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Abstract

In this study, bias-corrected daily rainfall data of eight global climate models (GCMs) was
used as input for a hydrologic model (Hydrological Engineering Center - Hydrological
Modeling System (HEC-HMYS)) to simulate daily streamflow in the Upper Ayerawaddy River
basin (UARB), Myanmar. Monthly, seasonal, annual, and decadal mean flows, calculated for
the baseline (1975-2014), were compared with projections for future periods (2040s: 2021—
2060 and 2080s: 2061-2100) under two Representative Concentration Pathways (RCP 4.5 and
RCP 8.5). The spread of low flows (10th and 25th percentile of daily flows) and high flows
(75th, 90th, and 100th percentiles) were analyzed for each period. The ensemble of GCMs
indicates an increase in mean monthly (except in October and November), seasonal (except
post-monsoon), annual, and decadal rainfalls and corresponding flows in the UARB. Future
low flows are expected to have high variability while high flows are expected to have higher
means than that of baseline. The density distribution analysis of baseline and future flows
reveals that future periods are likely to experience an increase in the magnitude of mean flows
but a decrease in variability. Rainfall extremes indicated by 1-day maximum rainfall, 5-day
consecutive maximum rainfall, and the number of extreme rainfall days reveals frequent wetter
extremes in the UARB under future climate conditions. Extreme floods, as estimated by the
frequency analysis of daily flows, are also expected to become more frequent during the future
periods. These changes in flows can be attributed solely to climate change since the analyses
did not account impacts of possible land use change and water resources development in the
UARB. This study is a good starting point to assess future flows, and further research is
recommended to address the limitations of this study for improved understanding and assess-
ments that will prove useful for planning purposes in the study area.
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1 Introduction

It is a well-established fact that climate change, driven by greenhouse gas emissions, has
intensified significantly in the recent decades (1970-2010) and is likely to increase in the
future as well (IPCC 2014). The potential changes in mean climate also alter the
frequency and distribution of extreme climatic events and cause stress to hydrological
regimes and water resources (Easterling et al. 2000; IPCC 2014; O’Gorman 2015). In
several recent studies, CMIP5 (Coupled Model Inter-comparison Project Phase V) global
climate model (GCM) outputs have been used as input for hydrological models to assess
the impacts of climate change on hydrological processes at the basin scale (Gosain et al.
2006; Krysanova et al. 2017; Shrestha and Htut 2016). Such integration is used to assess
the impacts of climate change on water resources and ultimately to aid better planning
and operational management of water resources, environmental protection, ecological
balance, and so on (Nan et al. 2011).

Myanmar was the world’s second most vulnerable country in terms of risks due to
extreme weather events between 1994 and 2013 (Kreft et al. 2014). ADB (2009) has also
identified it as one of the most vulnerable to climate change, among the countries of Asia
and the Pacific. Climate change in Myanmar is expected to impact the country’s
hydrology and water resources system, agriculture, and human health and settlement.
The agriculture sector in Myanmar consumes 90% of the total available water, employs
60% of the country’s total labor force, and contributes 22% to the nation’s GDP (FAO
2016; IWMI 2019). Hydropower generation also has the potential for economic contri-
bution to the GDP of Myanmar (Kattelus et al. 2015). Frequent hydrological and
meteorological extremes like floods and droughts have impacted the lives and liveli-
hoods of many people in Myanmar. Aspects like agriculture, hydropower, and even
hydro-meteorological disasters are affected by rainfall and streamflow and are, therefore,
closely related to climate change. Thus, an assessment of the impacts of climate change
on rainfall and streamflow is required for better climate adaptation plans for any country
(Boori et al. 2017; Mendelsohn et al. 2006), and Myanmar most certainly.

Literature about extreme rainfall events in Myanmar is sparse; and yet, there are
enough contradictions with respect to the subject. While Endo et al. (2009) reported
positive trends in extreme rainfall, Yazid (2015) pointed out negative trends for the same
in the northern parts of the country. A recent rainfall analysis of 37 stations revealed
wetter yet insignificant trends for total rainfall and extreme rainfall indices during 1981—
2015 (Sein et al. 2018). With some yet inconclusive assessments of historical rainfall
means and extremes for Myanmar, the projections for future rainfall are even more
limited. A few studies indicate an increase in monsoonal rainfalls for all of Myanmar
under various climate change scenarios, and only a handful among them have zoomed
into basin level projections (Charan Pattnayak et al. 2015; Horton et al. 2016). Only the
Bago and Mytinge River Basins have been assessed for potential changes in streamflow
under climate change conditions (Khaing 2015; Shrestha and Htut 2016).

Most of the land area under cultivation in Myanmar lies within the Ayerawaddy River basin, and
is likely to expand further into the upper parts of the country (Soe 2018). The Upper Ayerawaddy
also has the second highest surface water potential among all the river basins in the country (WEPA
2005). The Lower Ayerawaddy and the delta regions of the country often get flooded due to the
Upper Ayeyarwady (Kar et al. 2011). Hence, the Upper Ayerawaddy Basin is a promising case
study to assess the impacts of climate change on rainfall and streamflow for future periods.
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Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS) is a hy-
drological model which has been used extensively for flow simulation under different
scenarios of climate and land use changes in river basins across the world including the
Mekong and its tributaries in Southeast Asia (Sok and Oeurng 2016; Van Ty et al. 2012).
It is a relatively simple model, easy to set up, and demands lesser data than other
distributed hydrological models. Daily rainfall data and potential evapotranspiration at
monthly resolutions are the minimum data required to set up the model when data is
scarce, as is the case in Myanmar.

The key objective of this study was to assess possible changes in the rainfall and
streamflow of the Upper Ayerawaddy River basin (UARB), located in northernmost part
of Myanmar, at multiple temporal resolutions (monthly, seasonal, annual, decadal), and
low (Q5 and Q25) and high (Q75 and Q90) flows, under RCPs 4.5 and 8.5, using eight
CMIPS5 GCMs so as to provide evidence-based changes in mean and extreme rainfall
events and river flows under climate change conditions. This study is the first of its kind
in the UARB. The inclusion of possible land use changes and water resources develop-
ment in the analysis was beyond the scope of the current study; these inclusions are for
future research so that the analysis can be made more extensive for water resources
planning in the study area.

2 Materials and methods
2.1 Study area

The major drainage system of Myanmar is the Ayerawaddy River, which flows north to
south and drains 66% of the total area of the country (~ 676,600 km?2) into the Andaman
Sea (Brakenridge et al. 2017). This river is further divided into Chindwin (985 km), and
Upper (1039 km) and Lower Ayerawaddy Rivers (680 km). Figure 1 shows the location
map of the Ayerawaddy River basin in Southeast Asia, the study area (Upper
Ayerawaddy River basin: UARB), and the rainfall and discharge stations used in this
study.

The UARB drains an area of 125,000 km? (34% of the Ayerawaddy Basin) to a
discharge station called Sagaing, which is above the confluence of the Chindwin and the
Upper Ayerawaddy rivers (Fig. 1). The elevation in the study area varies from 50 to
5770 m, as per the digital elevation model (DEM) of 90 m resolution accessed from
HydroSHEDS for hydrological modeling (Lehner et al. 2006). A land cover map for
2006, obtained from the European Space Agency (ESA), shows that 70% of the study
area at that time was covered by forests, 15% by agricultural lands, and 2% by
permanent snow and other land use (Defourney et al. 2006).

2.2 Historical and future data

Table 1 summarizes the daily rainfall and discharge data, for six and three stations
respectively, collected from the Department of Meteorology and Hydrology (DMH),
Myanmar. The locations of these stations in the study area are shown in Fig. 1. Table 1
presents the details of the eight GCMs selected for projections of rainfall for the future
periods relevant to this study.
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Fig. 1 Location map of the study area, rainfall, and discharge stations considered for the study

2.3 Methodology
2.3.1 Rainfall bias correction

The quantile mapping technique was used at a daily time step to reduce the biases of GCM
rainfall data at the station level. This technique was chosen for this study because, in the past, it
has performed better than the linear scale method of bias correction for the study area (Ghimire
2016). The “Qmap” package available in R was used in this study to map the quantiles of
GCMs with those of observed rainfall at daily time step (Gudmundsson et al. 2012). A control
period of 1975-2005 was selected to compare and map observed and GCM rainfall. Two
periods, of 40 years each, were identified for the future—2021-2060 (the 2040s) and 2061—
2100 (the 2080s)—to maintain consistency with the baseline duration (1975-2014) and for
frequency analysis in case more than 30 years of data was required.

2.3.2 Analysis of projected rainfall

Bias-corrected GCM rainfalls for the future periods of the 2040s and 2080s were compared
with the baseline at a monthly timescale to understand the changes in rainfall and the
variability projected by GCMs at station and basin scales. The trends of projected rainfall
for the study area were computed using Sen’s slope method (Sen 1968) and checked for their
significance at 5% using the non-parametric Mann—Kendall test (Kendall 1955; Mann 1945).
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Table 1 Rainfall and discharge stations and the GCMs used in this research

Rainfall stations (1975-2014)

Station Latitude  Longitude  Elevation Mean annual Std. dev
(©) ©) (m, MSL) rainfall (mm) (mm)
Putao 273 974 409 4032 644
Myitkyina 254 97.4 145 2244 334
Bhamo 24.2 97.2 111 1846 304
Katha 24.1 96.3 94 1543 308
Lashio 22.9 97.7 856 1277 169
Mandalay 21.9 96.1 93 850 253
Discharge stations (2000-2014)
Station Latitude  Longitude  Elevation Mean flow Specific discharge
(area (km2)) ©) ©) (m, MSL) (m3/s) (m3/s/km?)
Myitkyina (48,973) 25.4 97.4 145 4667 0.095
Katha (84,273) 24.2 96.3 94 5028 0.060
Sagaing (124,857) 21.9 96.0 64 5878 0.047
Global climate models (GCMs); RCP 4.5 and RCP 8.5
Model Resolution (lat (°)xlong Research center Vintage
©)
BCC-CSM1-1 2.78x2.81 BCC, China 2011
CCSM4 0.94x1.25 NCAR, USA 2010
CNRM-CM5 1.40x1.40 CNRM & CERFACS 2010
CSIRO-Mk3-6-0  1.85x1.87 CSIRO, Australia 2009
IPSL-CM5A-MR  1.27x2.50 IPSL, France 2009
MIROC5 1.40x1.40 MIROC, Japan 2010
MPI-ESM-LR 1.85%x1.87 MPI, Germany 2009
MRI-CGCM3 L.11x1.12 MR, Japan 2011

A similar analysis was done for the baseline period (1975-2014) using mean rainfall computed
from the interpolated weights of six meteorological stations. Such analysis for the baseline
period improves the understanding of trends of projected rainfall in a basin.

One-day maximum rainfall (Rx1day), 5-day consecutive maximum rainfall (Rx5day), the
number of days with moderate rainfall (R10, rainfall rate more than 10 mm/day), and the
number of days with extreme rainfall (R30, rainfall rate more than 30 mm/day) were
considered as rainfall extreme indices in this research. Such indices were estimated at the
basin level for future periods using an ensemble of climate models and were compared for their
deterministic exceedance frequencies against the baseline period. Trends of these indices at the
basin level were also analyzed using techniques like those used for mean rainfall.

2.3.3 Hydrological model setup using HEC-HMS

Four sub-basins were delineated in the UARB to set up a hydrological model using HEC-
HMS. The SCS curve number method was used to compute effective rainfall for each sub-
basin, which was transformed into streamflow using the SCS unit hydrograph. Linear reservoir
and constant monthly base flows were assigned to the sub-basins to account for low flows in
the study area. The flows generated at the sub-basin outlets were routed using the lag and
Muskingum methods. Constant monthly evapotranspiration was considered to account for
losses in the basin. No snowmelt was considered in the modeling.

Calibration and validation periods of 20002008 and 20092013, respectively, were used to
assess the hydrological model’s ability to represent the rainfall-runoff processes in the study
area on a daily time scale. The univariate gradient method was used to auto-optimize the
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basin’s parameters during the calibration process. The hydrological model was tested for its
performance using several indicators like the coefficient of determination (R2), the average
normalized peak error (ANPE), the ratio of root mean square error (RMSE) to standard
deviation (RSR), Nash—Sutcliffe efficiency (NSE), and percentage bias (BIAS %) (Krause
et al. 2005; Moriasi et al. 2007; Sun et al. 2000).

To analyze the impacts of rainfall on streamflow in the future in the UARB, bias-corrected
GCM rainfall for the future periods was used as input in the developed model, and flows were
simulated. Expected land use changes and water resources development in the future periods
were not considered in this analysis.

2.3.4 Uncertainty analysis

Uncertainties in projections of future flows can arise from several factors including
different GCMs and their inherent characteristics, the choice of emission scenarios,
downscaling/bias correction techniques, and the choice of hydrological models
(Prudhomme and Davies 2009; Wilby and Harris 2006). It has often been found that
the selection of GCMs is responsible for the most amount of uncertainty, much more
than the uncertainty arising from emission scenarios, downscaling techniques, and
hydrological models (Kay et al. 2009; Prudhomme and Davies 2009; Wilby and Harris
2006). The uncertainties in flows arising from hydrological models have been found to
be the lowest among other sources of uncertainty for mean and low flows (Q10) for 12
large river basins, including the Ganges, across the world (Vetter et al. 2017).

The two-way analysis of variance (ANOVA) method can be employed to quantify the
sources of uncertainty in rainfall and temperature projections while a three-way ANOVA
method can be used for flow projections (Aryal et al. 2018; Vetter et al. 2017). In this study,
uncertainty in projected flow arose only from the selected GCMs and emission scenarios (ES
RCP 4.5 and RCP 8.5) as bias correction (quantile mapping) and hydrological modeling
(HEC-HMS model) were done through the same method. In this study, a two-way ANOVA
method conducted using the SPSS software to analyze the interaction between GCMs and ES
while predicting flows is defined as:

SST = SS(gemy + SS(es) + SS(cemees)

where SST =total sum of squares, SSgcwm) = sum of squares due to climate models, SSg) =
sum of squares due to emission scenarios, and SSem#gs)=sum of squares due to the
interaction between climate models and emission scenarios.

2.3.5 Analysis of flows at multi-temporal scales

The mean flows simulated for the future periods of the 2040s and 2080s were compared with
the baseline flow at monthly, seasonal, annual, and decadal scales. Mean monthly flows during
the 2040s and 2080s simulated by the ensemble of climate models were assessed for changes
(in percentage) with respect to mean monthly baseline flows. Annual flows simulated by the
ensemble of climate models for the period of 2021-2100 were compared with mean annual
baseline flows for both scenarios of climate change. The five seasons that Myanmar experi-
ences—pre-monsoon (mid-April to mid-May), monsoon (mid-May to mid-October), post-
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monsoon (mid-October to end-November), dry and cool seasons (end-November to mid-
March), and hot season (mid-March to mid-April)—were considered in this research (Htway
and Matsumoto 2011). Mean seasonal flows during the 2040s and 2080s, as simulated by the
ensemble of climate models, were also compared with mean seasonal flow of the baseline
period.

The decades for this research were defined as 2021-2030, 2031-2040, and so on. Mean
decadal flows simulated by the ensemble of climate models were compared with mean flow
during the baseline period. The inter-decadal variability of the means of flows as simulated by
the climate models was also computed for each decade.

2.3.6 Analysis of flow extremes

Low flows (represented as 10th and 25th), median flows (50th), high flows (75th and
90th), and annual maximum flows (100th) percentile of the daily flows were computed
for the 2040s and the 2080s and compared with the baseline values. Trend analysis of
low (Q10), median (Q50), and high (Q90) flows was done for the baseline period (1975—
2014) using the rainfall simulated flows and for the projected periods using GCM-
simulated rainfall flows. These trends were also computed using Sen’s slope method
(Sen 1968) and checked for their significance at 5% level using the non-parametric
Mann—Kendall test (Kendall 1955; Mann 1945).

Density distribution of Q50 (median) and annual maximum flows (Q100) during the
baseline and future frames were fitted with normal and Gumbel distributions respectively
and tested for the goodness of fit using the Kolmogorov—Smirnov test at 1, 5, and 10%
significance levels. These distributions and testing techniques have been used extensively for
flow and flood frequency analysis in several regions of the world (Garba et al. 2013; Yue et al.
1999). The annual maximum flows were then analyzed for their frequencies during the
baseline period and projected future periods of the 2040s and 2080s using the mean of flows
as simulated by the ensemble of climate models.

3 Results and discussion
3.1 Bias correction of rainfall

The period of 1975-2005 was used to estimate rainfall bias correction factors using the
quantile mapping technique for the individual GCMs which were selected for this study.
Overall, GCMs at the station level mostly underestimated rainfall in the upper part and
overestimated it in the lower part of the UARB, as compared to the observed rainfall data.
Figure 2 (top row) shows the mean monthly comparison of GCMs before and after bias
correction with the observed rainfall at the Myitkyina station for 1975-2005.

After quantile mapping, the GCM rainfall data at daily resolution, the GCM monthly
aggregated data and observed rainfall data at the station level matched well, as can be seen
in Fig. 2 for Myitkyina. The effects of quantile mapping on daily GCM data have not been
discussed in this study, though the lower quantiles (less than 10%) were over-fitted while
higher quantiles (more than 90%) were over-estimated; this has been discussed as the
limitations of quantile mapping (Maraun 2013).
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Fig. 2 Observed and GCM-simulated mean monthly rainfall during 1975-2005 at Myitkyina before (a) and after
(b) bias correction

3.2 Projected changes in rainfall

Mean rainfall in the basin is projected to experience a significant increase during April-June
and is expected to decrease during September—November under the selected climate change
scenarios (Fig. 3). The standard deviation of changes simulated by the eight climate models,
presented as error bars for each month, shows higher spread during May and June. It was also
observed that while most of the GCMs are unidirectional in projecting mean monthly changes
during September to May, for the remaining months, they do not project a clear trend of
change in rainfall.

It was seen that while net changes are higher during high rainfall months, relative changes
are likely to be higher during the months of low rainfall (November to March). The highest
mean changes and greater variability among GCMs in simulating mean basin rainfall is
expected for the 2080s. The upper part of the basin is expected to experience more changes
as compared to the lower part, as is also represented by the projected rainfall at the selected
stations (Supplementary Fig. A).

A significant increasing trend of 8.15 mm/year was observed for annual rainfall over the
basin during the baseline period (Supplementary Fig. B). However, majority of the selected
future periods and RCP scenarios did not show any significant trends of mean annual rainfall
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in the UARB. In general, upon comparing the mean of all GCMs to the baseline data, mean
annual rainfall for the study area is projected to increase by 16-20% during the 2040s and 21—
28% during the 2080s. Similar increases, in the range of 6-23% (as compared with the
baseline period of 1980-2006) for mean annual rainfall, have been reported for all of Myanmar
for 2041-2070 (Horton et al. 2016).

Despite insignificant trends of Rx1day and Rx5day during the baseline period, these
two indices show an increase in rainfall extremes under both climate change scenarios.
All the GCMs were found to be unidirectional in projecting the increase in the frequen-
cies of these two indices for the 2040s and the 2080s (Fig. 4).

Increased frequencies of Rx1day in the study area under the selected climate change
scenarios imply frequent occurrence of disasters like landslides and flash floods. An
example of such a disaster in the UARB was 80 mm of rainfall on 21 June 2018 at the
Myitkyina station, which led to a massive landslide in Hpakant (100 km from the
station), killing more than a hundred people (Davies 2018). Rx5day, which contributes
more towards riverine flooding, is also projected to become more frequent in the study
area in the future.

Moderate rainfall days (R10), which had a significant increasing trend of 0.33 days/
year during the baseline period, are expected to decrease during the future periods
(Fig. Sa—d). For example, the UARB had at least 60% probability that there would be
100 days with rainfall more than 10 mm during the baseline period; this probability
reduces to 20-30% under RCP 4.5 and 30—40% under RCP 8.5. Disagreement among
GCMs was also observed in the projection of R10, with many of the models pointing to a
decrease in moderate rainfall days. However, R30, with insignificant trends during the
baseline period, is expected to distinctly increase extreme rainfall days during the future
periods (Fig. Se—h). This decrease of R10 and increase of R30 indicate that the UARB is
likely to receive more extreme rainfall days and increased rainfall intensity under the
selected climate change scenarios. A very good agreement was observed among GCMs
in projecting R30 for the UARB, as has been visualized by the thin ensemble band of the
GCMs’ R30s for the future periods (Fig. Se—h).
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Fig. 4 Deterministic frequency duration curves computed for Rx1day (a—d) and Rx5day (e—h) for the baseline
period, and under RCP 4.5 and RCP 8.5 during the 2040s and 2080s

3.3 Calibration of the hydrological model

Figure 6 presents the calibrated sub-basin parameters, sub-basin elements, and the sensitivity
analysis of the model’s parameters in the UARB.

A total of 500 iterations were used with a tolerance of 0.01 for calibration at each of the three
hydrological stations to optimize the basin’s parameters. Based on the volume of flow, the
groundwater parameters were found to be the most sensitive among all the chosen parameters.

The finalization of the hydrological model’s parameters during the calibration period
of 2000-2008 was tested over an independent validation period of 2009-2013. The
model’s performance statistics indicate that the HEC-HMS model could represent the
rainfall runoff processes of the study area at a daily time step very well (Fig. 7).

Based on the hydrological model evaluation criteria of Moriasi et al. (2007), the calibrated
model was found to be satisfactory at Myitkyina and very good at the Katha and Sagaing
discharge stations.

@ Springer



Climatic Change (2019) 155:59-79 69

RCP 4.5 (2040s) RCP 8.5 (2040s) RCP 4.5 (2080s)
(= =3 o
E 3T £ = £ =
gE T £ T g T
o T o o o |
A o A o A o
B 21 8 21 3 29
£ E £
S o s o | c o |
c © c @ c ®
o o o
£ £ £ 2
2 o | 2 o | 2 o | p
14 © 0 © 0 © -
3 3 5 ;
o ) o o) (]
TTTTTITTTTTT T T T IrrTrroroT TTTT I T T T T T T T T rTrrrroroTT TTTTTITTTT T T T T rrTrrroTT
0% 20% 40% 60% 80% 0% 20% 40% 60% 80% 0% 20% 40% 60% 80%
% Time equalled or exceeded % Time equalled or exceeded % Time equalled or exceeded
RCP 8.5 (2080s) RCP 4.5 (2040s) RCP 8.5 (2040s)
g ¥ E o7 £
E - £ Q £ S
o o o
- 1 g
A o A o A o
il & o m o
E £ £
c g [ = £ 2
c © c - (-3 -
: g 2
£ o < o=
14 © 0 v »
3 3 T
o o [a}
TTTTTITTT T T T T T rrrroroT TTTTTTTTTTIT T rrrrrrorTT TTTTTTTTT T T T T rrTrrroTT
0% 20% 40% 60% 80% 0% 20% 40% 60% 80% 0% 20% 40% 60% 80%
% Time equalled or exceeded % Time equalled or exceeded % Time equalled or exceeded
RCP 4.5 (2080s) RCP 8.5 (2080s)
Legend
£ £
E S £ 9 /\ OBS (Baseline)
o o
g o 3 o —+-BCCCSM
g ° g ° X CCsM4
g o g e <> CNRM
5 5 CSIRO
s £ IPSL
% % MIROC5
o o MPIESMLR
(LI ) P 1 R I ot i B o B O b TTT T I T T T T T T T T T I T T TTT7T @MR|
0% 20% 40% 60% 80% 0% 20% 40% 60% 80%
% Time equalled or exceeded % Time equalled or exceeded

Fig. 5 Deterministic frequency duration curves computed for R10 (a—d) and R30 (e-h) for the baseline period
and RCPs 4.5 and 8.5 during the 2040s and 2080s

Improvements in performance indicators were observed for GCM simulated flows
after the GCM rainfall data was bias corrected and fed into the developed hydrological
model. A comparison of monthly flows computed using daily simulation during 1975—
2005 revealed that bias corrected GCM rainfall could yield satisfactory results in the
study area (Supplementary Fig. C).

3.4 Analysis of uncertainty in predicted flows

The fraction of variance (SST) was used to show the contribution of each source of
uncertainty in flow simulation for the study area. During all the months of the future
periods, GCMs contributed maximum uncertainty, as reflected by the higher values of
the fraction of variance. The interaction between GCMs and the scenarios caused lesser
uncertainty than GCMs alone, and the scenarios by themselves were responsible for even
less uncertainty (Fig. 8).
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Calibrated Sub-basin parameters

SCS Loss method Baseflow: Constant monthly method
Parameters W350 | W440 W640 W660 [Parameters W440 W640 W660
Initial abstraction (mm)| 50 30 23 30 Monthly Q (m3/s) 300 200 100
Curve Number 78 75 70 70
Impervious (%) 10 20 22, 20 Baseflow: Linear reservoir method (W350 Subbasin)
(GW1 Initial (m3/s) 1384 GW?2 Initial (m3/s)| 300
SCS UH Transform GW1 Coefficient 1500 GW2 Coefficient 20
Parameters W350 W440 W640 W660 GWI1 reservoirs 45 GW?2 reservoirs 11
Graph Type Delmarva | Delmarva Delmarva Delmarva
Lag time (min) 7000 20000 9000 6000 Routing: Muskingum method
[Parameters R630 R250
Routing: Lag method Muskingum K (HR) 24 24
Parameter R600 Muskingum X 03 0.3
Lag time (min) 6000 um. of Subreaches 3 3

Sensitivity lysis for discharge vol at Myitkyina

4
o 7
52 [gl
o 7 g
> Z
£ 0 - ; - PR l’ﬁ] :
5 i oW
S ¢ g 2
e 2 g
o 4
B3

-4

-25 -20 -15 -10 -5 5 10 15 20 25
% change in parameter value
®|nitial abstraction (mm) u Curve number Imperviousness
Lag time @ GWA1 initial discharge (m3/s) BGW1 Coefficient

aGW1 reservoirs m GW?2 initial discharge (m3/s) = GW2 coefficient

uGW2 reservoir

Fig. 6 Calibrated sub-basin parameters, sub-basin elements, and sensitivity analysis for discharge volume at the
Myitkyina hydrological station

During the 2040s, the combined uncertainty due to GCMs and scenarios is significant
(20-40%) in August and September; while during the 2080s, this uncertainty is less than
20% in all the months. Thus, the streamflow projections are presented as the ensemble
and mean of ensembled flows simulated by the selected eight GCMs, as it was clear that
GCMs are largest source of uncertainty in this study.

3.5 Projected multi-temporal flows

Mean flows are projected to experience significant relative increase during the non-
monsoonal months and decrease in October and November during both future periods
(Fig. 9 top row), as compared with the baseline period. Mean monthly changes ranging
from — 11 to 85% in the 2040s and — 7 to 80% in the 2080s are predicted under RCP 4.5
in the UARB. Similarly, under RCP 8.5, these changes, computed using the mean of
flows simulated by an ensemble of climate models, are expected to be in the range of —20 to
108% during the 2040s and — 17 to 109% during the 2080s.

The projected variability in mean monthly flows is higher under RCP 8.5 than under
RCP 4.5. Higher relative increases are projected for the low flow months of January to
April. Peak flow months of the baseline period, June to September, are projected to
experience an increase of less than 50% while the months of October and November are
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Fig. 7 Hydrological model performance indicators computed using daily flows and monthly plots of observed
and rainfall simulated flows derived during the calibration and validation periods at the Myitkyina (top-most),
Katha (middle), and Sagaing (bottom) flow stations

projected to experience a decrease of less than 25% under both scenarios. These changes
in mean monthly flows throughout the future periods are also translated as changes in
mean flows for dry and cool, hot, pre-monsoon, monsoon, and post-monsoon seasons in
the study area (Fig. 9 middle row).

Baseline dry and cool seasonal flows of 1575 m3/s are expected to increase in general
by 1000 m3/s with less variability than other seasons, during the future periods. Mean hot
seasonal flows of 1931 m3/s during the baseline are projected to increase to 3412 m3/s
(3406 m3/s) and 3926 m3/s (4009 m3/s) under RCP 4.5 (RCP 8.5) scenario during the
2040s and 2080s respectively. Monsoonal flows are also expected to increase by 3007
m3/s (3590 m3/s) and 3761 m3/s (4910 m3/s) under RCP 4.5 (RCP 8.5) scenario during
the 2040s and 2080s respectively. Similarly, post-monsoonal flows are expected to
decrease by 10.4% (5.6%) during 2040s, and by 16.3% (14.8%) during 2080s under
the RCP 4.5 (RCP 8.5) scenario of climate change.

The Nam Ou river basin in Lao PDR also yielded higher relative changes in flows
during the non-monsoonal months (up to 105% increase as compared with the baseline)
and higher net changes during monsoonal months (baseline of 15,000 m3/s increased up
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to 30,000 m3/s) when a multi-model ensemble was used for future projections (Shrestha
et al. 2013). Similarly, under various climate change scenarios, the flows in the Bago
River Basin, Myanmar are projected to experience 84% increase in summer (baseline is 2
m3/s, the projected value is 3.2 m3/s) and 22% increase in the rainy season (net increase
of 65 m3/s) (Shrestha and Htut 2016). This increase in pre-monsoon flows for the study
area may change the flow regimes of the Lower Ayerawaddy region where floods are
common whenever high rainfall/flows in the Upper Ayerawaddy coincide with high
rainfall/flows of the Chindwin Basin; the flooding may even start sooner than now in
the future (Kar et al. 2011). However, the agriculturally dominant dry zone area of
Myanmar, which is located just downstream of the study area, may opt to grow crops
which thrive well in wetter conditions in the future.

The mean annual flows are projected to increase in all future years under both
scenarios of climate change (Fig. 9 bottom row). The mean increase in annual flows,
as simulated by the mean of ensembled flows of climate models, is 24% (27.8%) during
the 2040s and 30.4% (37.4%) during the 2080s under RCP 4.5 (RCP 8.5) scenario. In
general, the annual variations are found to be higher under RCP 8.5 scenario, compared
with RCP 4.5 during both the periods.

It was observed that all the climate models are unidirectional in pointing towards an
increase in mean decadal flows in the UARB during the future scenarios of climate
change (Fig. 10).

The variability among decadal mean flows, as simulated by the various climate
models, is lesser under RCP 4.5 than under RCP 8.5.The mean baseline decadal flows
are projected to increase by 21% during 2021-2030 to 33% by 2091-2100 under RCP
4.5, when the average of the decadal flows, as simulated by the members of the ensemble
of the climate models, is considered. Under RCP 8.5, these mean decadal increases are
22.7% and 41.8% for 2021-2030 and 2091-2100 respectively. The inter-decadal vari-
abilities computed for the ensemble’s mean of flows in the study area show consistent
increase in the median value across the decades under both scenarios. The years between
2021-2030 and 2051-2060 have a variability of 10—47% increase in inter-decadal flows
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Fig. 8 Contribution of sources of uncertainty represented as fraction of variance during the 2040s (a) and 2080s
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which increases to 11-57% during 2061-2070 to 2091-2100, as compared with the
baseline median value.
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3.6 Changes in extreme flows

A comparison of the normal density distribution of annual flows computed as an average of
flows simulated by the ensemble of climate models for the future periods with the normal
density distribution of annual flows of the baseline period reveals the increase in magnitude
and frequency of annual flows during the future periods (Fig. 11a). The variability is likely to
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Fig. 11 Probability density functions of baseline annual average flows and projected future flows computed by
averaging the flows simulated by the ensemble of climate models (a), relative changes (%) in low, mean, and
high flows in the future periods compared to the baseline (b) and annual maximum flows (m3/s) and their
corresponding return periods (years in log scale) during the baseline and projected future periods (c)
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reduce in the future, but the shift of the density function towards the right tail indicates that the
future years are likely to experience above-normal mean annual flows.

It has been widely discussed that with changes in mean values of climatic variables
like precipitation, extreme values represented by the distributional tails are also likely to
get affected in a non-proportional ratio to that of the mean (Tebaldi et al. 2006). While
the median flow for the study area is projected to experience mild increases in the future
periods, low and high flows, represented by respective quantiles of daily flows, are
predicted to behave differently (Fig. 11b). The median flow (Q50), which had a signif-
icant increasing trend during the baseline period (Supplementary Fig. D), is projected to
increase by 20.0% (25.0%) during 2040s and 38.0% (36.0%) during 2080s under the
RCP 4.5 (RCP 8.5) scenario. The annual maximum flow (Q100) is projected to experi-
ence the highest relative increases during the future periods. The least change in median
and variability is seen for the 75th percentile flow, followed by Q90 in the future.
Trendless low flows during the baseline period (Supplementary Fig. D) are projected
to remain trendless for the future periods as well, with the least median increment and
highest variabilities among all other quantiles of flows.

An assessment of 5, 10, 25, 50, and 100-year return period floods of the baseline
period revealed that such floods will be frequent in the future (Fig. 11c). Upon inspec-
tion, a 5-year return period flood of magnitude 22,538 m3/s during the baseline is
projected to occur yearly under the climate change scenarios. A 10-year return period
flood at the Sagaing discharge station is also projected to occur once every 2—3 years in
the future. A distinct decrease in 100-year floods up to 5-year is projected during the
2080s under RCP 8.5. Such extreme flows have been projected to become frequent
during future periods in Myanmar in other studies also (Boori et al. 2017).

These results indicate that water infrastructures designed and constructed without
considering such effects of climate change may be posed serious challenges in the future.
A detailed in-depth investigation of the impacts of climate change at a subdaily scale is
necessary for more reliable estimates of changes in design discharges. Such investiga-
tions should account for uncertainties arising due to climate models, emission scenarios,
bias correction techniques, and hydrological models. The results of this study are based
only on the possible effects of climate change. However, other driving factors such as
land use changes should also be considered before developing suitable remedial and
adaptation strategies for the UARB in Myanmar.

4 Summary and conclusions

This study shows that streamflow in the UARB, Myanmar, as simulated by a semi-
distributed hydrological model (HEC-HMS), fed with rainfall from eight GCMs, and
compared with the baseline (1975-2014) flow at multi-temporal resolutions, is projected
to increase in the future. Future time periods of the 2040s (2021-2060) and the 2080s
(2061-2100) are expected to experience increases in rainfall and streamflow under both
scenarios, but more so under RCP 8.5 than RCP 4.5, as compared with the baseline.
Mean monthly rainfall and flows are projected to increase relatively more during
December to April and decrease during September to November in the future. All the
seasons, except post-monsoon, are projected to experience significant increases in mean
rainfall and flows during the future periods with higher relative increases in non-
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monsoon seasons and higher net increases during monsoonal seasons. Mean annual
rainfall (flows) in the basin is projected to increase by 16-20% (24-27%) during the
2040s and by 21-28% (30.4-37.4%) in the 2080s, when the mean of all GCMs was
compared with the baseline data. As expected, the mean decadal flows in the study basin
are also projected to increase by 21.0% (22.7%) during 2021-2030, and to 33.0%
(41.8%) during 2091-2100 under RCP 4.5 (RCP 8.5) scenario. In general, the annual
variations and decadal variabilities in flows were higher for the period of the 2080s
under both scenarios in the UARB. The analysis of the distribution of mean flows for the
basin under future and baseline periods reveals an increase in the magnitude and
frequency of mean flows in the basin. The projected changes in low and high flows
were found to be disproportionate to the increase in mean flows. In general, high flows
had relatively higher increases in median value over the baseline period while low flows
exhibited higher variability for future periods. Rainfall extreme indices like 1-day
maximum rainfall, 5-day consecutive maximum rainfall, and the number of rainy days
with rainfall rate more than 30 mm/day revealed that the basin is likely to experience
wetter extremes in the future. The frequency analysis of annual maximum flows also
revealed that extreme flows are projected to become more frequent in the future in the
UARB.

5 Limitations and recommendations

While this study employed a standard approach to assess the impacts of climate change
on streamflow in the UARB using multiple GCMs, a bias correction scheme and a semi-
distributed hydrological model, assessments can be improved by considering impacts of
possible land use changes, development of water resources projects like reservoirs and
hydropower, and uncertainties associated with future climate scenarios, bias correction
methods, and hydrological models. Despite these limitations, this study is a starting point
for further research to address these various uncertainties to improve our understanding
and to apply of the ensuing findings for better planning and management of water
resources in the basin.
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