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Reservoirs play a vital role in water resource management, while also contributing to
alterations in downstream flow regimes and sediment load in the river. On the other hand,
variations on streamflow and fluvial sediment loads can also result from climate change
effects. Here, we assess future changes in streamflow and sediment load due to climate
change and planned reservoirs in the Irrawaddy River Basin, Myanmar. The Soil Water
Assessment Tool is used to project streamflow and sediment loads during 2046–2065
(mid-century), and 2081–2100 (end-century) periods under the two end-member
Representative Concentration Pathways (i.e., RCP 2.6 and RCP 8.5) with and without
planned reservoirs. Results show that compared to the baseline period (1991–2005),
streamflow and sediment loads are projected to substantially increase during mid- and
end-century periods when planned reservoirs are not considered (i.e., with climate change
forcing only). Under RCP 2.6 and RCP 8.5, streamflow at the basin outlet is projected to
increase by 8–17% and 9–45%, while sediment loads are projected to increase by
13–26% and 18–75%, respectively by the end-century period. When reservoirs are
included, while annual streamflow at the basin outlet does not show a significant
difference compared to the climate change only case (for any RCP and for both future
time periods considered), annual sediment loads at the basin outlet are projected to slightly
decrease (compared to the climate change only case) by 4–6% under RCP 8.5 during the
end-century period. However, at seasonal time scales, streamflow and sediment loads at
the basin outlet are significantly affected by upstream reservoirs. During the monsoon
periods, the presence of planned reservoirs is projected to decrease streamflow at the
basin outlet by 6–7%, while during non-monsoon periods, the reservoirs result in an
increase of 32–38% in the streamflow at the outlet under RCP 8.5 during the end-century
period. Similarly, for the same period and RCP 8.5, due to the planned reservoirs, sediment
load is projected to decrease by 9–11% and increase by 32–44% in monsoonal and non-
monsoonal periods, respectively.
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INTRODUCTION

Rivers are crucial contributors to the dynamic interaction
between catchments and coasts by transferring water and
sediment from land to the oceans. During the past few
decades, global river systems have undergone significant
changes, particularly concerning their streamflow and fluvial
sediment loads. These changes are mainly driven by changing
climate (i.e., increase/decrease in rainfall intensity and volume,
and increase in temperature) and a wide range of human
activities, which include land-use change, deforestation,
damming of rivers, water diversion and abstraction, and sand-
mining from river beds and banks (Syvitski et al., 2005; Walling,
2006, 2009; Syvitski and Saito, 2007; Dunn et al., 2019;
Ranasinghe et al., 2019).

Climate change is now an unequivocally accepted
phenomenon (IPCC, 2014) and the future climate is uncertain.
Relative to the 1986–2005 period, the global mean surface
temperature is projected to increase by 0.3°C–0.7°C (medium
confidence) during the 2016–2035 period, whereas extreme
precipitation and heatwaves over the tropical and mid-
latitudes are projected to be more severe and frequent (IPCC,
2014). Impacts of climate change (CC) are not spatially uniform,
and hence the hydrological cycle at basin scale will vary not only
from basin to basin but also within large river basins. Such
variations can result in significant alteration of the
hydrological regime of a river basin.

On the other hand, during the past decades, intensive human
activities such as land clearance for agriculture, dwelling, and
urbanization, different land-use practices, water diversions and
abstractions, reservoirs/dams constructions, river sand-mining
have intensified in many river basins (Vörösmarty and
Sahagian, 2000; Saito et al., 2007; Zhao et al., 2014; Wu et al.,
2017; Dunn et al., 2019). Many countries in the south and central
Asian regions, Latin American countries, Canada, Turkey and
Russia are increasingly investing in harnessing the unexploited
hydropower potential (Akpınara et al., 2011) as it is an attractive
source of renewable energy. As a result, even though, there was a
relative decrease in hydropower dam construction during
1990–2010, it has increased remarkably over the last decade
(Zarfl et al., 2014). Zarfl et al. (2014) reported that as of March
2014, there were 3,700 hydropower dams either planned or under
construction with more than 1MW capacity around the world.

Many studies have predicted a wide range of climate change-
driven impacts on streamflow (Thompson et al., 2013; Wang et al.,
2015; Shrestha and Lohpaisankrit, 2017; Ghimire et al., 2019; Xu
et al., 2019), and sediment erosion and load (Maharjan et al., 2014;
Azim et al., 2016; Kim et al., 2017; Zhou et al., 2017; Nilawar and
Waikar, 2019). Furthermore, recent studies have reported that many
large rivers (viz., Yellow River, Yangtze River, Chao Phraya River,
Pearl River, and Nile River) show a considerable reduction of
sediment supply to the coast due to reservoirs and land-use
change (Walling, 2009; Miao et al., 2011; Yang et al., 2015; Besset
et al., 2019; Ranasinghe et al., 2019). Previous studies have also
investigated the combined (or relative) effects of climate change and
human activities on streamflow and fluvial sediment loads of river
basins. Human activities considered inmany of those studies include

land-use change/urbanization (Pervez and Henebry, 2015; Sayasane
et al., 2016; Zuo et al., 2016; Vaighan et al., 2017; Marhaento et al.,
2018), and existing (or planned) reservoirs (Piman et al., 2015;Mittal
et al., 2016; Shrestha et al., 2016; Ngo et al., 2018). Notably, as a result
of reservoirs, sediment volumes received by many of the world’s
coasts and their delta systems have decreased substantially over the
last few decades (Saito et al., 2007; Syvitski and Saito, 2007; Syvitski
et al., 2009; Besset et al., 2019; Dunn et al., 2019).

Myanmar’s climate is changing (GCCA, 2012; Shrestha and
Htut, 2016). The country has experienced many natural hazards,
such as frequent flooding, droughts, heatwaves, cyclones, and
storms (GCCA, 2012) in the past three decades. In terms of
extreme weather events occurring between 1995 and 2014,
Myanmar is identified as the world’s second most affected
country as per the Global Climate Risk Index (CRI) (Kreft
et al., 2015). However, there is only a handful of climate change
and human impact assessments focusing on Myanmar to date
(Aung et al., 2016; Taft and Evers, 2016). Of particular relevance to
the focus of this study, Myanmar has attracted numerous foreign
hydropower investors, due to its undeveloped potential for large-
scale hydropower generation, resulting in accelerated socio-
economic growth over the last few decades (Kattelus et al.,
2015). However, compared to the major rivers in Southeast
Asia (e.g., Mekong, Yangtze, Yellow, Pearl, and Chao Phraya),
the Irrawaddy River, the largest river in Myanmar, is mostly
unregulated (Kattelus et al., 2015). Exploiting the abundant
water resources in the Irrawaddy River Basin by constructing
large capacity reservoirs and other related diverse developments
have interrupted the river flow and continuous sediment supply to
the Irrawaddy delta and its adjacent coastal region (Hedley et al.,
2010). Besset et al. (2019) showed that, compared to pre-1970s,
there is approximately a 30% reduction in the sediment supplied to
the Irrawaddy Delta during 1974–2014. To provide a scientific
basis for river basin management and planning activities, including
flood/drought mitigation and adaptation measures, design of river
structures, river channel training and maintenance of inland water
bodies (Zhao et al., 2014), in this nationally important waterway, it
is therefore necessary to understand and evaluate the variability of
streamflow and sediment load under different influencing factors
(i.e., climate change and human activities).

Here, we present an assessment of the Irrawaddy River Basin’s
hydrological responses (i.e., streamflow regimes and fluvial sediment
supply) to climate change (RCP 2.6 and RCP 8.5) and planned
reservoirs. Plausible changes in future climate (i.e., precipitation and
temperature) are also discussed under climate change scenarios.
Projected changes in streamflow and sediment loads at the basin
outlet due to 1) climate change only, and 2) climate change and
planned reservoirs in the basin are presented providing insights into
the relative contributions of these two key drivers to future
streamflow and sediment loads at the basin outlet.

MATERIALS AND METHODS

Study Area
The Irrawaddy (Ayeyarwady) River Basin (IRB) is largely
situated in Myanmar, with small parts located in Chinese
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(5%) and Indian (4%) territories, covering a total drainage area
of about 410,000 km2 (Figure 1A). The main tributaries of the
basin are Chindwin and Irrawaddy rivers. The Irrawaddy River,
which is approximately 2,100 km long, originates at the
confluence of the Mali and N’Mai rivers and is augmented
by the Chindwin at Pakokku. The Irrawaddy River, the most
important commercial waterway in Myanmar discharges into
the Andaman Sea, forming one of the two largest delta systems
in Southeast Asia. The delta of the river originates about
120 km south of Pyay (Figure 1A). The deltaic coastal zone
is classified as a mud-silt tidal dominated system (Furuichi
et al., 2009).

The basin has diverse topographic features, ranging from high
mountainous terrain in its northern part to low-lying delta
systems in the south. In the middle, there are plateaus
(∼500 m above mean sea level (MSL)) and floodplains
(Figure 1A). Green forests and rain-fed crop cultivation
comprise more than 65% of the basin area. Most of the
croplands are located in the central valley and low-lying river
flood plains, while dense forests are present in the northern hilly
mountainous region. Acrisols, Cambisols and Gleysols are the
dominant soil types in the study basin.

Myanmar has a tropical savanna climate. The basin
experiences heavy rainfall from May to October and the dry
season prevails from November to april. However, its mean
annual rainfall is highly spatially variable, from about 500 mm
in the central parts of the basin to 4,000 mm in the northern
mountainous regions. The average daily temperature varies from
21–34°C in the summer and from 11–23°C in the cold season. The

annual average discharge is about 12,000 m3/s at the Pyay station
(Figure 1).

Data
The hydrological model (SWAT (Arnold et al., 1998; Arnold
et al., 2012; Neitsch et al., 2011)), dividing the study area into
32 sub-basins (Figure 1B), that was set-up, calibrated and
validated for streamflow for 1991–2010 by Sirisena et al.
(2018) is exclusively used herein. Sirisena et al. (2018) also
present the data used in the initial model setup, which
includes: 1) geo-spatial data (DEM, land-use, soil), 2)
meteorological data (precipitation, maximum and minimum
temperature, relative humidity, solar radiation, and wind
speed), and 3) hydrological data (streamflow). Details of these
data can be found in Sirisena et al. (2018), Figure 1B and Table 1.
Monthly sediment data (1991–2010) from three stations (Kalewa,
Sagaing, and Pyay, Figure 1B) were obtained from previous
studies (Furuichi et al., 2009; IFC, 2017; Imbulana, 2018) and
used for model calibration and validation. Based on the data used
in this study (Table 1), basin average annual precipitation is
2050 mm (based on interpolated data from 19 gauges), and daily
maximum and minimum temperatures are 30°C and 19°C
(arithmetic means of 14 gauges), respectively. Similarly,
average annual streamflow and sediment load at Pyay station
are 12,000 m3/s, and 325 × 106 tons/yr, respectively. Future
climate projections (precipitation, minimum and maximum
temperatures) were obtained from ten General Circulation
Models (GCMs) via http://pcmdi9.llnl.gov/ (Table 1 and
Supplementary Table S1).

FIGURE 1 | Irrawaddy River Basin in Myanmar (A), and sub-basin and hydro-meteorological station distribution within the study area (B).
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Model Setup
Suspended Sediment Modeling and Model
Examination
The SWAT model setup developed and calibrated for
streamflow by Sirisena et al. (2018) and forced with
interpolated gauge precipitation (IGP) was used to compute
the sediment load at different locations in the basin with re-
calibration for sediment processes (i.e., erosion and transport).
Erosion and sediment transportation in river basins are mainly
governed by temperature, precipitation, wind, topography,
land-use, land management practices, drainage networks and
streamflow (Morgan, 2005). SWAT estimates the soil erosion,
caused by rainfall and runoff within each basic computational
unit (called Hydrological Response Units; HRUs), using the
Modified Universal Soil Loss Equation (MUSLE) (Neitsch et al.,
2011). This erosion model includes parameters related to soil,
land-use and management, and topography. The sediment
transport model used in SWAT consists of two processes
(deposition and degradation) that determine the magnitude
of sediment generated within a river reach. In SWAT, some
calibration parameters directly affect both streamflow and
sediment processes. Hence, only the sediment related
parameters were selected (Table 2) to calibrate the sediment
load generated from the basin. The model parameters for
monthly sediment loads were calibrated manually for the
1991–2000 period. The calibrated model was then validated
for the 2001–2010 period, noting, however, the lack of
continuous datasets for the 1991–2010 period for all three
stations.

Model performances during calibration and validation periods
were assessed by comparing observed and simulated monthly
sediment loads for 1991–2010. Figure 2 shows that the model
underestimates the sediment load during the high flow period
(July–October) at all stations, while it overestimates the sediment
load during the low flow period (December–April) at Sagaing

station. These mismatches can be attributed to the uncertainties
in precipitation data, streamflow simulation, parameterization,
and also the observed data used in calibration. In general,
simulated results at three stations preserve the temporal
variability of observed data with R2 > 0.70. According to
model evaluation criteria (NSE, PBIAS and R2), the model
results at the three stations are sufficiently adequate for the
calibration and validation periods.

The SWAT simulation for the 1991–2010 period shows a
sediment load of 269 ± 49 × 106 t/yr at the Pyay station
(i.e., basin outlet, Figure 1), with an average of 265 ± 41 ×
106 t/yr from 1991 to 1996. In previous studies focusing on the
sediment load in this basin, Robinson et al. (2007) calculated a
sediment load of 364 ± 60 × 106 t/yr at Pyay by revisiting the 19th-
century sediment load estimation (261 × 106 t/yr) presented by
Gordon (1885). Furuichi et al. (2009) computed a mean annual
sediment load of 325 ± 57 × 106 t/yr at Pyay over the 1966–1996
period by considering 31 years of streamflow measurements and a
streamflow-sediment rating curve derived from suspended
sediment concentrations at Pyay. At the Magway station,
located 168 km upstream of Pyay, the average sediment load
determined by the Directorate of Water Resources and
Improvement of River Systems (DWIR), Myanmar is 125 × 106

t/yr for the period of 1990–2010 (IFC, 2017). For the same period,
sediment load at Chauk, located further 93 km upstream of
Magway is 154 × 106 t/yr (IFC, 2017). Syvitski and Milliman
(2007) calculated average suspended sediment load in the
Irrawaddy River Basin (IRB) as 258.6 × 106 t/yr (based on
previous studies by Milliman and Meade (1983), Milliman and
Syvitski (1992), and Syvitski (2003)). Thus, the sediment loads at
Pyay simulated in this study are different from the results presented
in the above-mentioned studies, although there is significant
variability among the previous study results as well. This
discrepancy could be due to many reasons, including different
measurement locations, the variability of sediment transport in the

TABLE 1 | Data used in this study.

Data Time period Resolution Source

DEM 2008 90 m http://hydrosheds.cr.usgs.gov/index.php
Land-use 2009 300 m http://due.esrin.esa.int/globcover
Soil 2003 7 km http://www.fao.org/soils-portal/soil-survey/
Meteorological data 1990–2010 Daily Sirisena et al. (2018)
Hydrological data 1990–2010 Monthly Furuichi et al. (2009), IFC (2017), Imbulana (2018), Sirisena et al. (2018)
GCM data* 1990–2005 and 2045–2100 Varied http://pcmdi9.llnl.gov/

*Details of all the GCMs are in Supplementary Table S1.

TABLE 2 | Parameters used for sediment load calibration.

Parameter Description Scale Default Initial range

v_CH_EROD.rte Channel erodibility factor Reach 0 0–1
v_CH_COV2.rte Channel cover factor Reach 0 0–1
v_SPCON.rte Liner parameter for calculating the maximum amount of sediment that can be re-entrained during channel

sediment routing
Reach 0.0001 0.0001–0.002

v_USLE_p.mgt USLE support practice factor HRU HRU 0–1
v_USLE_C.plant.dat USLE cover factor Plant Plant 0.001–0.3
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river, seasonality effects on measurements (wet or dry seasons),
cross-sectional variations (which leads to changes in water level-
streamflow relationship), and differences in sampling methods
(IFC, 2017).

Streamflow and sediment erosion are highly dependent on the
land-use pattern within the basin. Here we assume land-use to be
invariant over the study period (present and future). However, the
land-use can change in the futuremainly due to increase of population
and development activities. The projection of future land-use is
beyond the scope of our study, hence we only focused on the
impacts of reservoirs on streamflow and sediment load projections.

Model Setup With Reservoirs
By 2010, there were 20 reservoirs planned to be constructed in
the Irrawaddy Basin mainly for hydropower generation
(Figure 3 in Kattelus et al. (2015)). The estimated power

production of these planned reservoirs varies between
24 MW and 4,100 MW. For this study, six of the planned
reservoirs (capacity >500 MW) were incorporated into the
model to assess the future changes in streamflow and
sediment loads due to reservoirs.

The SWAT model includes a reservoir module to assess the
effects of reservoir operation on streamflow and sediment load.
Detailed information regarding the planned reservoirs (e.g.,
storage capacity, volume and surface area related to the
spillway) is unknown or not available for this study. There are
four main physical parameters required by SWAT to simulate
reservoir operations: 1) RES_ESA (reservoir surface area when
the reservoir is filled to the emergency spillway), 2) RES_EVOL
(volume of water needed to fill the reservoir to the emergency
spillway), 3) RES_PSA (reservoir surface area when the reservoir
is filled to the principal spillway), and 4) RES_PVOL (volume of

FIGURE 2 | Observed and simulated monthly sediment load at the three gauging stations: Kalewa (A), Sagaing (B), and Pyay (C) for the calibration-validation
period (1991–2010).
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water needed to fill the reservoir to the principal spillway). The
storage capacity of the reservoir was determined using monthly
streamflow data of 20 years (1991–2010), assuming that over the
long-term total inflow to the reservoir minus losses equals total
outflow. The Sequent Peak Algorithm (SPA, Thomas and Fiering,
1963 cited in Lele, 1987) was used to determine the required
reservoir capacities. The cumulative sum of the difference
between inflow and water demand (withdrawals) is calculated to
develop the mass curve of this net outflow (i.e., inflow–withdrawals),
where withdrawal is taken as 80% of average inflow in each month.
The mass curve comprises peaks (local maxima) and troughs (local
minima). For a given peak (Pi), the next peak that is higher than (Pi)
is identified as the sequent peak. The required reservoir capacity is
then obtained by taking the maximum of the difference between the
sequent peak and the lowest trough during the entire analysis period.

It was assumed that 80% of the long-term average streamflow
(1991–2010) is withdrawn from the reservoir in each month,
meaning that 80% of water to be used from storage requirement.
If it is assumed 100% of average flow as withdrawal, the storage
capacitymay be unnecessarily larger. The requiredmaximum storage
capacities were derived from the model as described above and the
corresponding surface areas were calculated based on Storage
volume-Area-Elevation curve developed (Supplementary Figure
S1) from the SRTM DEM having 90m × 90m spatial resolution
(Figure 1A). It was assumed that RES_PVOL is 90% of RES_EVOL,
and corresponding RES_PSA was calculated from the area-capacity
curves. The reservoir details, thus, derived are summarized inTable 3.
Here, spillway’s outflow was estimated by the ‘average annual release
rate for uncontrolled reservoirs’ as this method only requires a daily
maximum spillway release rate when the water volume is between

emergency and maximum spill volume. In reservoir operation,
reservoir release can be given as the minimum or maximum or
both minimum and maximum release on a monthly basis (Neitsch
et al., 2011). Here, we considered only the minimumwater release by
assigning a constant value for the 12months in a year. The average
annual release rate andminimum release were estimated by assuming
a 10% failure of outflow from the reservoir (outflow over spillway <
specified minimum release) for the entire future simulation period
(2046–2100). This method of reservoir outflow estimation (average
annual release rate for uncontrolled reservoirs) has been successfully
applied by Vigiak et al. (2015) for streamflow and sediment
simulation in the Danube River Basin. Furthermore, Brauer et al.
(2015) also used this method to simulate the streamflow in the
Canadian Basin, United States. However, Jalowska and Yuan (2018)
recommended this method to use for sedimentmodeling, only if data
is not available for controlled outflow with target release method.

The median diameter of particle size (RES_D50) was set as
10.5 µm (i.e., medium size silt), which is the average suspended
particle size found by Robinson et al. (2007) for the IRB. Initial and
equilibrium sediment concentrations (RES_SED and RES_NSED,
respectively) of the reservoir play a vital role in sedimentation as
particle settling is a function of the concentration and time.
Therefore, different trapping efficiencies of a reservoir were
assumed to define these values (here, RES_SED and RES_NSED
are equal). Trapping efficiency (TE) is the percentage of incoming
sediment, which remains in the reservoir per year. Based on
previous studies (Maneux et al., 2001; Kummu and Varis, 2007;
Eizel-Din et al., 2010; Lewis et al., 2013; Yang et al., 2014; Shrestha
et al., 2016), two TE scenarios (50%, and 95%) were assumed here
to derive the equilibrium sediment concentration. In both cases,

FIGURE 3 | The workflow adopted in this study for GCM selection for streamflow simulation in the Irrawaddy River Basin.
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the same TE was initially assumed for all six reservoirs. Then, TE
values were calculated for every year from the simulated sediment
inflow and outflow from the reservoir, and subsequently, an
average annual TE value was calculated for the simulation
period (2046–2100). When this average annual TE of each
reservoir is equal to the assumed TE (50% or 95%), simulation
results were analyzed to investigate the effects of reservoir
construction on sediment load and streamflow.

Selection of Suitable General Circulation
Models
The climatic data obtained via different GCMs are likely to vary
among models for the baseline period (1991–2005). These
variabilities are mainly driven by the differences in inputs,
model structure, boundary conditions, and initial conditions
associated with the respective climate models (Jalota et al.,
2018). The average annual precipitation over the Irrawaddy
RB during the baseline period (1991–2005) varies significantly
among the GCMs considered (Supplementary Figure S2).
Particularly, CCSM4, GFDL-CM3, IPSL-CM5A-MR, MRI-
CGCM3, and Nor-ESM1-M show less than 1,500 mm of
annual precipitation over the basin for this period.
Furthermore, observations from rainfall stations show that the
most northern and middle parts of the basin receive more than
3,500 mm and less than 1,500 mm annual precipitation,
respectively (details in Sirisena et al. (2018)). Therefore, these
GCMs underestimate the precipitation in the northern parts of
the IRB. Average annual maximum and minimum temperatures
do not show significant difference among GCMs during the
baseline period (Supplementary Figures S3, S4). All GCMs
underestimate the minimum and maximum daily temperature
in the entire basin. For example, in the northern parts of the
basin, the observed maximum and minimum daily temperature
ranges are 26–30°C and 15–19°C, respectively. However, the same
temperature values obtained from the selected GCMs vary
between 15–24°C and 5–13°C, respectively.

The most representative climate models were selected by
following the approach shown in Figure 3, which uses GCM
outputs and observations for the baseline period (1991–2005).
First, the monthly and annual statistics of climate variables for
each model were compared with observed data. Here, spatially
interpolated gauge precipitation (IGP) (Sirisena et al., 2018) data
were used as the observed data. Secondly, data from the selected

ten GCMs (i.e., precipitation and temperature) were used to force
the previously calibrated SWAT setup (refer to Sirisena et al.
(2018)), and the model performance in terms of simulating
streamflow was evaluated at eight gauging stations (Figure 1B).

Following careful statistical comparisons of climate variables
(i.e., precipitation and maximum and minimum temperatures),
and GCM data-driven streamflow estimations over 1991–2005,
three GCMs (viz. CSIRO-Mk3.6, HadGEM2-AO, and
HadGEM2-ES, details in Supplementary Table S1) were
selected for further model applications (i.e., for simulating
future streamflow and sediment loads) in the IRB.

BiasCorrection of Climate Data andClimate
Change Scenarios.
The selected GCM data (precipitation and temperature) were
bias-corrected using the mean-based method (Schmidli et al.,
2006; Lenderink et al., 2007; Wang et al., 2016) applied on a
monthly basis. The methods adopted for precipitation and
temperature are shown in Eqs. 1, 2, respectively.

X′
M(i) � XM(i) × μO

μM
[1]

X′
M(i) � XM(i) + μO − μM [2]

where, i is a day in the month, μO and μM are monthly means of
observed and model (GCM) data for the baseline period,
respectively. XM is the raw daily model data and X′

M is the
bias-corrected daily data.

This study investigates the impacts of both low and high
radiative forcing scenarios: RCP 2.6 and RCP 8.5, respectively on
the hydrological response at the basin scale. RCP 2.6 represents a
GHG (Green House Gas) mitigation scenario targeting a low
radiative forcing level (∼3W/m2) peak by 2020, and start
declining. RCP 8.5 represents the pathway with the highest
radiative forcing (>8.5 W/m2) by 2100 and keeps increasing
thereafter (IPCC, 2014). Thus, this study investigates the
impacts of more optimistic and pessimistic scenarios with
respect to GHG emission scenarios on the hydrological
response at the basin scale. The analysis was carried out for
two future periods: mid-century (2046–2065) and end-century
(2081–2100). For both future periods, monthly values of μO

μM
(for

precipitation), and μO − μM (for temperature) were taken from
the baseline period (1991–2005) and applied in the above two

TABLE 3 | Basic characteristics of the planned reservoirs considered in this study.

No Reservoir name Respective sub-basin
outlet

Basin area
(km2)

Volume at
ES (x 106 m3)

Surface area
at ES
(km2)

1 Thamanthi Sub-basin 7 43,370 17,711 880
2 Shweli Sub-basin 13 13,090 2,186 221
3 Yeywa Sub-basin 26 28,910 2,600 67
4 Mawlaik Sub-basin 15 73,490 11,168 1,012
5 Myitsone Sub-basin 4 48,170 13,282 353
6 Shwe sar yay Sub-basin 19 105,700 8,597 505

ES, emergency spillway. The respective sub-basin outlet represents the outlet of the reservoir (Figure 1B).

Frontiers in Earth Science | www.frontiersin.org March 2021 | Volume 9 | Article 6445277

Sirisena et al. CC and Reservoirs Impacts on Catchment Responses

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


equations (i.e., Eqs. 1, 2) to correct the biases in GCM data
(i.e., precipitation and maximum and minimum temperatures).

Future streamflow and sediment load projections for
2046–2065 (mid-century) and 2081–2100 (end-century) were
computed under two scenarios: 1) climate change (CC) only,
and 2) climate change and planned reservoirs (CC + Reservoirs).
The bias-corrected climatic data and the selected planned
reservoirs were used with the calibrated SWAT model setup
over the full period 2045–2100.

RESULTS AND DISCUSSION

Projected Changes in Climatic Drivers
(2045–2065 and 2081–2100)
Precipitation
In general, the mean annual precipitation projections (bias-
corrected) show variable changes across the IRB (Figure 4).
The upper and lower parts of the basin are projected to
experience more changes than the middle part (dry zone). The
percentage changes of each GCM precipitation projection were
calculated relative to the baseline period (1991–2005). The North-
eastern part of the basin is projected to experience the highest
increment in precipitation (more than 10%) for both RCP 2.6 and
RCP 8.5 with HadGEM2-AO and HadGEM2-ES over mid- and
end-century periods. In contrast, the highest decrease in
precipitation (19%) is projected to occur over the western

parts of the basin for CSIRO Mk3.6 data, particularly during
the mid-century period under RCP 2.6. During the end-century
period, projected precipitation values from the selected three
GCMs vary between 7% and 12% for RCP 2.6 and 8%–31% for
RCP 8.5 (compared to the baseline period).

Similar to these findings, a recent study by Ghimire et al.
(2019) also shows that north and north-eastern parts of the
Irrawaddy Basin may experience 16–20% and 21–28%
increments in precipitation during the 2040s and 2080s,
respectively, under RCP 4.5 and RCP 8.5 (compared to their
baseline period of 1975–2005). Over the Belu River Basin (a small
basin adjacent to the eastern part of IRB), Myanmar, the average
precipitation is projected to vary with no clear trends (−1.8–9.1%,
range of values from four RCPs: RCP 2.6, 4.5, 6.0, and 8.5) (Aung
et al., 2016). Considering the entirety of Myanmar, under RCP 4.5
and RCP 8.5, precipitation is projected to increase by 6–23%
during the 2041–2070 period compared to a baseline period of
1980–2006 (Horton et al., 2017). IPCC AR5 projections indicate
that average precipitation over Myanmar may increase by 0–10%
under RCP 2.6 and 10–20% under RCP 8.5 during the end-
century period (2081–2100) relative to the AR5 baseline period
1986–2005 (Figure SPM 7 in IPCC (2014)).

Temperature
In general, the selected GCMs show an increase in temperature
over the basin for all RCPs. The spatial variation of the
temperature increment is minimal. The bias-corrected GCM

FIGURE 4 | Percentage change of precipitation under two RCPs (RCP 2.6 (A) and RCP 8.5 (B)) of the three selected GCMs (from left to right CSIRO Mk3.6,
HadGEM2-AO, and HadGEM2-ES), relative to the baseline period (1991 – 2005) over each sub-basin of the Irrawaddy River Basin. In each RCP plot, two future periods
are presented: 2046-2065 (top) and 2081-2100 (bottom).
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projections for RCP 2.6 show average maximum and minimum
temperature increments of 0.9–2.2°C and 0.4–2.0°C, respectively
(compared to the baseline period) during mid- and end-century
periods. For RCP 8.5 during the same periods, both maximum
and minimum temperature are projected to increase by 2.1–5.1°C
and by 1.9–6.0°C, respectively. During the end-century period
(2081–2100), the highest increments of maximum and minimum
temperature are projected under RCP 8.5 with CSIRO Mk3.6 (an
increase of 5.1°C) and HadGEM2-ES (an increase of 6.0°C) for
RCP 8.5, respectively. For the same period and under RCP 8.5, the
lowest increments of both temperatures are projected with
HadGEM-AO (an increase of 4.2°C and 4.3°C, respectively).
All increases mentioned above are relative to the baseline
period of 1991–2005.

In Belu River Basin, Myanmar (an adjacent basin to the IRB
from East), the minimum temperature changes are almost double
compared to changes in maximum temperature (Aung et al.,
2016). For example, in the 2080s, minimum (maximum)
temperature increases by 5.3°C (2.82°C) for RCP 8.5
(compared to the baseline period 1976–2005). In Bago River

Basin, Myanmar (an adjacent basin to the IRB from South-east),
ensemble projections of six GCM models show an increase of
average temperature by 1.5°C and 3°C for RCP 4.5 and RCP 8.5,
respectively by 2070–2099 when compared to the baseline period
(1975–2009) values (Shrestha and Htut, 2016). Similar
temperature increases are projected for the entirety of
Myanmar by 2041–2070, where the average annual
temperature may increase by 1.3–2.7°C over Myanmar
compared to the period of 1980–2006 (Horton et al., 2017).
By the end of 21st century, the increase of average surface
temperature in Myanmar is projected to be 1–1.5°C and 3–5°C
for RCP 2.6 and RCP 8.5, respectively compared to 1986–2005
(Figure SPM 7 in IPCC (2014)).

Climate-Change Driven Variations in Future
Streamflow and Sediment Loads.
All future changes in streamflow and sediment loads for the mid-
century (2046–2065) and end-century (2081–2100) periods were
computed relative to the baseline period (1991–2005). Here, the

FIGURE 5 | Percentage change of projected mean annual flow (A) and sediment load (B) at Pyay relative to the baseline period (1991-2005) under RCP 2.6 and
RCP 8.5 computed using the three selected GCM data as forcing. Q is Streamflow and rf is precipitation. Each panel (A, B) show results for RCP 2.6 (top) and RCP 8.5
(bottom) and the three selected GCMs (CSIRO Mk3.6, HadGEM2-AO, and HadGEM2-ES). In each plot, light color bar shows results relevant to the mid-century period
(2046-2065), whereas dark color bar shows results relevant to end-century (2081-2100). In the Panel (A), streamflow changes are in the primary axis (left Y-axis)
and precipitation changes are in the inverse secondary axis (right Y-axis). Similarly, in the Panel (B), sediment load changes are in the primary axis and streamflow
changes are in the inverse secondary axis.
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results are presented for the most downstream gauging point of
the study area (i.e., Pyay, Basin outlet).

In general, similar to future variations in precipitation within
the basin, streamflow at Pyay may also increase over 2046–2065
and 2081–2100. The mean annual precipitation and streamflow
variations of IRB have a similar trend (Figure 5) over the same
periods. However, the annual streamflow variation (in
magnitude) is always higher than that of precipitation. During
the end-century period, all simulations project annual streamflow
increases of 8–17% and 9–45% for RCP 2.6 and RCP 8.5,
respectively, relative to the baseline period (1991–2005). In
contrast, for the mid-century period, simulations forced with
CSIRO Mk3.6 project streamflow reductions of −6% and −3%
(relative to 1991–2005) for RCP 2.6 and RCP 8.5, respectively,
while, HadGEM2-AO and HadGEM2-ES forced simulations
project increments of 6–20% (RCP 2.6) and 15–25% (RCP
8.5) for the same period. Projections reported in previous
studies of the Irrawaddy RB show variations that are similar
to those obtained in this study. For example, Ghimire et al.
(2019)’s mean decadal streamflow projections for the Upper
Irrawaddy basin indicate an increase of 21% (22.7%) during
2021–2030 and 33% (41.8%) during 2091–2100 compared to
1975–2014 under RCP 4.5 (RCP 8.5). In another study focusing
on Bago River Basin in Myanmar, Shrestha and Htut (2016)
projected that the annual streamflow may increase by 46.8%

under RCP 8.5 during 2070–2099 compared to their baseline
period (1990–2009).

The projected changes in annual sediment load at Pyay follow
a similar trend to that of streamflow projections (Figure 5). The
mean annual sediment load is projected to increase in all the
RCPs and periods, except for the simulations forced with CSIRO
Mk3.6 data during the mid-century (Figure 5). The projected
changes are −7–30% (-3–40%) during the mid-century and
13–26% (18–75%) over the end-century period for RCP 2.6
(RCP 8.5).

The combined Effect of Climate Change and
Reservoirs on Streamflow and Sediment
Loads.
Reservoir Effect
For simulations with reservoirs, relative changes of streamflow
and sediment loads were calculated for each climate scenario
considered. Results show that changes in mean annual
streamflow at the downstream of the reservoir is minimal
(<1%, compared to the CC only case). However, changes in
seasonal streamflow (mainly monsoonal and non-monsoonal
flows) are considerably affected by reservoirs. For example,
Table 4 shows the seasonal changes of streamflow under RCP
2.6 and RCP 8.5 from the model forced with CSIRO Mk3.6. All

TABLE 4 | Changes in projected seasonal streamflow just downstream of each reservoir during the end-century period (2081–2100) under RCP 2.6 and RCP 8.5 for the
simulations forced with CSIROMk3.6, with and without reservoirs. The corresponding climate change forced simulation without reservoirs is considered as the reference
case when computing relative changes of projections obtained with the inclusion of reservoirs. It was assumed that all the reservoirs are at their maximum water level at the
beginning of all simulations.

RCP scenarios Reservoirs Monsoon period
(May -

Oct) (m3/s)

Relative change
due to

reservoirs (%)

Non-monsoon period
(Nov-Apr) (m3/s)

Relative change
due to

reservoirs (%)

References case: Without reservoir (CC only)
RCP 2.6 Thamanthi (Sub-7) 5,989 594

Mawlaik (Sub-15) 8,137 1,207
Shwe sar yay (Sub-19) 9,808 1,697
Myitsone (Sub-4) 7,047 1,394
Shweli (Sub-13) 1,152 168
Yeywa (Sub-26) 1,018 302

RCP 8.5 Thamanthi 6,019 547
Mawlaik 8,235 1,111
Shwe sar yay 10,005 1,586
Myitsone 6,649 1,242
Shweli 1,180 170
Yeywa 1,193 351

Scenario: CC + reservoirs
RCP 2.6 Thamanthi 5,264 −12 1,424 140

Mawlaik 7,076 −13 2,446 103
Shwe sar yay 8,470 −14 3,240 91
Myitsone 6,538 −7 1,939 39
Shweli 1,070 −7 269 60
Yeywa 900 −12 423 40

RCP 8.5 Thamanthi 5,257 −13 1,418 159
Mawlaik 7,096 −14 2,428 119
Shwe sar yay 8,582 −14 3,211 103
Myitsone 6,140 −8 1,788 44
Shweli 1,106 −6 262 54
Yeywa 1,096 −8 452 29
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relative changes are computed based on the results of CC only
(i.e., without reservoirs) simulations. Notably, high flow during
the monsoon period (May to October considered here) has
reduced and low flow during the rest of the period (November
to April) has increased. These results suggest that reservoirs act as
buffer storage during high flows, which in turn reduce peak flows.
Furthermore, reservoirs release a minimum flow throughout the
year, which results in an increase in river flow during the low flow
period. These changes in streamflow are similar for both trapping
efficiencies (i.e., 50% and 95%) because the streamflow
computation does not depend on sediment retention/outflow.

The mean annual sediment load in the river reaches just
downstream of the reservoirs was analyzed to scrutinize the
individual contribution of reservoir trapping on projected
sediment loads. For example, Figure 6 shows sediment load
projections from simulations forced with CSIRO Mk3.6 under
RCP 8.5 for 2081–2100. The percentage reduction of sediment
outflow from a reservoir depends on the trapping efficiencies
considered. Due to the high amount of sediment trapping within
three reservoirs in the cascade system (viz., Thamanthi, Mawlaik,
and Shwe Sar Yay in Chindwin Basin), a considerable reduction
of sediment load at the outlet of the Chindwin Basin is expected.
However, model results show only 15 MT/yr of reduction in
sediment load when the TE is increased from 50% to 95%
(161 MT/yr with 50% TE and 146 MT/yr with 95% TE). This

limited reduction in sediment volume for a 45% increment in TE
implies that the river channels would erode and generate
sediment, when the river reaches are starved of sediment due
to reservoir trapping. In contrast, sediment load from Upper
Irrawaddy basin due to three reservoirs (viz., Myistone, Shweli,
and Yeywa) does not show any difference when reservoirs are at
50% and 95% trapping efficiencies (157 MT/yr in both cases at the
confluence, Figure 6). Sediment reduction due to those three
planned reservoirs in the upper Irrawaddy Basin is not as high as
Chindwin Basin. This reduction at the outlet of Sub-basin 29
(Figure 1B) varies only from 3.2% to 3.8% under both RCPs
(compared to without reservoirs). Two of these reservoirs (out of
three) are located far upstream in the basin and the Yeywa
reservoir (Sub-basin 26) is located nearest to the basin outlet
(Figure 6). However, it should be noted that the reservoir
retention effects are neglected during the SWAT routing
process to the basin outlet.

It is also noteworthy that an increase of trapping efficiency
from 50% to 95% has no effect on the sediment load at the basin
outlet, Pyay. This behavior is mainly driven by the sediment
generated within the two sub-basins (number 30 and 31
(Figure 1B), 49,000 km2 of a combined area) located
downstream of the Chindwin and Irrawaddy confluence. Most
of this land area is utilized for agriculture, which generates a high
rate of sediment erosion, and thus a very high sediment load

FIGURE 6 | Projected mean annual sediment loads (in MT/yr) in different reservoir reaches (just downstream of reservoirs) from simulations forced with CSIRO
Mk3.6 under RCP 8.5 with (A) climate change only (B) climate change and reservoirs with 50% trapping efficiency, and (C) climate change and reservoirs with 95%
trapping efficiency for 2081–2100.
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(512 MT/yr), which completely overshadows the 15 MT/yr
difference between the 50% and 95% TE cases. When the
sediment carrying capacity of the river is less than the amount
of sediment introduced to the river, excess sediment is deposited
along the riverbed or flood plains. Thus, in both simulations
shown in Figure 6, the sediment load at Pyay is governed by the
sediment carrying capacity in the river reach from the Chindwin-
Irrawaddy confluence to the basin outlet, which does not change

in the two TE cases considered. Therefore, the computed
sediment load at Pyay is identical in both the 50% and 95%
TE cases.

Projected Streamflow and Sediment Loads at Basin
Outlet (Pyay)
Similar to what was seen just downstream of the individual
reservoirs, simulation results show that the annual streamflow

TABLE 5 | Changes in projected seasonal and annual sediment load at the basin outlet, Pyay during the end-century period (2081–2100) under RCP 2.6 and RCP 8.5 with
and without reservoirs. Results related to reservoirs scenarios are with 95% trapping efficiency at all reservoirs. The simulation without reservoirs is considered as the
reference case to compute relative changes of projections obtained with reservoirs.

RCP
scenarios

GCMs Monsoon period
(May

-oct) (MT)

Relative change
due

to reservoirs (%)

Non-monsoon period
(nov-apr)

(MT)

Relative change
due

to reservoirs (%)

Annual
(MT)

Relative change
due

to reservoirs (%)

References case: Without reservoir (CC only)
RCP 2.6 CSIRO Mk3.6 318 39 357

HadGEM-AO 334 35 370
HadGEM-ES 326 42 367

RCP 8.5 CSIRO Mk3.6 339 35 374
HadGEM-AO 461 55 515
HadGEM-ES 424 49 473

Scenario: CC + reservoirs
RCP 2.6 CSIRO Mk3.6 281 −11.4 55 39.4 336 −5.8

HadGEM-AO 294 −12.1 53 52.4 348 −5.9
HadGEM-ES 292 −10.2 58 36.0 349 −4.9

RCP 8.5 CSIRO Mk3.6 302 −10.8 51 43.6 353 −5.7
HadGEM-AO 422 −8.5 72 31.9 494 −4.2
HadGEM-ES 385 −9.1 67 36.1 452 −4.4

TABLE 6 | Projectedmean annual streamflow and sediment loads at Pyay from the three GCMs for the baseline period (1991–2005) andmid-century period (2046–2065). Q
is streamflow and Qs is sediment load. CC denotes climate change.

GCM Baseline period (1991–2005) RCP Projections for the mid-century period (2046–2065)

Q (m3/s) Qs (MT/yr) CC only CC + reservoir

Q (m3/s) Qs (MT/yr) Q (m3/s) Qs (MT/yr)

CSIRO Mk3.6 15,088 316 RCP 2.6 14,148 370 14,223 273
RCP 8.5 14,569 386 14,647 285

HadGEM2-AO 14,597 294 RCP 2.6 17,439 383 17,555 363
RCP 8.5 16,791 365 16,894 344

HadGEM2-ES 14,501 291 RCP 2.6 15,296 317 15,396 299
RCP 8.5 18,100 407 18,230 387

TABLE 7 | Projected mean annual streamflow and sediment loads at Pyay from the three GCMs for the baseline period (1991–2005) and end-century period (2081–2100).
Q is streamflow and Qs is sediment load. CC denotes climate change.

GCM Baseline period (1991–2005) RCP Projections for the end-century period (2081–2100)

Q (m3/s) Qs (MT/yr) CC only CC + reservoir

Q (m3/s) Qs (MT/yr) Q (m3/s) Qs (MT/yr)

CSIRO Mk3.6 15,088 316 RCP 2.6 16,333 357 16,433 336
RCP 8.5 16,492 374 16,593 353

HadGEM2-AO 14,597 294 RCP 2.6 16,834 370 16,946 348
RCP 8.5 21,193 515 21,367 494

HadGEM2-ES 14,501 291 RCP 2.6 16,982 367 17,100 349
RCP 8.5 20,183 473 20,294 452
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at Pyay is similar for both trapping efficiencies (i.e., 50%, and
95% of TE). However, changes in seasonal streamflow at Pyay
follow a similar pattern to reservoir outflows. Streamflow
projections at Pyay (Supplementary Table S2) show a
reduction in monsoonal flow (6–8% for RCP 2.6 and 6–7%
for RCP 8.5 during end-century) compared to the
corresponding CC only simulation results. In contrast, non-
monsoonal streamflows are projected to increase by 32–43%
and 32–38% for RCP 2.6 and RCP 8.5, respectively for the same
period. The reservoirs store water during the monsoon period,
which causes a reduction of the downstream flow. On the other
hand, reservoir operational release plays a significant role in
the non-monsoonal period, as an operational release is
specified here as a constant minimum release (details in
Methods). Therefore, the simulated low flow projections
during the Nov-Apr period is greater with reservoirs than
without (Supplementary Table S2).

Similar projections (with some variations) are also reported in
other basins in the region. A similar study carried out in the Sesan
River Basin (Vietnam) with seven reservoirs in operation,
indicated that compared to the baseline period (2002–2012),
streamflow may increase during the dry period but decreases
during the wet period under both RCP 4.5 and RCP 8.5 during
2010–2100 (Ngo et al., 2018). Thus, simulation results for the
Irrawaddy River Basin are consistent with results obtained for the
Sesan River Basin. However, Ngo et al. (2018) show an increase of
both wet and dry period flows in the Srepok River Basin
(Vietnam), where five cascade reservoirs exist. The mean
annual flows are projected to decrease by 2–3% (compared to
the no-reservoirs situation) in the Sesan River under RCP 4.5 and
RCP 8.5 during 2010–2100, and no changes are projected in the
Srepok River for the same conditions. Mittal et al. (2016) also
indicate that the flow variability in the Kangsabati River Basin
(India) would reduce due to reservoir operations. This flow
reduction is expected since high flows during flood events are
buffered by the reservoirs while increasing the pre-monsoon low
flows via flow regulations.

The mean seasonal and annual sediment loads follow the
variations of streamflow projections. The sediment load at Pyay
does not change due to different trapping efficiencies of the
reservoirs. Table 5 shows the mean seasonal and annual
sediment load variation at Pyay by the end-century period
with 95% trapping efficiency in the reservoirs. During the
monsoon period, the sediment load is projected to reduce
(relative to CC only case) by 10–12% and 9–11% for RCP 2.6
and RCP 8.5, respectively, due to reservoirs. On the other hand,
during the non-monsoon period, the sediment load is projected
to increase by 36–52% under RCP 2.6 and 32–44% under RCP 8.5
(relative to CC only case). The relative changes in seasonal
sediment load are always higher than that for streamflow. For
example, the mean monsoon sediment load is more than five
times that during the non-monsoon period during 2081–2100,
whereas the monsoon streamflow is about three times than non-
monsoon streamflow.

The ranges of projected reductions in annual sediment load at
Pyay under RCP 8.5 for the end-century period (2081–2100),
even with a 95% TE, is significantly lower (5–6% compared to CC

only situation,Table 5) than those projected for other large basins
in the region. For example, Shrestha et al. (2016) indicated that
the sediment outflow from the Nam Ou Basin, Lao PDR
(drainage area of 26,181 km2) would reduce considerably as
the number of reservoirs increases. That study indicates a
decrease of sediment outflow by 44%–80% only with the most
upstream reservoir (capacity of 1,469 MCM) and by 66%–89%
with five reservoirs (cumulative capacity of 2,400 MCM) within
the cascade system at Nam Ou Basin. Yang et al. (2015) indicated
that the mean sediment flux (mean discharge) in the Yangtze
River Basin, China (drainage area of 1.8 million km2) has reduced
by 71% (7%) during 2003–2012 (post-dam period) compared
with the 1950–2002 (pre-dam period, where the three-gorges
dams (TGDs with a capacity of 39,300 MCM) were completed in
2003). The total sediment reduction is attributed to the TGDs
(65%), other dams of 64,000 MCM cumulative capacity (10%),
precipitation decline (14%), soil conservation (10%), and water
abstraction (1%). Ranasinghe et al. (2019) showed that in Pearl
River, China (drainage area of 450,000 km2), fluvial sediment
supply to the coast has reduced by 71% (compared to natural
condition) during 1954–2013 due to excessive human activities
such as dam constructions, river flow diversions and
deforestation, while climate change driven increase in
streamflow during the 21st century would only reduce 1% of
this sediment deficit by 2100. According to the global sediment
fluxes estimation by Syvitski et al. (2005), the sediment supplied
to the world’s coast has reduced by 1.4 ± 0.3 billion tons per year
because of anthropogenic retention during 1960–1995.

A recent study by Besset et al. (2019) showed that in 38 world
rivers (out of 54 rivers reviewed), sediment supply to the
associated deltas has decreased by more than 20% between
pre- and post-1970 periods. In their assessment, approximately
30% reduction in sediment supply is shown for the Irrawaddy
delta during 1974–2014 compared to pre-1970. In contrast, based
on data collected during 1871–1879 and 1966–1996, it has been
suggested that significant change in sediment transport to the
Irrawaddy delta over nearly 100 years is unlikely (Furuichi et al.,
2009). Due to changes in climate and anthropogenic activities
(i.e., reservoirs) in the basin, this study shows an increase of
sediment supply to the coast during mid- and end-century
periods compared to the baseline period (1991–2005) except
simulations with CSIRO Mk3.6 data under RCP 2.6 and RCP
8.5 for the mid-century period (Tables 6, 7). The results of the
present study suggest that future climate and reservoirs affect the
streamflow regime and sediment out flux of the basin.

CONCLUSION

This study assesses the impact of climate change and reservoirs
on 21st-century streamflow and sediment load in the Irrawaddy
River Basin, Myanmar, through the application of a calibrated
and validated SWAT model for a baseline period (1991–2005),
and two future periods: mid-century (2046–2065) and end-
century (2081–2100). Climatic data from the three selected
GCMs (out of 10) were corrected for biases using the mean
bias correction method and used to force a series of SWAT
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simulations. SWAT was here set-up for sediment and reservoir
simulations, taking into account six planned reservoirs in the
basin. Model simulations were undertaken with (a) only climate
change forcing, and (b) with climate change forcing together with
planned reservoirs.

Results show that, with climate change forcing only,
streamflows and sediment loads at the basin outlet will
increase substantially, relative to the baseline period. Under
RCP 2.6 and RCP 8.5, streamflow at Pyay is projected to
increase by 8–17% and 9–45% while sediment load is
projected to increase by 13–26% and 18–75%, respectively, by
the end-century period. In general, streamflows and sediment
loads are projected to increase during the monsoon period
compared to non-monsoonal months, with changes in
sediment loads always being greater than that in streamflows.

Projections obtained with both climate forcing and planned
reservoirs show that, while the impact of reservoirs on annual
streamflow and sediment load at the basin outlet is minimal, both
seasonal streamflow and sediment load are substantially affected
by the presence of reservoirs. Annual streamflow at the basin
outlet does not differ significantly compared to the climate
change only case, for any RCP and for both future time
periods considered, while the presence of reservoirs results in
a small decrease of 4–6% in annual sediment loads at Pyay under
RCP 8.5 during the end-century period. At seasonal time scales
however, under RCP 8.5 during the end-century period, the
presence of planned reservoirs is projected to decrease
streamflow at the basin outlet by 6–7% during monsoon
periods, while during non-monsoon periods, the reservoirs
result in an increase of 32–38% in the streamflow at the
outlet. Similarly, the presence of reservoirs is projected to
decrease the sediment load by 9–11% during the monsoonal
period and increase it by 32–44% during the non-monsoonal
periods under RCP 8.5 by the end-century period.

Sediment load at the basin outlet may depend on factors
other than climate change and reservoirs. One such factor,
which is not considered in the present study, is changes in

future land-use. Different land-use practices can affect the rate
and magnitude of soil erosion and sediment yield of a basin
and the streamflow (Rodriguez-Lloveras et al., 2016; Pokhrel,
2018). Therefore, as a future direction, a study combining the
potential effects of climate, land-use and other human
activities (i.e., water diversions and damming) is
recommended.
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