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Abstract

This paper evaluates the impact of climate change on sediment yield in the Nam Ou
Basin located in Northern Laos. The Soil and Water Assessment Tool (SWAT) is used
to assess future changes in sediment flux attributable to climate change. Future pre-
cipitation and temperature serie@e constructed through a delta change approach.
As per the results, in general, témperature as well as precipitation show increasing
trends in both scenarios, A2 and B2. However, monthly precipitation shows both in-
creasing and decreasing trends. The simulation results exhibit that the wet and dry
seasonal and annual stream discharges are likely to increase (by up to 15, 17 and
14 % under scenario A2; and 11, 5 and 10 % under scenario B2 respectively) in the
future, which will lead to increased wet and dry seasonal and annual sediment yields
(by up to 39, 28 and 36 % under scenario A2; and 23, 12 and 22 % under scenario B2
respectively). A higher discharge and more sediment flux are expected during the wet
seasons, although the changes, percentage-wise, are observed to be higher during the
dry months. In conclusion, the sediment yield from the Nam Ou Basin is likely to in-
crease with climate change, which strongly suggests the need for basin-wide sediment
management strategies in order to reduce the negative impact of this change.

1 Introduction

Climatic changes have been observed in the past decades and the changes have
been predicted for the coming decades (IPCC, 2007). Climate models estimate that
the global mean atmospheric temperature is likely to increase by 1.8 to 4.0° C by
the end of t 1st century, depending on various greenhouse gas (GHG) emissions
scenarios (I , 2007). An increase in global temperature is expected to increase
evapotranspiration and cause precipitation changes, which will significantly affect the
hydrological regimes of many river systems (Lu, 2005). Many studies have shown that
climate change could significantly affect streamflow (Nijssen et al., 2001; Menzel and

3341

HESSD
9, 3339-3384, 2012

Impact of climate
change on sediment
yield in the Mekong

River Basin

B. Shrestha et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/3339/2012/hessd-9-3339-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/3339/2012/hessd-9-3339-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
hapel
Note
the GCM/RCM combination used for the assessment of climate change impacts should be named prior to the results, even in the abstract.

hapel
Note
and GCMs!


10

15

20

25

Burger, 2002), soil erosion rates (Pruski and Nearing, 2002; Michael et al., 2005; Neal
et al., 2005) and sediment flux (Xu, 2003; Syvitski et al., 2005; Zhu et al., 2008). For
instance, Zhu et al. (2008) have estimated the change in sediment flux from -0.7 to
13.7 % as a result of changes in rainfall from —0.7 to 17.8 % and temperature fluctuation
of 0.03-2.4°C in the Longchuanjiang catchment of the upper Yangtze River, China.
Similarly, Pan et al. (2011) have reported 1 to 3%, 3.9 to 11.4% and -1.1 to -5.3%
changes in mean annual, wet season and dry season streamflows respectively and
1.2 t0 4.7 %, 3.6 to 15.3% and -1.3 to —-7.7 % changes in mean annual, wet season
and dry season sediment yields respectively for the Song Cau watershed in northern
Vietnam due to the changes in precipitation and temperature under B1, B2, and A2
climate change scenarios.

The area under study for the effects of climate change in this research is one part of
the Mekong River basin. The Mekong is the largest river in Southeast Asia and drains
a catchment of 795 000 km? (Mekong River Commission, 2005) with China, Thailand,
Laos, Cambodia, Vietnam and Myanmar as its riparian countries. Several climate
change studies of the Mekong River basin have projected a likely increase in the basin’s
mean temperature and annual rainfall. For instance, Eastham et al. (2008) conducted
a study to investigate the likely climate changes in the Mekong basin by the year 2030,
and the results show a possible increase in the basin’s mean temperature by 0.79°C
and a 13.5% increase in annual precipitation resulting mainly from an increase in the
wet season’s (May to October) precipitation in all the sub-catchments. Apart from the
climate change issue, the basin is currently facing other challenges too: the residen-
tial population is growing, urban sectors are expanding, and the economies of riparian
countries are developing rapidly (Keskinen, 2008). Water-development projects, most
notably the construction of large hydropower dams, are important for economic devel-
opment (Mekong River Commission, 2006) and hence, extensive plans are underway
to build reservoirs in the tributaries as well as the mainstream areas within the riparian
countries (Mekong River Commission, 2008).
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The sediment load of a river is sensitive to both, climate change and a wide range of
human activities within its drainage basin. These factors could influence sediment mo-
bilization and transfer through actions like clearing of land, agricultural development,
mineral extraction, urbanization and infrastructure development, dam and reservoir
construction, and soil conservation and sediment control programs (Walling, 2008).
Although the sediment of the Lower Mekong River has critical implications for aquatic
ecology — fisheries, agriculture, water supply and river navigation, studies of the gen-
eration, transportation and deposition of sediment in the Lower Mekong are sparse
(Wang et al., 2011). Previous studies (Ishidaira et al., 2008; Kiem et al., 2008; Hoanh
et al., 2010; Kingston et al., 2011) of the hydrological impacts of potential climate
changes in the Mekong have generally focused on discharge. The potential future
changes in sediment load should be seen as an important requirement for sound river
basin management (Walling, 2008). While researchers have highlighted the signifi-
cant potential of climate change in increasing global soil erosion rates and possibly,
consequent, increasing the amount of suspended sediment flux in rivers, the actual
response of suspended sediment flux in a particular place varies because it is also
highly affected by the physical characteristics of the catchment and human activities
in it (SWCS, 2003; Zhang and Nearing, 2005). In any case, there is a clear need for
improved understanding of the potential impact of climate change on the sediment load
of the Mekong River specifically. Further, the possible changes in the sediment load
needs to be evaluated in order to establish the sensitivity of the river system to the
drivers of change, to understand the implications on future reservoir development and
to assess their (the changes’) effects on future management strategies (as outlined by
Walling, 2008).

Reliable predictions of the quantity and rate of runoff, and sediment transport from
land surfaces into streams, rivers and other water bodies are needed to help decision
makers in developing watershed ement plans for better soil and water conser-
vation measures (Setegn et al., 20and to assess potential future implications due
to the factors driving the changes. For this, several available mathematical models

3343

HESSD
9, 3339-3384, 2012

Impact of climate
change on sediment
yield in the Mekong

River Basin

B. Shrestha et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/3339/2012/hessd-9-3339-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/3339/2012/hessd-9-3339-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
hapel
Note
that's Setegn 2010 in the references


10

15

20

25

can be used. Of these, the Soil and Water Assessment Tool (SWAT) has been em-
ployed widely to evaluate the impact of climate change on soil erosion and sediment
flux (Zhu et al., 2008). For example, Li et al. (2011) applied SWAT to evaluate the effect
of temperature change on water discharge, and sediment and nutrient loading in the
lower Pearl River basin, China. Hanratty and Stefan (1998) and Boorman (2003) have
also described the application of SWAT to evaluate the impact of climate change on
sediments in an agricultural watershed in Minnesota and in five European catchments.

The main objective of this paper is to evaluate the impact of possible climate change
scenarios on the sediment yield in the Nam Ou River basin — one of the important
sub-basins of the Mekong River basin. In this study, we have attempted to simulate
the sediment yield from the Nam Ou basin and to quantify the implications of climate
change on sediment load using the SWAT model. For assessing the impact of climate
change, future temperature and precipitation time series were obtained by applying the
change factor or delta change method (Hay et al., 2000) to a regional climate model
(RCM) simulated temperature and precipitation.

2 Study area

The Nam Ou River basin, a sub-basin of the Mekong River basin, is located in the
northern part of the Lao People’s Democratic Republic (Fig. 1). It lies within 21°17'17" -
22°30'40” N and 101°45'47"-103°11'57" E and covers a total area of 26 180.50 km®.
The topography of the basin is mostly mountainous, dominated by sharp relief. The
elevation of the basin ranges from 263 to 2035 ma.m.s.l. (above mean sea level). The
climate in the study area is characterized by two distinct seasons: a wet season (May
to October) and a dry season (November to April). The mean annual temperature
ranges from 20 to 26 °C. The basin receives about 1700 mm rainfall annually, of which
about 80 % falls during the wet season. Woods and shrub land are the dominant land
cover in the basin, and cover nearly 62 % of the total area. Soil in this river basin is
predominantly sandy clay loam.
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3 Data and methods
3.1 Observed data

Observed daily rainfall data from eleven stations (Luang Prabang, Xieng Ngeun, Muong
Ngoy, Oudomxay, Muong Namtha, Phong Saly, Dien Bien, Lai Chau, Muong Te, Quynh
Nhai, andTuan Giao), and climatic data of daily temperature, wind speed, humidity and
solar radiation from three stations (Luang Prabang, Oudomxay and Phongsaly) were
used for this study. The records for rainfall data were from 1980-2003, and for other
climatic data the period was of 12 yr (1992-2003). The observed precipitation data at
the stations were interpolated and aggregated to the sub-basin by using the MQUAD
program in the Decision Support Framework of the Mekong River Commission (MRC).
MQUAD generates estimations of areal rainfall (the catchment’s average rainfall) by
calculating a multi-quadratic surface from available point rain gauge data, such that the
surface passes through all the gauge points. The surface is defined for a user specified
area, consisting of one or more catchments, and is made up from a grid of estimated
point rainfall values calculated by the software. The grid of point values calculated is
then aggregated to produce a mean rainfall depth for each ment. This process is
repeated for each time step of the input point rainfall database.

The data of the maximum and minimum daily temperatures for 1980-1991 was de-
rive m the 1/2-degree gridded global daily maximum and minimum temperature
datazwhich is available for 1950 through 1999 from the Santa Clara University (SCU).
Details of the SCU data can be found in Maurer et al. (2009). The source of this
database is the following link: http://www.engr.scu.edu/~emaurer/global_data/. The
statistics of the observed maximum and minimum monthly temperatures for three sta-
tions of the sub-basin were compared with the SCU data for the years 1992—-1999, and
this comparison is presented in Table 1. The comp==s0n shows a good relationship
between the observed and SCU data, with R? of nd above, and almost similar
standard deviation. Table 1 also presents the linear relationship between the observed
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and SCU data. This relationship was used .erive the daily maximum and minimum
temperature data for the 1980-1991 period.

The meteorological data, daily discharge (for 1992—2003) and suspended sediment
concentration (SSC) data (for 1996-2002) from the gauging station at Muong Ngoy
in the study area were obtained fro e MRC Secretariat, Phonm Penh, Cambodia.
Unlike discharge, which was meas daily, measurements of SSC were relatively
sporadic, ranging from 6 to 56 measurements per year.

3.2 Regional climate model outputs

The RCM used in this study is PRECIS, developed by the Hadley Center of the UK
Meteorological Office. The PRECIS RCM is based on the atmospheric components
of the ECHAM4 GCM from the Max Planck Institute for Meteorology, Germany. The
PRECIS data was produced by the Southeast Asian System for Analysis, Research
and Training (START) Regional Center for 2225 grid cells covering the entire Mekong
River basin with the resolution of 0.2 x 0.2° (approximately 22 x 22 kmz). This data,
comprising two data sets for ECHAM4 SRES Scenarios A2 and B2, includes daily
precipitation and maximum and minimum daily temperatures. The PRECIS RCM data
over the periods of 1971-2000 (present) and 2011-2070 (future), for both A2 and
B2 scenarios, was obtained from the Southeast Asian START Regional center. The
source of this data base is the website http://www.start.or.th/. The specific boundary
for the Nam Ou basin lies between latitudes 19.46°-22.77° N and longitudes 100.72°—
103.32°E.

Many statistical downscaling techniques have been developed to transla rge-
scale GCM/RCM output into finer resolution (Fowler et al., 2007). In this St;%j? the
simplest method — change factor or delta change approach has been applied. The
change factor or delta change method has been used in many climate change im-
pact studies earlier (Hay et al., 2000; Diaz-Nieto and Wilby, 2005; Akhtar et al., 2008;
Minville et al., 2008; Chen et al., 2011). Basically, this approach modifies the observed
historical time series of precipitation by multiplying the ratio of the monthly future gnd
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aetua) precipitations simulated by a GCM or RCM for each time period. Similarly, the
observed daily temperature is modified by adding the difference between the monthly
future and aetual temperatures as simulated by the GCM or RCM for each time period.
The observational database used for this approach covers the period of 1981-2000 for
both precipitation and temperature in this study.

3.3 The SWAT model description

SWAT is a river basin or watershed scale, semi-distributed, process-based, and contin-
uous time hydrologic and water quality model initially developed by Arnold et al. (1993)
and designed to evaluate the effect of land use management on water, sedimentation,
and agricultural chemical yields in large complex watersheds which are heterogeneous
in land use, soil and management conditions over a long period of time (Arnold et al.,
1998; Neitsch et al., 2005). SWAT subdivides a watershed into different sub-basins
connected by a stream network, and further into hydrological response units (HRUS).
HRUs are the lumped land areas within the sub-basin that comprise of unique land
cover, soil, slope and management combinations. SWAT simulates the hydrology of
the watershed in two phases. The land phase of the hydrologic cycle controls the
amount of water, sediment, nutrients and pesticides loadings to the main channel in
each sub-basin. The water or routing phase of the hydrologic cycle controls the move-
ment of water, sediment, nutrients and pesticide loadings through the channel network
of the watershed into the outlet.

SWAT estimates the surface runoff volume from HRUs using the SCS curve number
method (USDA-SCS, 1972) or the Green and Ampt infiltration method (Green and
Ampt, 1911). In this study, the SCS curve number method has been used, which is
a function of the soil’s permeability, land use and antecedent soil water conditions as
defined in SWAT. SCS defines three antecedent moisture conditions: dry (wilting point),
average moisture, and wet (field capacity). SWAT calculates the peak runoff rate with
a modified rational method. The model offers three options for estimating potential
evapotranspiration: the Hargreaves (Hargreaves et al., 1985), Pristley-Taylor (Priestley
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and JFyalef, 1972), and Penman-Monteith (Monteith, 1965) methods. The Penman-
Monteith method has been used in this study. The model calculates the surface erosion
within each HRU with the Modified Universal Soil Loss Equation (MUSCLE) (Williams,
1975). The MUSCLE is:

0.56
Sed = 118 X (OSUI'f X qpeak xal’eahru) 5 X KUSLE X CUSLE X PUSLE X LSUSLE X CFRG (1)

where sed is the sediment yield (metric tons day_1), Qg is the surface runoff volume
(mm ha™ day‘1), Gpeak IS the peak runoff rate (m3 3‘1), areay,, is the area of the HRU
(ha), Kysig is the USLE soil erodibility factor, Cg, g is the USLE cover and manage-
ment factor, P g g is the USLE support practice factor, LS g g is the USLE topographic
factor and CFRG is the coarse fragment factor.

SWAT uses Manning’s equation to define flow rate and velocity. Water is routed
through the channel network using the variable storage routing method developed by
Williams (1969) or the Muskingum routing methods which are variations of the kine-
matic wave model. For this study, the variable storage routing method was used. The
sediment-routing model (Arnold et al., 1995) that simulates sediment transport in the
channel network consists of two components operating simultaneously: deposition and
degradation. The amount of deposition and degradation is based on the maximum con-
centration of sediment in the reach and the concentration of sediment in the reach at
the beginning of the time step. The final amount of sediment in the reach is determined
as:

sedy, = sedgy,; — sedye, + Sedgeq (2)

where sed,, is the amount of suspended sediment in the reach (metric tons day'1),
sed., ; is the amount of suspended sediment in the reach at the beginning of the time

period (metric tons day‘1), sedye, is the amount of sediment deposited in the reach
segment (metric tons day™ "), and sedgeg is the amount of sediment reentrained in the
reach segment (metric tons day‘1 ).
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The amount of sediment transported out of the reach is calculated as:

V.
sed,, = sedy, x VLL" (3)

ch
where sed,,; is the amount of sediment transported out of the reach (metric
tons day_1), sed;, is the amount of suspended sediment in the reach (metric
tons day_1), Vout is the volume of outflow during the time step (m3), and V, is the
volume of water in the reach segment (m3). The detailed descriptions of the different
model components can be found in Neitsch et al. (2005).

The main input data for the SWAT model consists of daily precipitation, maximum
and minimum air temperatures, wind speed, humidity, solar radiation, and spatial data
on Digital Elevation Model (DEM), land use and soil. River discharge and suspended
sediment yield were used for calibration and validation purposes. The input datasets
for the model were obtained from the MRC Secretr==1, Phonm Penh, Cambodia. In
this study, a 250 m resolution DEM was used to demmeate watershed and sub-basin
boundaries, and to calculate sub-basin average slopes and to outline the stream net-
work. Land use specifications, soil and slope layers were used to create HRUs within
each sub-basin area.

3.3.1 Model calibration and validation

The Nam Ou SWAT model was calibrated and validated for streamflow but only cal-
ibrated for sediment yield. The periods 1992-1999 and 2000-2003 were used for
streamflow calibration and validation respectively, including two years as a warm-up
period. The warm-up period allows the model to cycle multiple times so as to minimize
the effect of the user’s estimates of initial state variables such as soil and water content
and surface residue (Zhang et al., 2007). For this study, the sediment load was only
calibrated for 1996—2002 due to the sporadic nature of data (only 176 measurements
in 7 yr). For streamflow, the calibration was carried out both manually and automat-
ically, while for sediment, only manual calibration was performed. For the automatic
3349

HESSD
9, 3339-3384, 2012

Impact of climate
change on sediment
yield in the Mekong

River Basin

B. Shrestha et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/3339/2012/hessd-9-3339-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/3339/2012/hessd-9-3339-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
hapel
Note
some more information of the data sources should be given, e.g. is the DEM based on remote sensing or interpolated topographic maps, source of land use and soil maps, etc.
The MRC typically collects data, rather than producing it.


10

15

20

25

calibration of the SWAT model, the Sequential Uncertainty Fitting (SUFI-2) algorithm
(Abbaspour et al., 2004, 2007) was used. SUFI-2 is a combined calibration and un-
certainty analysis technique which expresses the total uncertainty of the model output
in terms of final parameter ranges which also correspond to the model output ranges.
Readers are referred to Abbaspour et al. (2007) for the details of SUFI-2 procedure.

3.3.2 Model evaluation and uncertainty analysis

The model performance is evaluated using the coefficient of determinant (RZ), the
Nash-Sutcliffe (NS) measure (Nash and Sutcliffe, 1970) and Percent Bias (PBIAS).
Several researchers (such as Santhi et al., 2001; Benaman et al., 2005) have sug-
gested that the prediction efficiency of a calibra odel can be judged as satisfactory
if NS and R? values are >0.6 (Setegn etal., 201%BIAS value <15 % is considered to
be a satisfactory performance rating of a calibrated model by a number of researchers
(Santhi et al., 2001; Van Liew et al., 2007).

The degree to which uncertainties are accounted for is quantified by a measure re-
ferred to as the p-factor, which is the percentage of measured data bracketed by the
95 % prediction uncertainty (95 PPU). The 95 PPU is calculated at 2.5 % and 97.5%
levels of the cumulative distribution of an output variable obtained through the Latin
Hypercube Sampling method (Abbaspour et al., 2007), disallowing 5 % of the very bad
simulations. Another measure quantifying the strength of a calibration/uncertainty anal-
ysis is the r-factor, which is the average thickness of the 95 PPU band divided by the
standard deviation of the measured data. The goodness of fit and the degree to which
the calibrated model accounts for the uncertainties are assessed by the closeness
of the p-factor to 100 % (i.e. all observations falling inside the prediction uncertainty
band) while having the narrowest band (r-factor — 0). The average distance between
the upper and the lower 95 PPU is determined as:

1

=z - X)), (4)
t=1
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r-factor =

(5)

SR

where X\, and X| represent the upper and lower boundaries of the 95 PPU, and o, is
the standard deviation of the measured data.

4 Results and discussion
4.1 Changes in temperature and precipitation

The present and future changes in simulated mé&an monthly, seasonal and annual max-
imum and minimum temperatures are presented in Tables 2a and b respectively. The
results indicate a general increase in both, maximum and minimum temperatures, dur-
ing the periods of 2011-2040 and 2041-2070 for scenarios A2 and B2. The change
in mean monthly maximum and minimum temperature is predicted to be the highest
in May, with a rise of 2.8 and 2.6 °C (respectively) under A2, while under B2, a higher
maximum and minimum temperature shift is predicted for June (+2.1°C) and Septem-
ber (+2.2°C) respectively. At each horizon, the change in temperature is higher for the
wet season as compared to the dry season, thereby indicating that warming will be
stronger during the wet season. The mean annual maximum temperature rise ranges
from 0.7 up to 1.9°C over the period of 60 yr while the minimum temperature rise
ranges from 0.8 up to 2.1°C. The increase in average annual minimum temperature is
predicted to be higher than the increase in maximum temperature in the basin.

Figure 2 and Tables 3a and b present a comparison of monthly mean rainfall for the
present (1971-2000) and A2 and B2 scenarios. Under A2 scenario for the 2011-2040
horizon, precipitation rises for all months except January, while for 2041-2070, precip-
itation decreases from November to February and in May. The increase in precipita-
tion is the highest for March (61.3 %) and the maximum decrease in precipitation will
take place in January (56.2 %), as presented in Table 3a. Precipitation decreases for
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six months and increases for remaining months under scenario B2 for both horizons,
with the highest increase taking place in March (47.7 %) and the highest decrease
in January (51.3%). The shift in peak rainfall from July to August is observed under
A2 scenario, while for B2 scenario, this phenomenon is only obvious for the period
of 2011-2040 (Fig. 2). The increase in precipitation can be seen in both seasons for
both scenarios except for the dry season during the 2011-2040 horizon of B2 scenario
where precipitation decreases by almost 6 %. For the 2011-2040 period, the change in
precipitation during the dry season is greater than during the wet season. Mean annual
precipitation over the basin is predicted to rise from 7.6 to 8.3 % under A2 scenario and
from 3.6 to 5.7 % for B2 scenario. These results indicate that, in general, there will be
an increase in the mean seasonal and annual precipitation over the basin.

Tables 3a and b also present future changes in maximum, 25th percentile, median
and 75th percentile rainfall as compared to the present period (1971-2000) for both
scenarios. The increase is observed for seasonal as well as annual rainfall. The in-
crease in the maximum, 25th percentile, median and 75th percentile rainfall indicates
that more intense rainfall events are to be expected in the future, which may result in
increased high-flow events. Similarly, the increase in the 25th percentile, median and
75th percentile rainfalls during the dry season under A2 scenario implies that stream
discharge may increase during the dry season.

4.2 Model calibration and validation

Table 4 presents the parameters @are used for the model calibration with their ini-
tial values/range and the calibrated values. The most sensitive parameters for flow
predictions were found to be the base fl Ipha factor (ALPHA_BF), recharge to
deep aquifer (RCHRG_DP), curve number”(CN2), channel effective hydraulic con-
ductivity (CH_K2), available water capacity (SOL_AWC), Manning’s “n” value for the
main channel (CH_N2), surface runoff lag time (SURLAG), soil evaporation compen-
sation factor (ESCO), saturated hydraulic conductivity (SOL_K), groundwater delay
time (GW_DELAY) and canopy storage (CANMX). The most sensitive parameters for
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sediment simulation were USLE land cover factor for wood and shrub land (WSEV),
the linear re-entrainment parameter for channel sediment routing (SPCON), channel
erodibility factor (Ch_COV1) and channel cover factor (Ch_CQOV2).

Figure 3a and b compare simulated daily streamflow with observed data for the cal-
ibration and validation periods respectively. The simulated daily flow matches the ob-
served values for the calibration period with R? = 0.64, NS =0.64 and PBIAS =5.12 %.
For the validation period, the simulated and observed daily flows showed acceptable
agreement as indicated by the values of Rz, NS and PBIAS being 0.74, 0.72 and
—14.25 % respectively. The results indicate that the Nam Ou SWAT model simulates
the streamflow with reasonable accuracy. The model was able to replicate the base
flow well for both, the calibration and validation, periods. However, the model was not
able to capture peak flows except for 1998 and 1999 during the calibration period and
for 2000 and 2003 during the validation period. This mismatch in peak flows might be
attributed to precipitation data and also errors in the observed streamflow data, espe-
cially during high flows. The SWAT modeling study in the Mekong River basin carried
out by Rossi et al. (2009) had also reported that errors in gauging stations can at-
tribute to less reliable matching of hydrographs, especially at sites along the Mekong’s
tributaries. The errors in gauging stations vary across the flow range but are more pro-
nounced at extreme low flows due to recording errors and at high flows due to rating
errors (Rossi et al., 2009).

Figure 4 compares observed and simulated sediment yields. The R? and NS val-
ues are less than 0.6. However, the PBIAS value of 4.18 % indicates a good volume
balance between simulated and observed sediment loads. The lower values of NS
and R? may be attributed to limitations in terms of the continuity and length of the
records. Potter and Hiatt (2009) also report wer A% and NS values for the daily
sediment calibration of the Laguna de Santa Rosa watershed in Northern California for
similar reasons: a limited number of sediment samples for calibration. This lack also
highlights the need for further investigation in the quality of the observed sediment data
reflected from the sampling process and the method of sediment analysis. Any attempt
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to assess changes in the sediment load of a river system is largely dependent upon
the number and the location of the measuring stations, the amount of available data,
reliability, accuracy, the temporal resolution of the data and the length of the record
(Walling, 2008).

Figure 4 also shows that the model was not able to capture peak sediment events.
This under-prediction of peak events can be due to an uncertainty in the soil erosion
model used in SWAT. SWAT simulates erosion based on the MUSLE, which was orig-
inally developed to estimate annual soil loss from agricultural fields. Also, the topo-
graphic factor (LS) derived from DEM may not be accurate due to inaccuracies in DEM
(Babel et al., 2011). Jackson et al. (1986) and Johnson et al. (1986) reported that the
MUSLE tends to over-predict sediment yields for small events and under-predict the
same for large events. The studied watershed is located in a tropical climate zone with
intense rainfall and heavy storms which have more potential to erode surface soil, but
the MUSLE does not account for such factors (as is also mentioned by Phomcha et al..
2011).

The p-factor, which is the percentage of observations bracketed by 95 PPU, brack-
ets 72 % of the observations and r-factor equal to 0.49 for daily discharge, while for
sediment yields, the p-factor and r-factor were 83 % and 0.68 respectively. Figures 5
and 6 show the uncertainty analysis results for monthly discharge and sediment yield
of the study basin. As illustrated, a majority of the observed data is inside or very close
to the predicted bands, thereby indicating good results. However, some peak events,
mostly during the wet season (May—October), are outside the predicted bands for both
discharge and sediment yields, and this implies the underestimation of these events by
the model. For most cases, the uncertainty interval at the peaks is large. In general,
the model performance, as represented by the p-factor and the r-factor, is reasonable.
Large uncertainties in some events may also be due to possible errors in the observed
data (as discussed above) or due to inadequate climate or landuse representations, as
outlined by Schuol et al. (2008). This might also be due to the conceptual model uncer-
tainties because each hydrological model suffers from conceptual model uncertainties
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and this is particularly true for large watershed models where many processes (natural
or man-made) may not be adequately represented in the model (Schuol et al., 2008). In
SUFI-2, the 95 PPUs are the combined outcome of the uncertainties in the conceptual
model, parameters and input data. Nevertheless, these uncertainty sources are not
separately evaluated but attributed as total model uncertainty to the parameters and
are presented in the final parameter ranges and corresponding model output ranges.
Overall, the results above indicate that the SWAT model can be applied for a reason-
able assessment of the climate change impact on river discharge and sediment yield
in the basin.

4.3 Impact of climate change on sediment yield

Figure 7a and b show the mean annual discharge cycle for the present and future cli-
mate for A2 and B2 scenarios and relative changes in mean future monthly discharges,
as simulated by the SWAT model. The model simulation results show that for 2011—
2040 under A2 scenario, the discharge increases in all months with the highest change
for March and April (about 40 %) and lowest change taking place in January and Febru-
ary (less than 3 %). In contrast, for 2041-2070, the discharge is predicted to decrease
during November—February and May—June with the maximum decrease in February
and May (nearly 16 %). The highest change in discharge is observed for April, with
a 35% increase. There is an increase in river discharge during July—December and
a decrease during January—June for 2011-2040 under B2 scenario. In April, the dis-
charge is predicted to decrease by 25 %, which is the biggest change simulated by the
model. For 2041-2070, there is an increase in the discharge in all the months except
January and February. Interestingly, the highest change in discharge is observed in
April, but in contrast to the 2011-2040 case, the discharge is predicted to increase by
26 %. The mean annual discharge cycle for the present and future climates for both
scenarios shows the highest peak in August, predicted to increase by 16-26 % and
11-16 % for A2 and B2 scenarios respectively. Although the change is higher for April
due to a larger percentage discharge change, more drastic changes in the magnitude
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of streamflow are estimated for months in the wet season (mostly July—October). This
suggests that the change will be more significant for the wet season than the dry sea-
son. The variability observed in the intra-annual (monthly) change of streamflow can be
attributed to the variable changes in inter-annual rainfall. The changes in monthly tem-
perature and precipitation show that an increase in temperature occurs for the basin in
all the months of the year but changes in precipitation vary from month to month within
the basin, and most probably from sub-basin to sub-basin.

In general, the model predicts an increase in the mean seasonal as well as the
mean annual flow in the future for both scenarios (as presented in Table 5). Moreover,
changes in the A2 scenario will be more than those in the B2 scenario. The mean wet
and dry seasonal flows are predicted to increase by 1.09—1.15 and 1.03-1.17 times the
present discharge rates respectively, leading to an overall increase (by 1.07—1.14 times
the present discharge) in annual discharge. Therefore, the available water resources
in the Nam Ou Basin can be expected to increase in the future. The increase in the
wet season’s flow indicates that there will be greater flood discharges. This further
implies that in order to reduce the adverse effect of increased floods, proper flood water
management strategies should be incorporated in the basin development plans. Also,
the design and operation rules of the many reservoir dams that have been planned for
hydropower purposes should be revisited in the light of these findings.

An increase in the dry season flow implies that more water will be available in the
basin for that season’s agricultural usage in Northern Laos. This is favorable to the
20-Yr Plan of the Lower Mekong Basin to increase the irrigation area during the dry
season by 42.9 % in Northern Laos (Hoanh et al., 2010). Nevertheless, the increase
in magnitude of discharge for the dry season is not so significant. Although changes
in mean seasonal and annual discharge are important measures of change in a river
system (as mentioned by Guo and Jiang, 2008), it is interesting to notice that, for
the study area, the intra-annual (monthly) changes in the river’'s discharge are greater
(from —26 to 42 % for A2 and -25 to 25 % for B2) as compared to the mean sea-
sonal and annual discharge changes. The climate change impact study (using the
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HadCM3 GCM) conducted by Kingston et al. (2011) in the Mekong River basin simi-
larly observed greater changes in mean monthly river discharge (from —16 to 55 %).
Such changes may be attributed to the complex and contrasting sub-basin changes
in precipitation and evaporation, as outlined by Kingston et al. (2011). These results
suggest that it is important for planners to keep in mind the monthly changes when
devising any water management strategies for the future.

Figure 8a and b show the mean annual sediment yield cycle for the present and
future climatic conditions for scenarios A2 and B2 and relative changes in the mean
monthly sediment for the future. For the period of 2011-2040, the A2 scenario pre-
dicts a change in the mean monthly sediment yield that follows the same trend as
the discharge with the largest percentage change for April (51 %). For the 2041-2070
period, the sediment yield decreases during March and increases during November—
December, with the maximum change takin e in August (61 %); this being in con-
trast to the discharge change in same period. The change in intra-annual (monthly)
sediment follows the same trend as discharge for the period of 2011-2040 for the B2
scenario. However, for the 2041-2070 period, the decrease in sediment yields by 26 %
in March and the biggest change for September (almost 32 %) is observed in contrast
to mean monthly discharge variations. Overall, the mean annual sediment cycle fol-
lows the trend of the mean annual discharge cycle. Streamflow increase in August by
16—26 % and 11-16 % for A2 and B2 scenario (respectively) is predicted to increase
sediment yields by 34—61 % and 23—-32 % (respectively). Further, it is interesting to no-
tice that the intra-annual (monthly) changes in sediment yield range from —20 to 61 %
for A2 and -53 to 35 % for B2, which are higher than the corresponding changes in
discharge. This implies that the impact of climate changes on sediment yield is greater
than on streamflow because sediment yield increases more than linearly with the flow
(Naik and Jay, 2011).

Table 5 presents the climate change induced alterations in seasonal and annual
sediment yields for the studied basin. As can be seen, both seasonal and annual
sediment yields increase in the future, with higher changes in the A2 scenario. Under
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the A2 scenario, the increase in the wet season’s sediment (24 to 39 %) and the dry
season’s sediment (12 to 28 %) will result in a 25 to 36 % rise in the annual sediment
yield for the basin. Similarly, a 15 to 22 % rise in the annual sediment yield is predicted
due to changes in sediment yields in the wet (17 to 23 %) and dry (-4 to 12 %) seasons
under scenario B2. The medians, 25th percenti?}?&h percentiles and maximum
values of annual sediment loads are also estimated to increase in the future, as shown
in a box-whisker plot (Fig. 9). The results imply an overall increase in sediment loss
from the basin in the future.

An increase in flow discharge will, in general, increase the mean monthly, seasonal
and annual sediment loads, while a decrease in the flow discharge will decrease the
sediment loads for all scenarios, which is similar to the findings of the climate change
impact study conducted by Phan et al. (2011) in the Song Cau watershed in northern
Vietnam. Most interestingly, for the 2041-2070 A2 scenario, in the months of Novem-
ber and December, sediment yield seems to increase even though water discharge de-
creases. For this period, the rainfall also decreases but temperature increases (+1.6°
and +1.9 °C respectively). This suggests that the rise in temperature may increase soil
loss. Through its influence on vegetatioégjwu et al., 2008; Li et al., 2011) and weath-
ering (Zhu et al., 2011), increased temperature may aggravate the soil erosion rate,
and consequently increase sediment flux. The study conducted by Li et al. (2011) in
the lower Pearl River basin in China reported that an increase in temperature by 3°C
increases the sediment load by almost 14 %. For the 2041-2070 phase of the B2 sce-
nario, during March, although discharge increases, the sediment decreases. For this
month, both rainfall and temperature increase. This indicates that increased rainfall
does not necessarily increase soil loss. For March, it is interesting to note that a 47 %
increase in rainfall and nearly +2°C shift in mean temperature results in less than 1%
increase in streamflow. This clearly proves the significant influence of increased evap-
oration in the hydrological process of a basin. The decrease in sediment flux may be
due to the significant influence of increased evapotranspiration under warmer climate,
as mentioned by Bogaart et al. (2003) in their study. Increased evapotranspiration may
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offset and over-weigh increased rainfall and consequently reduce the erosion poten-
tial of rain. Nevertheless, the results indicate that the change of sediment yield and
discharge in response to climate change do not always happen in the same direction.
Changes in temperature and rainfall will affect the sediment transport capacity and
erosion rate. This change in the sediment transport capacity and erosion rate causes
changes in the sediment flux in a river, which is also outlined by Zhu et al. (2008).

Figure 10a shows the SWAT simulated sediment yield from various sub-basins of the
study area for present climatic conditions. It is interesting to note that the northern and
western sub-basins contribute most to sediment yield with an annual yield of more than
5tonsha™ yr‘1. Relative changes in annual average sediment yield from various sub-
basins due to climate change are presented in Fig. 10b. Under scenario A2, the change
varies from —10 to 80 %, with an increase of more than 20 % for most of the sub-basins.
Interestingly, the lowermost sub-basins (18 and 19) show decreased sediment loss for
both periods. Similarly, the change varies from —30 to 45 % for the B2 scenario. The
southern sub-basins show decreased sediment yield. In conclusion, the change in
precipitation and temperature is predicated to increase the sediment yield from most
of the sub-basins, with the highest rise in northern sub-basins. Sediments are very
important for the riverine ecosystems because of the attached nutrients. Increased
sediments might change the nutrient loading into the river system, which can have
significant implication on the water quality as well as the ecosystems.

Figure 11 is the longitudinal profile of the main stream, showing the locations of fu-
ture reservoirs and their elevation relative to the basin outlet’s datum. It also shows the
averages of simulated annual sediment load (19@000) at future reservoir stations
and changes in future sediment yield as compared to the 1971-2000 period under sce-
narios A2 and B2. Increase in mean annual sediment yield in each reservoir location
has been observed. Increase in sediment yield is predicted to occur from less than
10 % to almost 60 %. In general, the change is higher in upstream dams and reduces
as it moves downstream, which may be due to variations in the rate of change of rain-
fall and soil loss from subbasin to subbasin. Change in sediment yields due to climate
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change in the future can have great implications for planned reservoirs and related sed-
iment management. Increased sediment loads can intensify many problems linked to
accelerated loss of reservoir storage through sedimentation and siltation or river chan-
nels and water distribution systems, an associated loss of conveyance capacity and
increased turbidity of river water (Walling, 2008). Loss of reservoir storage can reduce
the operational life and power generation capacity of the dam. This implies that there
is a strong need for basin-wide sediment management strategies for the sustainability
of the planned dams as well as for a robust river system.

5 Conclusions

This study assesses the impact of climate change on sediment yield in the Nam Ou
basin located in the northern part of Laos. The regional climate model predictions show
that, on a seasonal and annual scale, there is an overall increase in both temperature
and precipitation in the future for both A2 and B2 scenarios. However, the changes in
monthly precipitation show both, increasing and decreasing, trends.

A SWAT model was used to simulate the present and future changes in sediment
yield in the study basin. Calibration, validation and uncertainty analyses for both, dis-
charge and sediment, suggest that the SWAT model can be applied to simulate future
changes in discharge and sediment yields due to eventual climate change. The delta
change method or the change factor method was used as a downscaling method to
generate futur perature and precipitation. Simulation results reveal that both sea-
sonal and annual discharge will increase in the future, leading to an increased sediment
yield. Variability was observed in the intra-annual (monthly) change of streamflow and
sediment which can be attributed to the variable change in inter-annual rainfall. In gen-
eral, higher discharge and sediment flux are expected during the wet season although
the percentage changes were observed to be higher in the dry months. The climate’s
impact on sediment yield is larger than on streamflow and the changes do not always
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happen in the same direction. Overall results indicate that sediment loss from the basin
will rise in the future.

The results of this study may be helpful to development planners, decision mak-
ers and other stakeholders when planning and implementing appropriate basin-wide
sediment management strategies as well as water management strategies to adapt to
climate change. Moreover, the statistics of future sediment flux will be quite signifi-
cant for hydropower developers as they will enable planners to reassess the design,
operation and sedimentation of future dams. Although the impact of sedimentation in
future reservoirs in the Mekong and its downstream is an important issue, an accurate
assessment of the same has been a big challenge due to the scarcity and scantiness
of the observed data on sediment fluxes so far. Hence, the results of this study will also
help planners devise effective reservoir sediment management strategies.

The limitation of thig"study is that the uncertainties of RCM and erosion modeling
have not been taken into account and landuse in the basin is assumed to remain the
same in the future. Moreover, the change factor method used in this study does not
modify the temporal and spatial structure of precipitation data (Diaz-Nieto and Wilby,
2005); hence, the changes in variance of future climate variables are not reflected in
the paper.
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Table 1. Comparison and relationship between observed and Santa Clara University (SCU) ¢
simulated monthly temperature data for the 1992—1999 period. 2 B. Shrestha et al.
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Stations R~ Standard Mean (°C) Standard deviation (°C) Relationship between monthly %
error Observed Santa Observed Santa observed and Santa Clara simulated data @ _
Clara Clara
e o
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Table 2a. Changes in mean monthly wet (May —October) and dry (November—April) seasonal
and annual maximum temperatures under scenarios A2 and B2 relative to 1971-2000 (units

in °C).
Period Scenario Month Season Annual
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Wet Dry
1971-2000 Present 21.8 244 27.0 284 280 276 273 273 275 257 235 208 272 243 25.8
Shift compared to base case
2011-2040 A2 0.6 04 -05 04 0.7 1.0 1.2 1.0 1.2 1.2 0.7 0.6 0.4 0.7
2011-2040 B2 0.3 0.1 00 1.2 0.8 1.6 1.0 0.9 0.9 15 0.7 0.4 0.5 0.8
2041-2070 A2 19 14 15 15 28 23 19 15 18 25 17 18 2 1.6 1.9
2041-2070 B2 1.6 14 14 13 1.2 2.1 15 1.4 1.8 2.0 1.3 14 1.4 1.5
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Table 2b. Changes in mean monthly wet (May—October) and dry (November—April) seasonal =
and annual minimum temperatures under scenarios A2 and B2 relative to 1971-2000 (units = B. Shrestha et al.
in °C). =
) o
Q
©
2
Period Scenario Month Season Annual
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Wet Dry o ! !
1971-2000 Present 112 119 142 169 190 205 205 20.1 193 176 149 115 195 134 16.5 o
Shift compared to base case g ! !
2011-2040 A2 0.5 0.7 0.5 0.8 0.9 1.0 1.0 1.0 1.1 1.2 0.6 0.5 1.0 0.6 0.8 %
2011-2040 B2 0.5 0.6 0.6 1.2 11 1.3 1.1 1.0 1.2 11 0.8 0.2 1.1 0.7 0.9 25 ! !
2041-2070 A2 1.6 15 2.3 2.3 2.6 2.1 2.1 2.1 2.3 2.2 1.4 2.0 2.2 1.9 2.1 g
2041-2070 B2 1.3 1.4 2.1 2.1 1.7 1.9 1.7 1.8 2.2 1.6 1.4 1.3 1.8 1.6 1.7 -
= 1
©
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- 1IN e
- [Besc ] [Tokse
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Table 3a. Changes in mean monthly wet (May—October) and dry (November—April) seasonal . -
and annual precipitation statieg (mean, maximum, 25th percentile, median and 75th percentile) 2 River Basin
. . C
under scenario A2 relative to 1971-2000. @
2 B. Shrestha et al.
Period Statics Month Season Annual )
Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Wet Dry Q?
1971-2000 Mean (mm) 23 30 63 149 222 262 329 322 170 96 53 15 1401 333 1735 ©
Max (mm) 101 101 275 443 398 421 499 503 397 241 153 87 1824 676 2320 gz
25th percentile (mm) 33 44 83 184 262 329 364 397 176 100 81 25 1545 422 1949
Median (mm) 19 19 53 145 220 254 324 317 165 77 39 8 1347 326 1699
75th percentile (mm) 3 12 27 72 174 219 290 237 141 56 17 3 1254 227 1588 o
Change (%) o
2011-2040 Mean -24.7 10.8 613 27.2 4.3 0.6 11 112 62 5.0 1.4 8.2 4.7 23.7 8.3 o
Max -50.9 355 -116 -07 4.2 -3.2 54 111 -06 5.1 -3.0 17.8 44 -64 2.3 o)
25th percentile -23.1 7.6 55.1 325 8.8 -0.1 -16 117 44 9.0 -1.8 8.1 5.5 16.3 10.4 =
Median 5.7 0.4 484 271 1.1 3.6 09 77 20 4.0 5.3 15.3 5.3 36.5 8.5 %
75th percentile -282 -28 1042 502 8.0 05 -25 92 62 4.8 8.9 21.5 5.0 42.8 8.1 6
2041-2070 Mean -56.2 -7.4 482 178 -189 0.0 158 220 146 54 -36.1 -9.1 7.9 6.4 7.6 S
Max -69.8 -16.0 -16.1 0.7 -13.1 46 212 367 194 254 -238 -23 172 -158 1.7 o
25th percentile -51.8 -4.0 50.2 382 -16.7 31 179 150 185 45 -418 -279 6.5 4.7 5.7 Q
Median -62.1 -121 441 -67 -182 -0.1 187 106 138 155 -352 -223 10.6 14.3 10.4 o
75th percentile -51.7 -323 1080 56.1 -13.4 1.6 86 293 17.0 249 -126 -242 8.3 10.6 41 C_E
O
(7]
Q
(=
(7]
2
o
5
5
QO
o
()
=
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Table 3b. Changes in mean monthly wet (May—October) and dry (November—April) seasonal
and annual precipitation statieg (mean, maximum, 25th percentile, median and 75th percentile)

under scenario B2 relative to 1971-2000.

Period Statics Month Season Annual
Jan Feb Mar Apr May Jun  Jul Aug Sep  Oct Nov Dec Wet Dry
1971-2000 Mean (mm) 23 30 63 149 222 262 329 322 170 96 53 15 1401 333 1735
Max (mm) 101 101 275 443 398 421 499 503 397 241 153 87 1824 676 2320
25th percentile (mm) 33 44 83 184 262 329 364 397 176 100 81 25 1545 422 1949
Median (mm) 19 19 53 145 220 254 324 317 165 77 39 8 1347 326 1699
75th percentile (mm) 3 12 27 72 174 219 290 237 141 56 17 3 1254 227 1588
Change (%)
2011-2040 Mean -51.0 -11 13.2 -9.0 48 -44 72 116 938 4.8 -241 -9.5 5.8 -5.9 3.6
Max -69.8 73 -176 -241 70 -47 46 150 341 7.6 15.8 11.6 6.9 -19.0 1.9
25th percentile -50.5 3.7 17.0 -96 50 -63 47 116 7.7 123 0.0 -26.9 7.5 -3.5 3.3
Median -32.3 2.4 19.1 -79 24 -12 88 89 53 29 -106 -273 6.2 -0.1 4.6
75th percentile -525 -23.6 30.1 08 31 -46 79 88 99 47 -136 -19.9 5.6 6.5 27
2041-2070 Mean -51.3 -26.6 47.7 11.4 8.0 -25 8.1 71 129 -29 -3.7 -454 5.7 5.6 57
Max -60.0 -18.2 -13.7 19 178 57 101 121 156 11.0 23.6 -58.6 145 -3.2 11.9
25th percentile -405 -213 47.0 293 123 -05 78 84 144 -60 -135 -498 37 9.3 3.3
Median -66.8 -27.1 41.2 -63 52 -09 123 29 121 7.6 -9.0 -36.4 7.4 5.8 7.4
75th percentile -47.4 -47.0 107.5 289 115 -40 6.6 105 16.0 115 26.4 -4341 6.9 -7.9 0.3
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Table 4. Calibrated values of adjusted parameters.

Variable Parameter name Description and units Initial value/  Fitted
range parameter
value
Flow ALPHA BF Baseflow alpha factor 0.048 0.81
RCHRG_DP Deep aquifer percolation fraction 0.05 0.085
CN2 Curve number 48.91-80 +1.89%
CH_K2 Channel effective hydraulic conductivity (mm h'1) 0 3.15
SOL_.AWC Available water capacity (mmmm™" soil) 0.10-0.28 +26.10 %
CH_N2. Mannings’s “n” value for main channel 0.014 0.19
SURLAG Surface runoff lag (days) 4 11.69
ESCO Soil evaporation compensation factor 0.95 0.83
SOL K Saturated hydraulic conductivity (mm h™") 2.07-6.50 60.69 %
GW_DELAY Groundwater delay time (days) 31 51.79
CANMX Canopy storage (mm) 0 2.04
Sediment Usle_ C (WSEV") USLE land cover factor 0.001 0.05
SPCON Linear re-entrainment parameter for channel sediment routing  0.0001 0.0025
Ch_COV1 Channel erodibility factor 0 0.50
Ch_Cov2 Channel cover factor 0 0.18

"WSEV means Wood Shurg Evergreen Vegetation.
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hapel
Note
this table needs some clarifications.
1. Why have some parameters initial values and some ranges? As I understand the calibration procedure, one assumes a physical/plausible range for all parameters. Apparently this is not the case and some explanation for this should be given.
2. What is the meaning of the percentage values of the fitted parameters, that is apparently given for those parameters that have an initial range specified?  I assume that this is the percentage change relative to the initial value range, but this is not clear and needs to be explained.
3. Are the parameters with fitted single values less sensitive that the ones with ranges and thus fixed? But since you list these parameters as the most sensitive, I assume this is not the case. So, why have they single values?
4. In case a range is given for an individual parameter, what values are used to obtain the simulation results shown in Fig. 3+4? Are the results equifinal or is it the median from different model parameterizations shown in the figures?
5. Are the uncertainty estimates derived from model runs sampling parameter values from the given ranges? How many model runs were performed anyway?

I would ask the auhtors to put more emphasis on the aspect of model calibration and uncertainty, as the method is not that well known as e.g. GLUE


Table 5. Changes in wet (May—October) and dry (November—April) seasonal, and mean annual
discharge and sediment yield under Scenarios A2 and B2, relative to 1971-2000.

Mean discharge  Change in discharge (fraction) Mean sediment Change in sediment yield (fraction)
m3s™) yield (tons)
1971-2000 2011-2040 2041-2070 1971-2000 2011-2040 2041-2070
A2 B2 A2 B2 A2 B2 A2 B2
Wet 1041 1.13 1.09 1.15 1.1 1058147 1.24 117 1.39 1.23
Dry 174 117 0.99 1.03 1.05 114576 1.28 0.96 1.12 1.12
Annual 607 1.13 1.07 1.14  1.10 586362 1.25 1.15 1.36 1.22
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Fig. 1. Location map of the study area, stream gauge and location of planned dams.
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Note
please also show the locations of the rainfall gauges used for interpolating spatial rainfall.
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Fig. 2. Mean annual cycle of precipitation for present (1971-2000) and future (2011-2040 and
2041-2070) climate under (a) scenario A2 and (b) scenario B2.
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Fig. 3. Daily rainfall and comparison between measured and simulated daily flows for (a) cali-

bration and (b) validation periods.
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Fig. 5. Uncertainty analysis results of streamflow for the calibration period (The 95 PPU band
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Note
it would be more consitent if red is used for observed and blue for simulated values, as in the previous figure

hapel
Note
why? that is not explained.
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Fig. 7. Annual discharge cycle for present (1971-2000) and future (2011-2040 and 2041-
2070) climates under (a) scenario A2 and (b) scenario B2; and change in future streamflow
relative to 1971-2000 under (a) scenario A2 and (b) scenario B2. Note that lines represent
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average monthly streamflow and bars represent relative change (%) in streamflow.
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Fig. 8. Annual sediment yield cycle for present (1971-2000) and future (2011-2040 and 2041
2070) climates under (a) scenario A2 and (b) scenario B2; and change in future sediment yield
relative to 1971-2000 under (a) scenario A2 and (b) scenario B2. Note that bars represent
average monthly sediment yield and lines represent relative change (%) in sediment yield.
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hapel
Note
I would appreciate horizontal grid lines as in the previous figure. Otherwise the actual values are hard to read from the graphs.
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Fig. 9. Box-whisker plots of annual sediment load at gauging stations of Nam Ou for present
climate (1971-2000) and future climate (2011-2040; 2041-2070) under scenarios A2 and B2.
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Fig. 10. (a) Average annual sediment yield from various sub-basins of the Nam Ou basin for
present climate (1971-2000). (b) Relative changes in average annual sediment yield from
various sub-basins under scenarios A2 and B2 as compared to 1971-2000.
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Fig. 11. (a) Longitudinal profile of the main stream showing the locations of planned reservoirs,
and their elevation relative to the basin outlet datum. (b) Averages of simulated annual sediment
load (1971-2000) at planned reservoir stations and relative changes in future sediment yield

as compared to 1971-2000 under scenarios A2 and B2.
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