In the NEM season, the variance of
the CA (7.29 m® s72), NA (11.56 m® s72), and PA (615.04 m® s2) catchments are smaller than that in
the SWM season. Based on variance, the strong interannual variation of mean streamflow at CA, NA,
and PA catchments in the UMRB is observed during the SWM season. The strong interannual variation
of streamflow during the NEM season is recorded in the LA (72.5 m® s72) and MA (19,600 m® s~2)
catchments (Figure 6d—e) compared to the SWM season. As shown in the annual cycle of the rainfall
over each catchment (Figure 2), rainfall also showed peaks during the SWM and NEM seasons in the
UMRB and LMRB, respectively.

Max10-day flow, Max 30-day flow, PQ5, and PQ95 are selected to analyze the interannual variation
of extreme flow events in SWM and NEM season for selected catchments. The variation of Max10-day
and Max30-days flows in the CA, NA, and PA catchments during the SWM season are shown in
Figure 7a—c. The lower two panels show the interannual variation of the aforementioned extreme flow
indices in the LA and MA catchments during the NEM season.

According to the magnitude of an anomaly, Max10-day is larger than Max30-day in each catchment,
and the interannual variation of both indices exhibit a similar pattern. In the CA,NA, and PA catchments,
the recorded average Max10-day flow (Max30-day flow) are 20.9, 76.0, and 146.2 (14.5, 52.1, and
110) m3 s71, respectively. In terms of the Max10-day flow and Max30-day flow anomalies of catchments
in the UMRB, the year 2003, 2008, 2011 and 2012 showed strong negative anomalies, while 1993,
1999 and 2013 showed positive anomalies (Figure 7a—c). In general, the more negative anomaly of
Max10-day and Max30-day flows in the CA catchment is recorded after 2000 except 2013. The same
observation is recorded in the NA catchment. The positive anomalies of Max10-days flow in the NA,
and PA catchments that exceed the +10 are observed during the SWM season in 1993, 1999, and 2013
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(Figure 7b—c). According to the variation of Max10-day, and Max30-days flow over the study period,
catchments in the UMRB recorded more negative anomalies in the SWM season during 1990-2014.

~ 30 60 200

5 (a)

&

E

> 30 100 -

CO I | B e 5 [ S - S S " S— S ————————

£

=

z 04

g - My W F-ag-g SN YR RN T Y

=

E -30 4 -1004

- Myao=20-9 Mypao=146.2

7 6“"m=:tl]_2 c“.\m=:!:76.2

-60 T T T T T =200 T T T T T

1990 2000 2010

— (—) Max10
s (—) Max30
---------------- e (+) Max10
m—— (+) Max30

-400

Streamflow Anomaly (m’s-')

u\l-\l0=69'0 “\lnlo=74l'8
801, . : l“\u.\m=l:k4o'3 8001, : : cl\l-\|o=:*?27'l
1990 2000 2010 1990 2000 2010

Figure 7. Evolution of anomalous Max10-day and Max30-day average streamflow (m3 s71) for (a)
Calidoniya, (b) Nawalapitiya, and (c) Peradeniya catchments in the UMRB during the southwest
monsoon season. (d) Laggala and (e) Manampitiya catchments in the LMRB are the same as (a) but
for the northeast monsoon season. The p and o represent the long-term mean and standard deviation
of the Max10-day flow, respectively. The standard deviation of the Max10-day flow (thick line) and
Max30-day flow (dash line) for the period of 1990-2014 are displayed.

Figure 7d shows the interannual variation of Max10-day and Max30-day flow in the LA catchment
during the NEM season. The averaged Max10-day is 69.0 m® s~! in the LA catchment, and averaged
Max30-day is 38.4 m3 s~!. The anomaly of Max 10-days and Max 30-days flow in the LA catchment
exceed the +10 in 1993, 2005, 2010, and 2012. For 1996, 2008, and 2009, the anomaly of Max10-day and
Max30-day flow is below the —1o (Figure 7d). In the MA catchment, the negative anomaly below the
—1o0 of Max10-day and Max30-day flow are observed in 1992, 1995, 1996, 2003, and 2008. However,
the positive anomalies of these indices in MA catchment are observed in 2004, 2006, 2010, 2012, and
2014 (Figure 7e).

Although there exists strong interannual variability of Max10-day and Max30-day flows at both
catchments in the LMRB, the magnitude of the variability is relatively higher after 2005 than that before
2005. This is different from the situation in UMRB, where the interannual variability is relatively larger
before 2005. And this could be ascribed to the different changes of interannual variability of SWM and
NEM monsoon rainfall.

Figure 8a—c shows the interannual variation of the number of low flow days with streamflow
below the 5th percentile and high flow days with streamflow larger than the 95th percentile during
the SWM season. The lower two panels (Figure 8d—e) are the same as above but for the NEM season.
The 5th (95th) percentile flow in the CA, NA, PA, MA, and LA catchments are 2.7 (18.6), 2.1 (65.8),
8.1 (147.3), 10.1 (840.8), and 2.3 (57.3) m3 s71, respectively. The number of low flow days in the CA
catchment is recorded more after 2000, while the number of days recorded high flow events are larger
during 1990-2000 than the 2001-2014 periods. It also shows the decadal difference of the PQ5 and
PQ95 in the SWM season (Figure 8a). The Q95 flow at NA catchment recorded less than 15 days during
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the every SWM season. The PQ5 events in the NA catchment are higher during 1990-2005 (Figure 8b)
compared to the 2006-2014 period. In the PA catchment, PQ5 during the SWM season is higher in
1990-2005, while the maximum number of high flow days above the Q95 flow threshold in SWM
season is observed in 2013 (57 days), followed by 2004 (20 days) and 2010 (17 days) (Figure 8c).

For the NEM season, the prevalence flow above Q95 in the LA catchment shows more events during
the 1990-2000. In the year 2013, it recorded the maximum number of days (36 days). The recorded
low flow events in the LA catchment during the NEM season are comparatively less in 2000-2014
except for 2008 and 2012 (Figure 8d). Figure 8e shows the prevalence flow of Q5 and Q95 in the MA
catchment for the NEM season. In the MA catchment, 45 and 40 days in the year 1991 and 1992 are the
recorded number of days, which are below the Q5 percentile flow event. However, most of the years
after 2000 have zero-days, which recorded Q5 percentile flow events, except 2008 and 2009.
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Figure 8. No. of days exceed the 95th percentile streamflow (PQ95, shaded by light blue) and no. of
days the streamflow below the 5th percentile (PQ5, shaded by pink) for (a) Calidoniya, (b) Nawalapitiya,
and (c) Peradeniya catchments in the UMRB during the southwest monsoon season. (d) Laggala and
(e) Manampitiya catchments in the LMRB are the same as (a) but for the northeast monsoon season.

3.3. The Relationship Between Rainfall and Streamflow

Numerous studies in many different countries have conclusively shown that rainfall changes affect
the streamflow [10,47]. In Figure 9, we take a closer look at the correlation between standardized rainfall
and streamflow (Q50) in MRB catchments for the SWM and NEM seasons separately (Figures 9 and 10).

The statistically significant positive correlation between rainfall and Q50 in the CA (0.86), NA
(0.69), and PA (0.56) catchments are observed for the SWM season (Figure 9a—c). Considering the
LMRB, LA catchment (0.72) recorded a statistically significant positive correlation between rainfall and
streamflow for the SWM season (Figure 9d). However, the corresponding correlation is not statistically
significant for the MA (0.20) catchment (Figure 9e). For the NEM season, the correlation coefficient of
Q50 and rainfall at the CA, NA, and PA catchments in the UMRB are 0.82, 0.44, and 0.48, respectively,
while the LA (0.78) and MA (0.62) catchments recorded statistically significant correlation between
streamflow and rainfall (Figure 10a—e).



14 of 21

Water 2019, 11, 2485

1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015

c N VU=
S & & w O
=1 .
w o H rm =
o € Ew =g =
E ESECE 2 ,
||||||| - o e 9 =7k
||||| SRSmanmEsEo < S g R——a Y
=2 AR =) 2 o 3%r © e —— ) a m =
e 2 83 3 2 € EEEEESS 2 3rs
s = L R} - N ] < - 1 R —~_—
. SN 3 TTags 2 >£ L 8 - 9 T P ST
S s g wn N c 2 2 O v II¥ o0 o
= Py 1 = no &=
::::: 7 LS e A 2 0 g O E& e =y -k ® IR Y- NP
~ I L= £ EC0 === 5 g =& = e N e, ES O ===
— T N =T R o =] T N — nO R
T A . SeEZZ . . » 83 g & Nl SP2EZZ oo
v g U R * =3 D" Q== 5050 B0 ml.v L c T S b 4 & S == 2h5hso
< o< | S nEZZpnnn M A oo 2 R - oS [rREZZpnn D
— eola ... = 9 5 2> s x| N
B le SSSIlE®* ERORNCE- - Slw sas|]is*
B = * = i, o -1 [ |
mnepedEes TR w s T 15 83 3 (A‘uuw I 2 R *
B Ly 2 =  §ona 2 c R i N '
e < Q N .9 —~ ~~3 *®
—~ e P * | o oo Vo~ ..nlu - © 2 | *® =3
B S il R g <& 3 = i il F R
~— — *x | ~ a
s S = @ ..m n -
w c B «© ]
= ‘5 =
i . : S 8w § = s
—ang TS g — Qo «© S S 1 A :
wrmmm"uvluu S = s S o = & ® e ez A
< — ~~ - - < .
< o — v - e |le o s 8 | - < % \©
e Q4 B e S5 2z %% 3 e — S| - 5 &q
_—Sedagiii ~~- S R ~~ Q [} ) ——— 7 2 iy 3 B 7 S
g 17 &= T7|, §25¢& s 7T A== 37
::::: o~ n_n —= ) n_n, S o = 22 9 r\r\N./ I __\ 25 I __,\
= . s f’ - . SSSe o - zL L Z
- N i g N 5| 5= 5 g B alla - =
- L. ¥ ~ ~, * ¥ b= ~ U H =5 -]
h g $S5ETE S b
< B | < 3 -S = o> o =1 g L \A\
. o e S g5 oc T b - =" i Q
||||| T ..y cag==——— < - ~ ezl - - — 4
= e S - B ey I ole 388 gt =y i e
emmmmm M| =2l arR g = S " [ 8 == T,
e, e ] I R B S|l S s & £ I e = B -
™ .l > = SR “F- -
et F| | < e T, FO ST = N -, # - s i
=2 TS *® B =T : ) ol * ,\ann\
3 S RS il -3 m@mlmm& = m=pe==te’ I e
S o)
w < Q .
- g ) ) ER R X
e~ reiith = - o i R
= | | e D 33855y | = =
b S Syt 12 92 E S E e g8g| I
- Vv/v % $ . CE K g7 & 3 a S [ S (@
h £ L - TFle £33 o g 8g s T - -
::::::: 5 ; Y | S [0} W = =
\\}ﬂH::t\ it \|AN\\VA/~ n_n m m O m w.. r/ m IIHWUHH __I __\ o Aﬁ
f|l\l|lv e M * f\t\llv ~ _\ i W = < = ~ O P .\NV.. L™ AVI
P ¢ 2 T’ = TR == Ra2) = B
<E f\ . . - wle 54 -2 S B & F < =
~ = e - g
DT L ® o T b ET X222 P huc B
e fasae 5 s T 2 253898 = e s i
———C S D L] = 715 B e
~azzzoT J ~ sw=zIIITT ~3" P = S~ s O © -— > (] o e 4 S
iy - 3 e b S3 &5 “XE 2 ~=mEA
= === X O ilg P20 %% |a < x = -
~ i ¥ x F |~= h— ¥ l” OJ. (@) m &< % K <V * L m C = (8 1
T T T T T T T T — ~ R - N
— a0} > T T T T T T T
o o = e Iy § Qe B = e g W EES20X ®m a =~ o = a4 & @ a =~ o =
B ED 8272
& .5 £ 489
Rl
E S E8EQZE

Figure 10. Temporal evolutions of standardized streamflow (Q50), along with the northeast monsoon

rainfall, DMI, and NINO3.4 index for (a) Calidoniya, (b) Nawalapitiya, and (c) Peradeniya catchments
The letters rg, ry, and ry represent the correlation coefficient of standardized streamflow with rainfall,

NINO3.4, and DMI (11), respectively. The ***, **, and * represent the statistically significant correlation

in UMRB. (d) Laggala and (e) Manampitiya catchments are the same as (a) but located in the LMRB.
at 99%, 95% and 90% confidence levels.



Water 2019, 11, 2485 15 of 21

It is interesting to notice that the relationship between rainfall and streamflow in the UMRB
during the SWM season is stronger compared to that in the NEM season. However, at the LA and MA
catchments in LMRB, the rainfall and streamflow relationship is stronger during the NEM season than
in the SWM season.

Abghari et al. [48] found that strong relationships between river discharge and annual precipitation
in Iran during the past 40 years. Abeysingha et al. [49] revealed that the significant positive correlation
between streamflow and catchment rainfall in the Gomti River basin. When considering the correlation
coefficient and year to year variation, it can also be concluded that the rainfall over catchment is the
major influencing factor for the streamflow variation in the MRB.

However, the correlation between seasonal rainfall and streamflow in the PA catchment is relatively
smaller compared to those catchments in the upper reaches of the Mahaweli basin. Previous studies
have suggested that the precipitation—runoff relationship could be modulated by human activities,
such as the construction of reservoirs [50] and the hydromechanics project [51]. So the relatively weak
rainfall-streamflow correlation could be ascribed to the effects of the construction and operation of the
Kothmale (1979-1985) and Upper Kothmale reservoirs in the MRB, which can affect the streamflow in
PA catchment. The weak relationship between streamflow and rainfall in the MA catchment is also
observed, especially during the SWM season. The main factors, which contribute to show a weak
correlation between rainfall and streamflow in the MA catchment, could be the river diversion project
for irrigation purpose and reservoirs operation of Mahaweli hydropower complexes.

3.4. Streamflow Response to ENSO and Indian Ocean Dipole

It is noticed that the climate of several countries located in the Indian Ocean, as well as the entire
globe, is modulated by the El Nifio-Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) [52].
According to Ward et al. [53], ENSO has significant impacts on streamflow and flooding around the
world. To understand the relationship between streamflow and the large scale circulation indices,
the concurrent correlation coefficient has been evaluated using the Nino3.4 and DMI indices with
streamflow in the SWM and NEM seasons separately.

Figure 9 shows the relationship between streamflow in each catchment and the large-scale SST
anomaly signal in the tropical Pacific Ocean (Nino3.4) and the Indian Ocean (DMI) during for the
SWM season. The statistically significant negative correlation can be found between the Nino3.4 and
streamflow in the CA (-0.35), NA (-0.35), and MA (0.4) catchments for the SWM season. However,
the correlation between Nino3.4 Index and streamflow is weak in the PA (-0.26) and LA (-0.22)
catchments (Figure 9c,d). The positive mode of the Nino3.4 (El Nifio) shows a negative influence
on streamflow in MRB, while the contrast response of streamflow in MRB for the negative Nino3.4
(LaNina) is observed. Similar to our findings, the previous study suggested that the relationship
between ENSO indices and Mahaweli streamflow was quite significant from January to September [33]
between 1954 and 1993, and El Nifio (LaNifia) conditions are also closely associated with annual
rainfall and streamflow for January to September in Kelani River basin in Sri Lanka [27]. Furthermore,
Ouyang et al. [54] also pointed out that the streamflow during the LaNifia events in different river
basins in China was higher compared to the El Nifio event. In contrast, the total water flow of the
Cauvery river basin in India was lower in the La Nifia years than El Nifio years as a result of the
amount of rainfall received during the La Nifia years was lower than rainfall in normal years [55].

A strong negative relationship between the DMI and streamflow in the CA (-0.48), NA (-0.43),
MA (-0.44), and NA (-0.48) catchments during the SWM season are observed except streamflow in
the LA (—0.26) catchment (Figure 9a—e). It revealed that a positive mode of the DMI shows a negative
influence on streamflow in the MRB. For the SWM season, the strong relationship between the DMI
and streamflow in the MRB has been observed as compared to the Nino3.4. In contrast, Sahu et al. [56]
found a positive correlation (0.36) between the DMI and Citarum River in Indonesia.

As shown in Figure 10, the correlation between the Nino3.4 index and streamflow in each
catchment for the NEM season indicates a weak negative correlation. Similarly, the relationship
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between streamflow and the DMI recorded a negative correlation. Furthermore, it's found that the
influence of the DMI and Nino3.4 on streamflow in MRB is stronger in the SWM season than in
the NEM season. Moreover, the influence of the ENSO on streamflow in UMRB catchments during
the SWM season is relatively dominant than the influence on streamflow in the LMRB catchments.
The predominance of the observed significant correlation suggests that the phase and magnitude of
the ENSO and DMI indices could be one of the factors of the streamflow variability in the Mahaweli
River basin during the SWM season.

3.5. Influence of ENSO and DMI on Rainfall in MRB

The UMRB received more rainfall during the SWM season, which contributes to the enhanced
streamflow in the Mahaweli River. However, the dry zone in Sri Lanka, including the Mahaweli
development zones (MDZ), exhibits severe water shortage as a result of less rainfall over the area
during the same monsoon period, so the Mahaweli water resource is diverted at Pollgolla barrage
to overcome the water scarcity in the dry zone and MDZ. So it’s very important to understand the
influence of SST anomalies on the SWM rainfall pattern in the Mahaweli river basin, in order for better
water resource management. Therefore, the correlation between SWM rainfall in the UMRB and LMRB
and SST is analyzed in this section. During the NEM season, the LMRB receives 41% total rainfall.
Therefore, recognizing the relationship between two ocean indices is also beneficial to the NEM rainfall
prediction and water resource management.

Figure 11a shows the correlation of the SWM rainfall anomaly in the UMRB with SST anomalies
in June, which is the starting month of the SWM over Sri Lanka. The lead-lagged correlation between
the SWM rainfall in the UMRB and SST are shown in Figure 11al. The maximum correlation between
the rainfall over the UMRB with Nino3.4 (—0.40) is observed in August. The month of June recorded
the maximum correlation (—0.57) with the DMI and the SWM rainfall in the UMRB. Figure 11b is the
same as Figure 11a but for the LMRB. The rainfall anomaly in the initial month of the SWM shows
a strong correlation (—0.35) with the Nino3.4 index. Similarly, the correlation between the DMI and
rainfall anomaly in the LMRB is —0.31. However, the positive correlation with SWM rainfall anomaly
and the DMI is observed in lagged 3, 4, and 5 months for the LMRB (Figure 11b1).

The spatial correlation between SST in December (Starting month of NEM) and rainfall anomaly
of the NEM in theUMRB is shown in Figure 11c, and associated lead-lagged correlation is displayed
in Figure 11cl. The correlation between SST in December with the NEM rainfall in the UMRB is
—0.36, which is statistically significant, as shown in Figure 11c1. However, the DMI showed weak
correlation (-0.12) with the NEM rainfall anomaly in the UMRB for December. Figure 11d shows the
correlation between SST and NEM rainfall over the LMRB. In the LMRB, the correlation between
Nino3.4 (DMI) and December rainfall is —0.16 (—0.03) while observed maximum correlation (0.45)
with the DMI is recorded in the lead month of March (Figure 11d1). Considering the line graphs,
the negative relationships between rainfall anomalies in two monsoon seasons and the DMI are found.
However, the DMI in lagged and lead months depict a positive correlation with monsoon rainfall
anomaly except for the SWM season in the UMRB. Furthermore, the negative correlation between
the Nino3.4 index and rainfall anomaly in both monsoon seasons are noted. Similar to our findings,
De Silva M and Hornberger [57] found a negative correlation between rainfall in the Kelani river basin
Sri Lanka with the Nino3.4 and DMI indices. Addition, Li et al. [58] revealed that a warm phase of the
El Nifio-Southern Oscillation (ENSO) and a positive Indian Ocean Dipole (IOD) diminish rainfall over
the Indian subcontinent and southern Australia.



Water 2019, 11, 2485

17 of 21

30°N-(bLLMRB-SWM } 7 | ‘o
. __ i 50
15°N ) ; ~oft
0 | |! 0 \
15°5 17, &
30°8

6.
"JFMAMJ J ASOND
0-‘,- (cl)

0.3
0 /\/
03] —~—_ B

-0.6
.0 +—r—v-—r-vr—TTTTT

‘JA SONDJ FMAMJ
0..,.((")

03/\ /\/

03] B —

0.6
A 0.6 4——————————r
45°W JASONDJ FMAMIJ

06 -045 -03 -0.15 0 015 03 045 0.6

Figure 11. Correlation between standardized anomaly of sea surface temperature in June and southwest
monsoon rainfall for (a) UMRB and (b) LMRB. (¢) and (d) same as (a) but for SST in December and
northeast monsoon rainfall in the UMRB and LMRB, respectively. Lag and lead correlations with SST
in different months and southwest monsoon rainfall for (al) UMRB and (b1) LMRB. (c1) and (d1) are
the same as (al) but for northeast monsoon rainfall in UMBR and LMBR, respectively. The red (black)
box indicates the NINO3.4 (DMI) region, while black contours denote the areas where the correlation is
significant at 95%. The light blue (pink) indicates southwest monsoon (northeast monsoon) seasons.

4. Conclusions

This study has focused on understanding the streamflow variability in five catchments located
in the UMRB and LMRB from 1990 to 2014. To identify the streamflow characteristics, the Q5, Q50,
and Q95 have been used. In addition, the Max10-day flow, Max30-day flows, PQ5, and PQ95 indices are
used for investigating extreme streamflow events. The results clearly show that the strong association
between streamflow and rainfall in each catchment. For example, the SWM (NEM) rainfall has more
influence on streamflow in the UMRB (LMRB). The strong interannual variability of streamflow in
the UMRB (LMRB) is observed during the SWM (NEM) season. Similarly, the strong interannual
variation of hydrological extremes, such as Max10-day Max30-days flow, in the UMRB (LMRB) has
been recorded during the SWM (NEM) season. It’s further found that more negative anomaly of
Max10-day and Max30-day flows in the SWM season can be found after 2000 in the catchments in the
UMRB, and this might suggest more frequent hydrological drought events might occur after 2000.

Based on the correlation analysis, the SST anomalies over the western Pacific warm pool, eastern
Pacific Ocean, and the western/southwestern part of the Indian Ocean have been found to exhibit a
strong relationship with rainfall and streamflow anomalies in the basin. The close relationship between
catchment rainfall and streamflow can also be identified from seasonal to interannual time scale in
most MRB catchments. However, it also found that the observed streamflow variability signals over
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some catchments are not significantly correlated with the rainfall variations, and this could be ascribed
to effects from human activities, like reservoir operation in PA catchment, dam construction, and
streamflow diversion for irrigation purposes in MA catchment.

Because the Mahaweli water from the UMRB is a key water source for hydropower generation
and irrigation of the dry zone in Sri Lanka, the year-to-year variation of MRB rainfall and streamflow,
including its decadal changes and long term trends, are all of critical importance for the water
management not only over MRB but also over the Mahaweli development zones (MDZ). Hence,
the understanding of the seasonal streamflow characteristics and variations in different time scales will
definitely provide a scientific basis for effective water management over the MRB and decision making
for reservoir operations.

It's noted that, in addition to precipitation, the streamflow variations and change can also be
directly modulated by human activities such as flow diversions and irrigation, etc. Meanwhile,
the land-use changes in the river basin can also affect the rainfall and streamflow characteristics in the
studied watershed. According to Gebrehiwot et al. [59], these types of LULC changes will increase peak
flows during the wet season and decrease low flows during the dry season. However, in this study,
the impacts from the above-mentioned human activities on the streamflow variations and extremes
have not yet been investigated, due to the lack of human practice information. Therefore, further
research will be needed to quantify the direct and indirect influence of human activities, like LULC
changes and irrigation practice, on the streamflow variations and changes in the MRB.
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