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ABSTRACT:  

The assessment of flood risk under climate change impacts is necessary for sustainable flood 

management strategies at national level. Referring to the aforesaid statement, this research aims to 

evaluate the potential impacts of climate change on reservoir operations in the Huong River Basin, 

Vietnam. To enable further representation of climate change impacts, the HadGEM3-RA Regional 

Climate Model (RCM) under Representative Concentration Pathways (RCPs) 8.5 climate change 

scenario was used in this study. For assessing the level of flood risk posed to the study area, a coupled 

HEC – HMS hydrologic model and HEC – RAS hydrodynamic model was used to represent the 

behaviour of flow regimes under climate change impacts in the Huong River Basin. The key results 

demonstrated that the mean temperature and mean annual rainfall would be increased in the future 

from 0.2 °C to 0.8 °C, and 4.8% to 6.0%, respectively. Consequently, the mean annual runoff and 

mean water level would also be increased from 10% to 30%, and 0.1 m above Mean Sea Level 

(m+MSL) to 0.3 m+MSL, respectively. Moreover, the proposed reservoir operation rules 

corresponding to flood control warning stages was also derived to reduce peak flows downstream 

during the rainy season. Finally, the main findings of this study can be a good example for future 

planning of flood control reservoir systems in Vietnam. 
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1. INTRODUCTION 

The potential impacts of climate change is likely to be the future vulnerability of changes in 

flood frequency and magnitude, which can adversely affect the downstream reservoir flood control 

system [1]. In fact, reservoir operation and management is among the most efficient non-structural 

measures in flood damage mitigation. Therefore, it is necessary to understand the impacts of climate 

change on reservoir operations in order to minimize the negative effects on downstream areas. In 

recent years, floods have taken place and resulted in economic decline and losses in affected areas in 



the Huong River Basin, Vietnam. It is well known fact that the existing reservoirs, namely Huong 

Dien and Binh Dien operated since 2009, and the newly developed Ta Trach Reservoir operated since 

the middle of 2014, would significantly affect the downstream hydrological and hydraulic regimes of 

the Huong River Basin, especially under the climate change impacts. Presently, the reservoirs located 

in the Huong River Basin is commonly operated based on seasonal demand, i.e. almost constant 

release during dry season (January to mid-September), whereas the release will be increased in rainy 

season (mid-September to December) [2]. Therefore, in this research, it is essential to determine 

reasonable and effective reservoir operation rules for increasing climate resilience and flood risk 

reduction in the Huong River Basin. Referring to climate change effects analysis, bias correction of 

RCM data is necessary for predicting the magnitude and reasonably capturing some extreme climate 

indices such as RCM projected temperature change, rainfall change, and streamflow change. A 

quantile mapping version called Distribution-Based Scaling (DBS) was used to correct the biases of 

RCM outputs using two gamma distributions with the 95th percentile cut-off values. Moreover, the 

evaluation of hydrological processes was accomplished by using a coupling of the HEC – HMS 

hydrologic and HEC – RAS hydrodynamic models. The warning stages at the downstream of the 

Huong River Basin was also employed in order to introduce effective rules for adaptively managing 

reservoir control system for both dry and rainy seasons. Eventually, the main findings from this study 

will provide an insight to climate change and its potential impacts on reservoirs, which is of 

importance to open up a discussion on future flood control efforts in the Huong River Basin and other 

areas in Vietnam. 

 

2. STUDY AREA 

The study area of this research is the Huong River Basin located in Thua Thien Hue Province, 

Vietnam (Fig. 1). Geographically, the study area covers the area of approximately 2,830 km2, in which 

almost 80% of the total area is mountainous with the altitude varies between 200 m+MSL to 1,850 

m+MSL. There are three existing major reservoirs in the Huong River Basin, i.e. Ta Trach, Huong 

Dien, and Binh Dien, which are situated at the tributaries of the Ta Trach, Bo, and Huu Trach Rivers, 

respectively. The Ta Trach and Huu Trach Rivers meet each other at the Tuan confluence and connect 

to the Bo River at Sinh confluence before discharging to the Tam Giang – Cau Hai Lagoon (note: 

Tam Giang – Cau Hai is known as the largest lagoon system in Southeast Asia, with the total area of 

216 km2 and the length of 70 km). Due to the sea level rise at the downstream of the Huong River 

Basin, the Thao Long Barrage was constructed to prevent seawater intrusion, which can significantly 

affect agricultural yield. Climatologically, this area has the mean annual temperature ranges from 21 

°C to 26 °C, whereas the average annual rainfall estimated to be between 2,500 to 3,500 mm. In 



particular, along the coastline to the hilly terrains, the temperature will gradually be decreased, while 

the rainfall will be increased. Basically, there are two main seasons, a dry season lasting from January 

to August and a rainy season from September to December. Lastly, as the Huong River Basin located 

in the directly-affected zone of North-Western Pacific Ocean typhoon centre, it is therefore highly 

affected by major destructive natural disasters such as tropical cyclones, heavy rain, flood, etc. 

 

3. DATA AND METHODS 

3.1. Data Collection  

The historical daily datasets of rainfall and daily temperature from 1977 to 2012, and 

discharge and water level from 2009 to 2014 were collected from the Thua Thien Hue Hydro-

Meteorology and Forecasting Center (TTH – HMFC), Vietnam. To represent the characteristics 

of the study area, both land use and soil type in 2010 were taken from the Resources and 

Environment Department of Thua Thien Hue Province. The spatial geo-referenced data, i.e. 

Digital Elevation Model (DEM) with 10 m x 10 m of geometrical resolution, was used to 

quantitatively represent topographical conditions of the study area. The detailed information 

about reservoir specifications was provided by the Ministry of Industry and Trade, Vietnam. 

Referring to the preparation of climate change scenarios, a newly developed Regional 

Climate Model (RCM) at the Hadley Centre Global Environmental Model version 3 

(HadGEM3-RA) for the period 1950 to 2100 was derived from the Met Office Hadley Centre, 

England. In details, the atmospheric model HadGEM3-RA has a horizontal grid spacing of 50 

km over the Coordinated Regional Climate Downscaling Experiment–East Asia (CORDEX–

EA) domain, including East Asia, India, the Western Pacific Ocean, and the northern part of 

Australia [3]. The climate scenario developed with respect to anticipated future climate for 

assessing potential impacts on flow regime in the lower part of the Huong River Basin, was 

based on Representative Concentration Pathway (RCP) with nominal radiative forcing at 2100 

of 8.5 W/m2 (RCP 8.5), which represents a future with highest amount of greenhouse gases 

(GHGs) concentration [4]. 

 

3.2. Quantile Mapping Bias Correction 

The basic principle to develop effective statistical bias correction is the establishment 

of statistical relationship or transfer function between historical observed data and GCM outputs 

[5]. Presently, the quantile mapping approach is widely used (e.g. [6, 7]), for mapping the 

distribution of daily time series of rainfall and temperature from GCM/RCM outputs with a 

gridded observation dataset at the same spatial resolution. In details, the application of 



probability integral transformation approach can be described in Equation (1). 

 

𝑃𝑐 = 𝐹𝑜
−1(𝐹𝑚(𝑃𝑚))       (1) 

 

where: 𝑃𝑐  is corrected bias data, 𝐹𝑜
−1  is inverse Cumulative Distribution Function (CDF) 

(also known as quantile function), 𝐹𝑚 is CDF of RCM, and 𝑃𝑚 is RCM raw data. 

 

The quantile mapping version called Distribution-Based Scaling (DBS) [8] was 

applied in this study to correct the bias in RCM simulated climate variables. For rainfall, DBS 

believes that frequency distribution of intensities can accurately be estimated using two gamma 

distributions, i.e. low and intermediate rainfall intensities (up to the 95% quantile), and extreme 

intensities (above the 95% quantile). In comparison to rainfall data, the temperature is more 

symmetrically distributed as can be described by a normal distribution of mean and standard 

deviation. In this study, the period of 1977 to 2001 was considered as baseline period and was 

also defined as the calibration period, whereas the years 2002 to 2005 was considered as 

validation period. The future climate was projected in the periods of 2020s (2016 – 2040), 2050s 

(2046 – 2070), and 2080s (2076 – 2100). To apply appropriate bias correction in RCM outputs, 

the MATLAB script was coded which enables the differences of precipitation and temperature 

between RCM data and observations to be decreased significantly. 

 

3.3. Rainfall-Runoff Modelling 

Regarding the detailed understanding of rainfall-runoff processes in the Huong River 

Basin, the Hydrologic Engineering Center – Hydrologic Modelling System (HEC – HMS) 

model was chosen. It is a semi-distributed event based model, which is based on the river basin 

characteristics, meteorological data, and control specifications to calculate runoff response in 

each divided sub-basin, and routing the river flow to the outlets. Fundamentally, the hydrologic 

behaviour of the river basin was performed through four main components, i.e. model of runoff 

volume, model of direct runoff, model of baseflow, and model of channel flow [9].  

To perform rainfall-runoff transformation for ungauged sub-basins in the Huong River 

Basin, there are a number of different calculation methods available, i.e. the SCS (Soil 

Conservation Service) curve number loss method was chosen for computing excess rainfall 

(direct runoff) from a rainfall event, whereas the Snyder Unit Hydrograph transform method 

was utilized for determining the shape and timing of runoff hydrographs for each sub-basin. 



The recession baseflow method was employed for specifying the rate at which recession flow 

decreases with time, and the Muskingum routing method was used for flow routing. In addition, 

the above-mentioned methods were also selected based on the findings of the recent study by 

[10] at the same river basin.  

Regarding the daily historical input time series for HEC – HMS model, stage and 

discharge hydrograph time-series data at various selected gauging locations, i.e. Phu Oc, Binh 

Dien, and Ta Trach, were chosen to perform the HEC – HMS model. However, due to the fact 

that the time series data observations are not available for some possible time-intervals and the 

desired period of simulation. As a result, at Phu Oc station, the observed water level during the 

period of 2009 – 2010 was used for calibration, whereas the years 2011 – 2012 was used for 

validation. At Binh Dien station, the observed inflow from 2010 – 2011 was used for 

calibration, whereas the year 2012 was used for validation (note: the observed data from 2009 

was used because the Huong Dien and Binh Dien Reservoirs were initially operated in 2009). 

Eventually, as the Ta Trach Reservoir was initially operated by mid of 2014, the observed 

inflow from the periods of September – October and November – December 2014 were used 

for calibration and validation, respectively. 

 

3.4. Investigation of Hydraulic Behaviour of River System 

The investigation of hydraulic behaviour of river system can be determined by using 

the Hydrologic Engineering Center – River Analysis System (HEC – RAS) model. The HEC – 

RAS model has been used in a wide range of areas such as dam break scenarios, floodplain 

delineation, flood forecasting, and flow routing [11]. It comprises of four river analysis 

components such as sediment transport, water quality, steady flow, and unsteady flow [12], and 

it is also designed to simulate the hydraulics of one and two-dimensional flow through natural 

river network and other channels by using the field-collected bathymetric cross sections. 

For unsteady flow simulation modelling, the unsteady flow analysis was applied in this 

study. As described in the HEC – RAS User’s manual, the physical laws of the unsteady flow 

are governed by the principles of conservation of mass and momentum. The conservation of 

mass is given by the continuity equation in which the net rate of flow into the control volume 

is equal to the rate of change of storage inside the control volume. The conservation of 

momentum is given by the dynamic equation which describes the balances of gravity, friction, 

forces of pressure, and inertia [13]. The Manning’s n values were adjusted within the 

recommended range for each reach in order to describe the roughness of river channels, in 

which a realistic model of the flow conditions can be produced. With regard to the boundary 



conditions in HEC – RAS model, the released discharges from Ta Trach, Huong Dien, and Binh 

Dien Reservoirs calculated by HEC – HMS model were specified as the upstream boundary 

conditions and the observed water level at Thuan An outlet was employed as the downstream 

boundary condition. Moreover, to assess the performance of the HEC–RAS model, the 

simulated results were plotted on the same axis with the observed time series for both selected 

gauging stations (i.e. Kim Long and Phu Oc). In details, the water level from 2009 to 2010 was 

used for calibration and from 2011 to 2012 was used for validation.  

 

3.5. Criteria for Model Evaluation 

Two carefully selected statistical criteria were used for judging the goodness-of-fit of 

the calibrated model, i.e. Coefficient of Determination (R2) and Nash-Sutcliffe Efficiency 

Coefficient (ENS) as shown in Equations (2) and (3), respectively.  

 

𝑅2    = [
∑ (𝑋𝑜𝑏𝑠−�̅�)(𝑌𝑠𝑖𝑚−�̅�)𝑛

𝑖=1

√∑ (𝑋𝑜𝑏𝑠−�̅�)2 ∑ (𝑌𝑠𝑖𝑚−�̅�)2𝑛
𝑖=1

𝑛
𝑖=1

]

2

             (2) 

 

𝐸𝑁𝑆 = 1 −
∑ (𝑋𝑜𝑏𝑠−𝑌𝑠𝑖𝑚)2𝑛

𝑖=1

∑ (𝑋𝑜𝑏𝑠−�̅�)2𝑛
𝑖=1

                   (3) 

 

where: 𝑋𝑜𝑏𝑠  is observed variable, �̅�  is mean of observed variable, 𝑌𝑠𝑖𝑚  is simulated 

variable, �̅� is mean of simulated variable, and n is number of variable. 

 

4. RESULTS AND DISCUSSIONS  

4.1. Evaluation of the Quantile Mapping  

To represent the certainness of bias correction results, the historical climate data from 

the period of 1977 to 2005 of the HadGEM3-RA model were used and mapped with the 

observed data at the same period by using the DBS approach. As a result, a large difference of 

rainfall amount between observed data and RCM data were found to be reduced considerably 

during the calibration and validation processes. Obviously, at the Hue station, the obtained high 

values of statistical indices, i.e. R2 (ranging from 0.80 – 0.89) and ENS (ranging from 0.78 – 

0.86) demonstrates a good performance of the DBS approach in mapping rainfall. Referring to 

the temperature, high values of R2 (ranging from 0.94 – 0.95) and ENS (ranging from 0.93 – 

0.95) can also be rated as more than satisfactory. With the acceptance of statistical results, the 



DBS approach is robust to better preserve the future variability as it can successfully correct 

rainfall and temperature biases produced by the RCM. That is to say the usability of improved 

RCM outputs can be expected to be used for hydrological climate change impact assessment in 

the Huong River Basin. 

 

4.2. Climate Change Assessment for the Future  

To provide insight for changes in rainfall and temperature caused by future climate 

change, the HadGEM3-RA Regional Climate Model (RCM) was found to be able to reproduce 

the observed spatial climate pattern, although with some biases. Clearly, the moderate trend of 

future mean annual rainfall deviations under RCP 8.5 scenario revealed the presence of climate 

variability in the Huong River Basin, i.e. increasing from 4.8% to 6.0%. The obtained findings 

illustrated in Fig. 2 prove that the rainfall tends to increase in the dry season (January to May) 

from 5% to 15%, and it is expected to increase during the rainy season (October to December) 

by approximately 2% to 5% in comparison to the baseline period (1977 to 2001). In terms of 

temperature, it would appear that the weather would be warmer in the future as presented in 

Fig. 3. In details, during the periods of March to April, August, and November to December, 

the projected mean monthly temperature tends to increase by 0.5 °C to 0.9 °C, whereas it shows 

a decreasing trend in January, June, and the period of September to October, with a range 

between 0.5 °C to 1.0 °C. The previous findings is consistent with the prediction that during 

the period of 2020s to 2080s, the mean annual temperature is expected to increase in the range 

of 0.2 °C to 0.8°C.  

 

4.3. Performance Evaluation of the HEC – HMS Hydrologic Model 

The evaluation of the behaviour and performance of HEC – HMS model is strictly 

oriented through a process called calibration and validation, i.e. towards the comparison plots 

of simulated and observed discharges at the Ta Trach, Binh Dien, and Phu Oc gauging stations. 

It can clearly be seen in Fig. 4 that the calibration and validation results of HEC – HMS model 

present a proper fit of time and magnitude of hydrograph peaks at the Ta Trach gauging station. 

Through various statistical and graphical indicators, the HEC-HMS model provides a 

satisfactory representation of flow with R2 values ranging from 0.84 to 0.94 and ENS values 

varying from 0.77 to 0.92. In light of calibration and validation results, it is worth mentioning 

that the HEC-HMS model has an adequate ability to accurately reproduce very satisfactory 

hydrographs for given rainfall events over the Huong River Basin (note: despite some 

underestimation at a higher flow rate by the model, the results still show good performance). 



However, the availability of observed data can be a significant problem and it is a challenging 

task particularly for some gauging stations with limited data quality and/or quantity. 

  

4.4. HEC-RAS Model for Investigating of Hydraulic Behaviour of River System 

To provide insight into the investigation of hydraulic behaviour of river system, the 

representation and modelling of river reaches under different flow conditions using the HEC-

RAS model is absolutely essential. Based on the calibration and validation results, the water 

levels calculated by HEC-RAS are in fairly good agreement with the observed one, which 

indicates good simulation performance at both Phu Oc and Kim Long stations as illustrated in 

Fig. 5. Obviously, both time series plots and statistical indices of all calibrated stations showed 

acceptable levels of model fit, i.e. R2 values ranging from 0.67 to 0.73 and ENS values varying 

from 0.64 to 0.74 at Phu Oc station, whereas the R2 values fluctuating from 0.78 to 0.79 and 

ENS values ranging from 0.74 to 0.77 at Kim Long station. Referring to the acceptable (obtained) 

statistical indices, it can be said that the HEC – RAS model is suitable for investigating and 

simulating hydraulic behaviour of river system in the Huong River Basin. 

 

4.5. Flood Modelling under Future Climate Change Conditions 

Linking to a high concentration of carbon dioxide, the RCP 8.5 scenario was preferable 

and selected for flood modelling under future climate change conditions. The results showed 

the increase in water level and discharge at both Phu Oc and Kim Long stations as a result of 

climate change impacts. In details, the future water level seems to increase from 0.1 to 0.3 

m+MSL and the future discharge will also increase from 10% to 30%. When focusing on the 

dry season, based on the RCP 8.5 scenario, the future rainfall will increase from 5% to 15%, 

5% to 20%, and 5% to 25% at the Ta Trach, Huong Dien, and Binh Dien Reservoirs, 

respectively. Interestingly, the obtained results are really similar to the findings of [14], which 

stated that the rainfall will increase more than 20% in the dry season at the upstream of the 

Huong River Basin. Under this section, the obtained findings would be very useful as a key 

information for determining reservoir operation rules under the changed climate conditions in 

the Huong River Basin. 

 

4.6. Role of Reservoir Operation  

Intuitively, in particular due to climate change, it seems that hydrological conditions 

are subject to change, the problems of water management and utilization may severely arise if 

nothing is done to eliminate the acute problem of water imbalance. Therefore, a clear 



understanding of consequences of existing reservoir operations, and the detailed guidance of 

flexibility and adjustability of reservoir operations in the Huong River Basin, would be essential 

and addressed in this section. 

 

 

4.6.1 Understanding of Current Reservoir Operation Rules   

It is a matter of fact that effective operation of reservoir systems is a challenging task 

since several complicated issues would be involved, including inflow, release, storage (volume 

or level), overflow, demand, supply, etc., in which all of them would need to be compiled and 

linked together. Therefore, a more robust understanding of current reservoir operation rules 

would be supportive of increased focus on improving the operational effectiveness for 

maximizing the beneficial uses of all three reservoirs located in the Huong River Basin, i.e. 

Huong Dien, Binh Dien, and Ta Trach. 

The detailed specifications of Huong Dien, Binh Dien, and Ta Trach Reservoirs, and 

Thao Long Barrage can be presented in Tables 1 and 2, respectively. According to the 

promulgation of inter-reservoir operation procedures, i.e. 3960/QĐ-BCT for Binh Dien 

Reservoir [15], 5058/QĐ-BCT for Huong Dien Reservoir [16], 1497/QĐ-TTg for Ta Trach 

Reservoir [2], and 2482/QĐ-TTg for Thao Long Barrage [17], the regulations for each above-

mentioned hydraulic structures operated in the Huong River Basin can be summarized as 

follows: 

- For Binh Dien Reservoir, during the dry season (January to mid-September), the 

outflow (Qoutflow) is controlled to be released at a rate of 21.99 m3/s. For hydropower 

generation purpose, the reservoir level (Z) is specified not to be less than the dead 

storage level (+53 m+MSL). In the rainy season (mid-September to December), the 

Qoutflow is defined to be equal to or less than the inflow (Qinflow) within the range of 

+80.6 m+MSL < Z ≤ +85.96 m+MSL (note: +80.6 m+MSL is the reservoir water 

level before flood arrives (Zpre-flood) which is lower than the normal reservoir level 

(Znormal), whereas +85.96 m+MSL is the flood control level (Zflood_control)). The 

maximum discharge (Qmax) is the combination between maximum spillway 

discharge (Qmax, Spillway) and the turbine discharge (Qmax, Turbine), which is equal to 

7,061 m3/s. 

- For Huong Dien Reservoir, during the dry season, The Qoutflow can be released at a 

rate of 43.96 m3/s. For hydropower generation purpose, The Z should not be less 

than the dead storage level (+46 m+MSL). In the rainy season, The Qoutflow can be 

equal to or less than Qinflow within the range of +56 m+MSL < Z ≤ +60 m+MSL 



(note: +56 m+MSL is the Zpre-flood, whereas +60 m+MSL is the Zflood_control). The 

Qmax is the combination between Qmax, Spillway and Qmax, Turbine, which is equal to 

7,878.2 m3/s. 

- For Ta Trach Reservoir, during the dry season, The Qoutflow can be released at a rate 

of 25 m3/s. For hydropower generation purpose, The Z should not be less than the 

dead storage level (+23 m+MSL). In the rainy season, The Qmax can be equal to or 

less than Qinflow within the range of +25 m+MSL < Z ≤ +53.07 m+MSL (note: +25 

m+MSL is the Zpre-flood, whereas +53.07 m+MSL is the Zflood_control). The Qmax is the 

combination between Qmax, Spillway, Qmax, Turbine, and the maximum discharge from 

the outlet Qmax, Outlet, which is equal to 7,483.6 m3/s. 

- For Thao Long Barrage, during the low flow period, the water level at the upstream 

of Thao Long Barrage should be less than +0.50 m+MSL in order to prevent floods 

due to the overflow from the Huong and Bo Rivers into their floodplains and Hue 

City. In details, the water levels, which are controlled at the upstream of Thao Long 

Barrage, can be varied at different periods, i.e. 0.1 – 0.25 m+MSL during mid-

December to January 10th, 0.2 – 0.4 m+MSL during January 11th to mid-February, 

April to mid-May, and August, 0.3 – 0.4 m+MSL during mid-February to March, 

and 0.3 – 0.5 m+MSL during mid-May to July. In contrast, if the water level is 

higher than +0.50 m+MSL, especially in the rainy season (September to December), 

all gates should totally be opened to release the water from the downstream of the 

Huong River to Tam Giang – Cau Hai Lagoon. Moreover, if the water level from 

the lagoon is higher than the upstream of Thao Long Barrage, all gates are suggested 

to be closed to prevent seawater intrusion. 

 

Eventually, when the flood is over, the Z should be lowered to the Znormal, so that the 

reservoirs can provide sufficient capacity for the next upcoming flood. 

 

4.6.2 Reservoir Operation Incorporating Warning Stages Responding to Climate 

Change Impacts   

It might be expected that successful reservoir operation and management would largely 

depend on understanding the possible range of potential climate change impacts. Therefore, in 

this section, the emphasis will be placed on the reservoir operation rules that foster adaptation 

and enhanced resilience to climate change.  

By considering the impacts of climate change, the results suggested that more water 



from the reservoirs should be released during the period of January to May as a result of 

increasing rainfall intensity at the upstream of all three reservoirs located in the Huong River 

Basin, i.e. Huong Dien, Binh Dien, and Ta Trach, in order to fully meet withdrawal and other 

downstream water demands. Based on the continuous observation of water level records, the 

average water level at Thao Long Barrage during the period of January to May is varied between 

0.2 and 0.4 m+MSL. However, based on the HEC-RAS modelling results, the water levels at 

the upstream of Thao Long Barrage were estimated to be 0.28 m+MSL during the years 2009 

– 2012, and 0.30 m+MSL for the 2080s. As a result, it can be concluded that under the climate 

change impacts, the water level fluctuations is not significantly changed at the Thao Long 

Barrage (water level < 0.5 m+MSL). Therefore, a set of gates of Thao Long Barrage is also 

strictly suggested to be closed in order to prevent seawater intrusion due to sea level rise. In 

terms of reservoir operation during the rainy season, the reservoirs should be operated in 

association with the warning statements and explanatory messages at the downstream gauging 

stations, i.e. Phu Oc gauging station (for Huong Dien Reservoir) and Kim Long gauging station 

(for Binh Dien and Ta Trach Reservoirs), in order to attenuate flood peaks and reduce flood 

risk to downstream communities. Based on the information from the TTH – HMFC, the warning 

stages is defined at three levels, i.e. Alarm I, II, and III, as shown more details in Table 3. 

With respect to the appropriate proposed rules for reservoir operation during floods 

under potential climate change, the following detailed explanation can be described below and 

through Table 4 for this phenomenon.  

- When the water levels at the warning stage is less than the Alarm I (i.e. water levels 

at Kim Long ≤ 1.0 m+MSL and Phu Oc ≤ 1.5 m+MSL), the Qmax from Ta Trach 

and Binh Dien Reservoirs (in corresponding to Kim Long warning stage) should be 

released at the same rate as Qmax, Turbine, i.e. 82 and 70 m3/s, respectively. 

Meanwhile, the Qmax from Huong Dien Reservoir (in corresponding to Phu Oc 

warning stage) should also be released at the same rate as Qmax, Turbine, i.e. 196.2 

m3/s (note: under the condition that the Qmax is defined to be equal to or less than 

the Qinflow). 

- When the water levels at the warning stages fall in between the Alarm II and Alarm 

III (i.e. water levels at Kim Long vary from 2.0 – 3.5 m+MSL, and at Phu Oc vary 

from 3.0 – 4.5 m+MSL), it is recommended to gradually increase the releases for 

each reservoir, as well as the Qmax is set to be the same rate as the Qinflow. 

- When the water levels at the warning stage is greater than the Alarm III (i.e. water 

levels at Kim Long > 3.5 m+MSL and Phu Oc > 4.5 m+MSL), the Z value should 



essentially be taken into consideration. In this case, the Znormal of +85, +58, and +45 

m+MSL for Binh Dien, Huong Dien, and Ta Trach Reservoirs, respectively, will 

be considered instead of using the Zpre-flood specified in the current reservoir 

operation rules (i.e. +80.6, +56, and +25 m+MSL, respectively). Therefore, under 

this condition, the proposed reservoir operation rule adapting to rainy season can 

be proposed with the details as follows: 

1. For Binh Dien Reservoir, if +85 m+MSL < Z ≤ +85.96 m+MSL, the Qmax is the 

combination between Qmax, Spillway and Qmax, Turbine, which is equal to 7,061 m3/s. 

2. For Huong Dien Reservoir, if +58 m+MSL < Z ≤ +60 m+MSL, the Qmax is the 

combination between Qmax, Spillway and Qmax, Turbine, which is equal to 7,878.2 m3/s. 

3. For Ta Trach Reservoir, if +45 m+MSL < Z ≤ +53.07 m+MSL, the Qmax is the 

combination between Qmax, Spillway, Qmax, Turbine, and Qmax, Outlet, which is equal to 

7,483.6 m3/s. 

4. For Thao Long Barrage, all gates should totally be opened when the water level 

at the upstream of Thao Long Barrage is greater than +0.5 m+MSL to enable 

the maximum flow to be released for attenuating flood flows. 

 

Finally, when the flood is over, the Z should be lowered to the Znormal, so that the 

reservoirs can provide sufficient capacity for the next upcoming flood.  

 

5. CONCLUSIONS  

The assessment of potential impacts of climate change on reservoir flood control was 

conducted for the Huong River Basin. The results showed that the HadGEM3-RA model 

provided robust and reasonable estimates of changes in regional climate information (i.e. 

rainfall, temperature) due to anthropogenic emissions. Additionally, the HEC – HMS 

hydrologic and HEC – RAS hydrodynamic models proved their capability in simulating runoff 

and gaining a better understanding the hydraulics, respectively, of the Huong River Basin (note: 

as indicated by high values of R2 (ranging from 0.84 to 0.94) and ENS (varying from 0.77 to 

0.92) for the HEC-HMS model, whereas the HEC-RAS model with R2 fluctuating from 0.67 to 

0.79 and ENS varying from 0.64 to 0.77). In addition, the results also demonstrated that the 

weather would be warmer in the future from 0.2 °C to 0.8 °C and annual rainfall would also 

increase from 4.8% to 6.0%. The water levels and discharges are also likely to increase from 

0.1 to 0.3 m+MSL and 10% to 30%, respectively. Moreover, the findings also highlighted that 

the rainfall would be increased in the upstream of all three reservoirs located in the Huong River 



Basin, i.e. Huong Dien, Binh Dien, and Ta Trach, during the dry season from 5% to 25%, 

therefore, it is necessary to increase the released flow from the reservoirs during the period of 

January to May. The proposed change in reservoir operation rules, along with the warning 

stages during the rainy season at the downstream gauging stations (i.e. Kim Long and Phu Oc), 

was also delivered to maximize the potential for a wide range of benefits. Finally, the overall 

outcomes of this research can be used as a guideline for adaptation measures against the impacts 

of climate change, and future planning for flood control reservoir systems in Vietnam. 
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Figure 1. Map of the Huong River Basin, Vietnam 

 

 

Figure 2. Projected mean monthly rainfall changes (%) under RCP 8.5 scenario for the 

decades of the 2020s, 2050s, and 2080s 

 

 



 

Figure 3. Projected mean monthly temperature changes (°C) under RCP 8.5 scenario for the 

decades of the 2020s, 2050s, and 2080s 

 

 

Figure 4. HEC – HMS modelling results between observed and simulated discharges during 

(a) calibration period; and (b) validation period, at Ta Trach gauging station 

 

 

 

 

 



 

Figure 5. HEC – RAS modelling results between observed and simulated water levels during 

the calibration and validation periods at (a, b) Phu Oc and (c, d) Kim Long gauging stations 

 

Table 1. Specifications of the reservoirs located in the Huong River Basin [2] 

No. Elements Unit 
Reservoir 

Binh Dien Ta Trach Huong Dien 

I Watershed characteristics  

1 Watershed area km2 515 717 707 

2 Mean annual rainfall mm - - 3,267.60 

3 Mean annual discharge m3/s 41.70 - 82.60 

4 Crest discharge     

 - P = 0.1% m3/s 6,989 14,200 9,430 

 - P = 0.5% m3/s 5,187 11,200 6,920 

 - P = 1% m3/s - - 5,890 

 - P = 5% m3/s - - 3,950 

 - P = 10% m3/s - - 3,170 

II Reservoir characteristics 

1 Normal reservoir level  m+MSL 85 45 58 

2 Dead storage level m+MSL 53 23 46 

3 Flood control level m+MSL 85.96 53.07 60.00 

4 Gross storage capacity 106 m3 423.68 420.50 820.66 

5 Active storage capacity 106 m3 344.39 347.90 350.8 

6 Dead storage capacity 106 m3 79.29 72.60 469.86 

7 Reservoir area corresponding to 

normal reservoir level 

km2 17.08 - 33.87 

8 Maximum release m3/s 72.00 80.32 196.10 

(a) (b) 

(c) (d) 



9 Plant capacity MW 44.00 21.00 81.00 

 

Table 2. Specific details of the Thao Long Barrage [17] 

Parameter Unit Value 

Number of span span 15 

Width of span m 31.5 

Width of lock m 8 

Width of river m 480.5 

Length of barrage m 571.15 

 

Table 3. Flood warning threshold levels  

Station 
Warning stages (m+MSL) 

Alarm I Alarm II Alarm III 

Phu Oc 1.5 3.0 4.5 

Kim Long 1.0 2.0 3.5 

 

Table 4. Proposed rules for operation of different reservoirs responding to climate change impacts 

Period  Binh Dien Huong Dien Ta Trach Thao Long Remark 

 Current reservoir operation rules  

Jan – 

Mid-Sep 

 
21.99 m3/s 43.96 m3/s 25.00 m3/s All gates are 

closed 

Controlled released 

discharge, except for 

some specific flood 

months 

Mid-Sep 

– Dec 
 

Zpre-flood (m+MSL) < Z (m+MSL) ≤ Zflood_control (m+MSL)  

if +80.6 m < Z ≤ 

+85.96 m, 

increasing Qmax 

if +56 m < Z ≤ +60 m, 

increasing Qmax 

if +25 m < Z ≤ +53.07 m, 

increasing Qmax 

Open (if 

water level at 

Thao Long ≥ 

0.5 m+MSL) 

Qmax ≤ Qinflow 

Z (m+MSL) > Zflood_control (m+MSL)  

Qmax = Qmax, Spillway 

      + Qmax, Turbine      

    = 6,989 + 72  

    = 7,061 m3/s 

Qmax = Qmax, Spillway 

      + Qmax, Turbine  

    = 7,682 + 196.2  

    = 7,878.2 m3/s 

Qmax = Qmax, Spillway 

+ Qmax, Turbine + Qmax, Outlet  

= 6,147 + 82 + 1,254.6  

= 7,483.6 m3/s 

Open (if 

water level at 

Thao Long ≥ 

0.5 m+MSL) 

Released discharge 

is at maximum rate 

for each reservoir 

 Proposed reservoir operation rules responding to climate change impacts 

Jan – 

May 

 
> 21.99 m3/s > 43.96 m3/s > 25.00 m3/s All gates are 

closed 

Controlled released 

discharge can be 

increased for each 

reservoir. However, 

the effectiveness of 

flood control for 

each reservoir would 

need to be taken into 

consideration and it 

is not included in 

this study 

Jun – 

Mid-Sep 

 
21.99 m3/s 43.96 m3/s 25.00 m3/s All gates are 

closed 

Except for some 

specific flood 

periods 

 In combination with the warning statements and explanatory messages at the downstream gauging stations 



Mid-Sep 

– Dec 

(Kim Long and Phu Oc) 

WL ≤  

Alarm I 

Qmax = Qmax, Turbine 

  = 70 m3/s 

Qmax = Qmax, Turbine 

    = 196.2 m3/s 

Qmax = Qmax, Turbine 

  = 82 m3/s 

Open (if 

water level at 

Thao Long ≥ 

0.5 m+MSL) 

Kim Long ≤ 1.0 m 

Phu Oc ≤ 1.5 m 

Alarm II ≤  

WL ≤ 

Alarm III 

Increasing releases as well as Qmax = Qinflow Open (if 

water level at 

Thao Long ≥ 

0.5 m+MSL) 

2.0 m ≤ Kim Long ≤ 

3.5 m 

3.0 m ≤ Phu Oc ≤ 

4.5 m 

WL > 

Alarm III 

Znormal (m+MSL) < Z (m+MSL) ≤ Zflood_control (m+MSL)  

if +85 m < Z ≤ 

+85.96 m, 

increasing Qmax 

if +58 m < Z ≤ +60 m, 

increasing Qmax 

if +45 m < Z ≤ +53.07 m, 

increasing Qmax 

Open (if 

water level at 

Thao Long ≥ 

0.5 m+MSL) 

Kim Long > 3.5 m 

Phu Oc > 4.5 m 

Z (m+MSL) > Zflood_control (m+MSL)  

Qmax = Qmax, Spillway 

      + Qmax, Turbine  

    = 6,989 + 72  

    = 7,061 m3/s 

Qmax = Qmax, Spillway 

      + Qmax, Turbine  

    = 7,682 + 196.2  

    = 7,878.2 m3/s 

Qmax = Qmax, Spillway 

+ Qmax, Turbine +Qmax, Outlet  

= 6,147 + 1,254.6 + 82 

= 7,483.6 m3/s 

Open (if WL 

at Thao Long 

≥ 0.5 

m+MSL) 

Released discharge 

is at maximum rate 

for each reservoir  

 

Note: Qmax is maximum discharge, Qmax, Turbine is maximum turbine discharge, Qinflow is inflow 

to the reservoir, Qmax, Outlet is maximum discharge from the outlet, Qmax, Spillway is maximum 

spillway discharge, and Z is reservoir water level, WL is water level at gauging stations.

 


