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reduces the pH level in the ponds and leads to a 

decrease in aquaculture production. 

In the rainy season, there is no activity of 

fishery so that the productivity is not affected. 

However, when floods occurring with greater 

intensity will damage fishery infrastructure. In 

addition, extreme temperature in a long time 

has great influence on fishery. The proper 

temperatures for normal growth of shrimp is 

27-30
0
C, while the temperature> 35

0
C or <20

0
C 

for 2-3 days, shrimp will die. 

c) Fishing 

According to the plan in 2020, a number of 

projects will be implemented, for example: 

building system of warning, forecasting, 

rescuing; expanding Quy Nhon fishing port, 

Quy Nhon storm shelter; upgrade fishing ship 

and service, infrastructure and other techniques. 

In the future, in term of climate change impact, 

the hurricane will probably occur more 

frequently. So, if the habit is unchanged (the 

fishermen do not use the communication 

devices while go fishing offshore), the 

anchorage area does not guarantee the size and 

safety, rudimentary and small boats still used 

for offshore fishing will be in risk of  heavy 

damage and fishermen are the most impacted 

and most vulnerable. 

d) Tourism 

The development plan of Binh Dinh to 2020 

has given the priority to the investment to 

marine tourism. Besides, the infrastructures for 

tourism such as hotels, restaurants, services, 

sports area resorts will be built along the coast. 

According to climate change scenarios, coastal 

areas of Vietnam in general and Binh Dinh, 

Quy Nhon in particular will be affected by sea 

level rise, storm surges, floods and heat 

increase triggering soil erosion, coastal 

flooding, environmental pollution, outbreak of 

epidemics, etc.. All the above factors will affect 

tourism (beach/tourist areas, the depletion of 

tourism resources, reducing the amount of 

tourists). However, in the tourism development 

plan has not considered the response to risks of 

natural disasters, extreme weather. Tourism 

department does not have even a representative 

in the Committee for the Prevention of Flood 

and Rescue of Binh Dinh province on order to 

receive and exchange updated information on 

natural disasters, participate in formulating 

prevention plans to reduce natural disaster or 

coordinating closely with other agencies to 

respond effectively when disasters occur. This 

is one of the restrictions that should be 

considered thoroughly in the process of 

completing tourism development plan. 

3. Adaptation measures to respond to climate 

change in Quy Nhon 

For agriculture, aquaculture and forestry: 

most of manufacturing operations are 

dependent on the weather. Moreover,  poor 

people group mainly work in these sectors, their 

production are made just to maintain their lives 

and there is almost no accumulation, which 

leads to the fact that they cannot afford 

equipping themselves with better conditions to 

respond to natural disasters, such as : strong 

houses, equipment, facilities and production 

capital. Addition, the perception is poor, 

backward practices; the community is not high 

increases vulnerability to natural disasters. To 

overcome these problems, some relevant 

activities need to be performed, including: (i) 

raising awareness of people about climate 

change and other threats, (ii) planning to 

develop manufacture based on the climate 

change research to integrate into the operations, 

(iii) policies to support (such as funds, facilities 

and equipment), insurance and resettlement in 

line with community participation, and (iv) 
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community education enhancement. 

Nevertheless, the most important activity when 

the city is expanded and developed is 

supporting these groups to gain new vocational 

skills to change their livelihoods to get a better 

and more sustainable life. 

Tourism: the proportion of revenue from 

tourism in Quy Nhon will be very high in the 

future. Most of tourism infrastructure is located 

near the sea, which is greatly influenced by 

natural disasters and coastal erosion. Many 

resorts have been planned according to 

research; they will be affected by rising sea 

levels, together with phenomena of strong 

coastal erosion. Thus, there should be extensive 

research on shoreline stabilization under the 

impact of sea level rise to re-plan seaside resort, 

and should have the support and insurance 

policy for the sector.  

The city now has got the organizational 

structure and facilities to prevent and reduce 

natural disasters as well as search and secure. 

However, they have not met the current needs. 

In the future, when the disasters caused by 

climate change occur with greater intensity, 

higher frequency, Quy Nhon City should: invest 

in construction of warning and forecasting 

systems, information systems and response and 

rescue device; train and improve the capacity 

and awareness about climate change and its 

impacts in order to make appropriate adaptation 

measures for not only professional staffs but for 

all government organizations, unions and each 

citizen; enhance the participation of the people, 

especially women in activities of planning, 

resettlement, making plans and producing 

appropriate measures, to cope with the impacts 

of natural disasters and climate change; 

strengthen specialized research activities to find 

solutions for planning and making plans to 

adapt to climate change conditions. 

A number of activities which are important 

to make plan of climate change adaptation in 

Quy Nhon in the near future have been 

proposed, including intensive research for the 

eastern districts of Tuy Phuoc commune on the 

susceptibility to climate change and guidelines 

for making plans to develop urban areas, 

construction, infrastructure and agriculture; 

building instructions, new procedures for the 

resettlement, support for changing livelihood of 

fishing households vulnerable to climate 

change; Improve the capacity, organization and 

equipment for Flood and Storm Control 

Committee and the Search and Rescue; program 

of raising awareness, instructions, warning 

signs for communities susceptible to flooding; 

Invest to research design, repair and upgrade 

the system of river and sea dykes, to not only 

strengthen but also ensure safety in extreme 

conditions in the future. 

4. Conclusions 

1) Climate change and sea level rise 

scenarios were developed for Quy Nhon city 

using emission scenarios A1FI, A2 and B2. By 

mid 21
st
 century: i) monthly and seasonal mean 

of the temperature in Quy Nhon city would 

increase compared to that of the period 1980-

1999; ii) rainfall would increase in rainy season 

and decrease in dry season, but in term of 

annual mean, rainfall would be still increase; 

iii) sea level is expected to increase about 30cm 

compared to the period of 1980 – 1999.  

2) In Quy Nhon, water resources, 

agriculture and tourism are considered as major 

sectors would be affected by climate change. 
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Abstract. Vietnam-Chinese transboundary river basins play an important role in socio-economic 

development for both Vietnam and China. The cooperative research on assessment of climate 

change impact on water resources is necessary in order to maintain and develop water resources, 

exploit and consume effectively, protect environment and prevent disasters on transboundary river 

basins. The problems have been paid the attention by scientists and agencies of both countries. 

This report presents the expressions of climate change impacts on water resources on Vietnam-

China transboundary river basins and suggest cooperative content and methodology of the 

research. 

Keywords: climate change, Vietnam-China transboundary river basins.   

1. Introduction
∗

 

Along Vietnam-China border, the river 

flowing into Vietnam is Hong River, with 

81.200 km
2
 upstream area located in China and 

1.100 km
2
 area in Laos, the river flowing out is 

Ky Cung –Bang Giang River, with 10.532 km
2
 

upstream area located in Vietnam, flowing into 

Ta Giang River in Guangxi, China. According 

to the recent research [1], total discharge 

volume of Red River, resulting from foreign 

territory is 48,7 km
3
 per year, equivalent to 

38.2% of total water amount of Hong River. 

The both river systems are important for socio-

_______ 
∗
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economic development of Vietnam and China. 

The main upstream rivers of Hong River 

system, include: Ly Tien (upstream of Da 

River), Nguyen River (upstream of Thao river ) 

and Ban Long river (upstream of Lo river) 

located in the South of China has more 

abundant water resources and hydropower 

potential than the similar ones in the North. Ky 

Cung- Bang Giang river system, having amount 

of 9-10 km
3
 per year, flowing into China 

territory, is also vital for socio-economic 

development on downstream area of Ta Giang 

river basin. Thus, protection and maintenance 

of water resources aimed to exploit and utilise 

resources effectively, preserve environment and 

prevent disasters is crucial and paid the 
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attention by scientists and agencies of both 

countries [2, 3]. 

2. The expressions of climate change impacts 

on water resources of Hong River basin                     

  Climate change due to the earth warming 

causes the change of the processes, such as 

ocean-atmosphere interaction, ocean circulation 

over continents, hydrological cycle, also may 

lead to changes in distribution of water 

resources in space and time. Results of national 

and international research show that climate 

change impacts may increase the uncertainty of 

hydro-meteorological parameters, leading to 

more frequent occurrence of extreme 

hydrological characteristics. Natural disasters 

related to flood and drought occurring 

frequently over the world and the region in 

recent year is the sign of the above statements. 

Meanwhile, due to socio-economic 

development and population growth, demand of 

water resources on upstream area of Hong 

River system is highly growing, especially 

many reservoirs have been  build for the 

purposes of hydropower, irrigation and others. 

Based on data of Power Engineering Consulting 

Joint Stock Company 1 [4], Ly Tien river in 

China territory has 11 reservoirs with nine of 

them in operation, Ban Long river in China 

territory has 8 hydropower reservoirs under 

planning with many of them in operation, 

Nguyen river has 1 operating plant. Some 

hydropower plants on Ly Tien river, upstream 

of Da river taken from satellite is shown in 

Figure 1. 

 

 

Figure 1. Hydropower plants  on Ly Tien river. 
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Unstable water inflowing from China 

territory due to operation of hydropower plants 

at upstream results in large daily water level 

fluctuation which is contrast to natural law: 

daily water fluctuation is around 1.5-2.0m on 

Da river at Muong Te, 0.5-1.0m at Nam Giang, 

1.0-1.3m on Lo river at Ha Giang and 0.5-0.8m 

on Gam river at Bao Lac. Regulation activities 

of reservoirs in China make the tendency of 

drought flow a month faster. Discharge in the 

first months of November-December of dry 

season decreases quicker than the previous 

periods. Flow regulation of reservoirs at Ly 

Tien Do station, upstream of Da river (basin 

area of 17.155 km2) far about 52 km from 

Vietnam-China Border is shown in Figures 2 

and 3. The instability of flow from China 

disturbs the operation of structures in 

exploitation and utilisation of water as well as 

usual status of ecosystem, downstream of Hong 

river system. 
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Figure 2.  Naturally restored daily flow and regulated flow at Ly Tien Do station in 2010. 
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Figure 3.  Naturally restored daily flow and regulated flow at Ly Tien Do station in 2009. 
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One significant expressions of climate 

change impacts on water resource in upstream 

of Hong river is occurrence of the annual 

maximum flood in October which is the last 

month of flood season when the storage 

capacity of reservoirs are nearly full. Statistical 

data in Table 1 shows that the annual maximum 

flood on Ly Tien river and Nguyen river often 

occurs in August (taking more than 50%). In 

recent years, two the annual maximum flood 

occurred in October 2006 and October 2010. 

Consequently, artificial floods appeared on 11
th
 

October 2006 with flood peak nearly twice than 

natural one (Table 2), this made flood 

magnitude suddenly 10m higher on 8th-12th  

October 2006 at Muong Te station. 

Table 1. The appearance of annual flood peak at October, period of recharge of reservoirs  

in recent years in upstream of Da  and Thao rivers  in China territory. 

Ly Tien Do station on Ly Tien river Man Hao station on Nguyen river 
No. Year 

Peak flow rate (m
3
/s) Date/ Month Peak flow rate (m

3
/s) Date/Month 

1 1973 2434 27 July 2265 28 July 

2 1974 3720 5 August 3415 6 August 

3 1975 2605 16 June 1855 17 June 

4 1976 2145 15 August 1860 22 August 

5 1977 1730 5 July 1400 1 August 
6 1978 1860 7 August 1660 1 June 

7 2001 2217 1 August 2944 14 July 

8 2002 2870 10 August 3370 15 August 

9 2003 2030 20 July 1370 28 July 

10 2004 1380 8 September 1560 9 August 

11 2005 2030 20 July 1070 25 August 

12 2006 6920 11 October 4250 11 October 

13 2007 3880 4 August 2920 4 August 

14 2008 1770 19 July 1590 10 August 

15 2009 2300 19 August 1150 18 August 

16 2010 1770 10 October 1060 11 October 

Table 2.  Artificial flood occurred in October 2006 at Ly Tien Do station on Ly Tien river  

(upstream of Da river). 

Rainfall (mm) Flood peak (m
3
/s) 

Flood 
Trung Ai Kieu Tho Kha Ha  Muong Te Ly Tien Do Muong Te 

1-4 August 2007 163 152 120,6 3880 5359 

8-11 October 2006 162 158 131,8 6920 6505 

      

Another expression related to climate 

change impacts on water resource is that 

although in recent years, water resource in 

Hong river system tended to decrease but 

extreme flood occurring in Hong River system 

had tendency of increasing in frequency. 

Statistics in Table 3 shows that extreme floods 

used to occurred once every 8-10 years in the 

last period. From 2001 up to now, extreme 

floods occurred on Da river in 2002 and 2006, 

on Thao river in 2005 and 2008 and on Lo river 

in 2001 and 2008. It is noteworthy for flood 

prevention for Hong river delta. 
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Table 3. The increasing frequency of great flood occurrence on river branches of Hong river system 

 Da river (Hoa Binh station) Thao river (Yen Bai station)  Lo river  (Genh Ga station) 

 
Year 

Annual flood peak exceeds 15000m
3
/s  

Year 
Annual flood peak 
exceeds 7000 m

3
/s 

 
Year 

Annual flood peak 
exceeds 7000 m

3
/s 

Period of 1960-1990  

1964 17200 1968 10100 1969 8100 

1969 15800 1971 9860 1971 11700 

1971 16200 1979 7450 1986 8720 

  1986 7510   

Period of 1991-2000  

1996 22640 1996 7010 1995 7380 

    1996 7930 

Period of 2001-2010 

2002 15100 2005 7450 2001 8200 

2006 15200 2008 10800 2008 7050 

      

Floods on 6-7 January 2003 with the peak 

flood of 1320 m3/s at Lao Cai station on Thao 

river (annual peak flood of 1860 m
3
/s on 16 

August) is the unprecedented abnormalities that 

may related to climate change impacts. 

The increasing uncertainty of hydrological 

characteristics due to climate change impacts 

reduces reliability of hydrological engineering 

calculation as well as accuracy of forecast and 

warning, leading to reduce operation efficiency 

of water regulation structures and raise natural 

and manmade disaster risk. 

The risks related to climate change impacts 

on water resources on Vietnam-Chinese 

transboundary river basins can be reduced 

based on promoting information exchange, 

scientific research and management 

cooperation. Currently, the trend of cooperation 

on climate change study, integrated water 

resources management in the region and the 

world create the opportunities to develop 

cooperation on the basis of equitable and 

reasonable utilization of water resources, and 

obligation not to cause significant harm on river 

basins, crossing the border of two countries. 

3. Cooperative research on climate change 

impacts to enhance sustainable development 

of water resources on Vietnam-Chinese 

transboundary river basins 

According to the research of international 

experts [5], cooperation should be started with 

information exchange, cooperative research and 

development of general principles of integrated 

management of international river basins. 

Cooperative research and rational use of 

transboundary water would turn risks and 

challenges into cooperative opportunities. 

 The objectives 

- Exchange results of hydrological and 

water resources research on rivers acrossing the 

border, including: Da river, Thao river, Lo 

river, Ky Cung river and Bang Giang river; 

- Assess rainfall and surface water of 

transboundary river basins in space and time; 

- Assess the water demand in space and 

time; 

- Tendency of rainfall and surface water in 

recent years; 

- Develop climate change scenarios of the 

region; 
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- Assess impacts of climate change 

scenarios on rainfall-runoff process, water 

balance on the river basins which take an 

account of socio-economic development on 

transboundary river basins; 

- Propose to respond climate change and 

mitigate adverse impacts of water exploitation 

on rivers crossing Vietnam-China border. 

 Cooperative research 

Information and data exchange on the basis 

of authorisation; Methodology unification; 

Cooperative research; Workshop on research 

exchange; Training. Research funding need to 

be co-financed by two governments. 

4. Conclusion and suggestion 

In the context of climate change, based on 

the friendship and good neighborliness of two 

countries, recognition of riparian interest as 

well as understanding of risks related to 

transboundary water, cooperative research on 

hydrology and water resources is necessary to 

propose solutions of integrated water resources 

management in order to develop and sign 

agreements to deal with problems related to 

transboundary water between Vietnam and 

China.  
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Abstract. Rapid socio–economic development leads to a great increase in water demand of many 

sectors and conflicts between water users. Moreover, studies have warned about serious degree of 

influence of climate change (CC) on Vietnam, particularly on the water resources. Therefore, 

assess CC impacts on water balances are very necessary task. The Ministry of Natural Resources 

and Environment has completed the appropriate climate change scenarios in Vietnam [1]. In this 

study, water balance results will be presented including three scenarios:  high emissions scenario 

(A2), medium emission scenario (B2), and low emission scenario (B1). The water balanced in 

Hong-Thai Binh river basin was calculated, which is one of the largest basins in Vietnam. The 

basin is very complicated: Under the influence of flow regime of international rivers [2], a system 

of reservoirs and irrigation structures serving diverse purposes, such as of water supply, irrigation, 

flood control and hydropower [3-5]. MIKE BASIN model was applied to describe exploitation, 

utilization and to identify the water shortage areas according to the climate change scenarios. 

Keywords: climate change, water resources, Hong-Thai Binh river. 

1. Introduction about the study area∗ 

Hong-Thai Binh river basin is an 

international river basin that flows through 

three countries: China, Laos, Vietnam with a 

total natural area is 169,000 km
2
. The area of 

basin located in Vietnam is: 86,680 km2, 

occupying 51.3% of the total. 

This is the second largest river basin, (after 

the Mekong basin) in Vietnam which flows into 

East sea. Hong-Thai Binh river is formed from 

6 major tributaries: Da, Thao, Lo, Cau, Thuong 

and Luc Nam rivers. 

_______ 
∗

  Tel.: 84-4-38359491 

   E-mail: tranthai.vkttv@gmail.com 

 

Figure 1. Topographic map of Hong-Thai Binh  

river basin. 
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2. Research method 

In this study, two methods were used as 

follows:  

(i) Document synthesis and data analysis; 

and  

(ii) Mathematical model. 

MIKE BASIN model was used to calculate 

water balance in Hong-Thai Binh river basin, 

where MIKE NAM model was also used for 

inflow calculation in this basin. 

MIKE BASIN is a tool for water resources 

management, and more exactly it is a tool to 

calculate the optimal balance between water 

demand and available water amount. It supports 

the managers in choosing suitable development 

scenarios, exploitation and protection of water 

resources in the future. 

3. Application of MIKE BASIN model to 

calculate the water balance in Hong-Thai 

Binh river basin 

3.1. Water balance scheme and irrigation system 

Based on characteristics of the basin such 

as: topography, climate, irrigation systems, and 

distribution of population, the river basin was 

divided into six sub-basins (Da, Thao, Lo, Cau, 

Nhue-Day, downstream Hong-Thai Binh River) 

including 91 sub-areas. 

The simulated irrigation system in MIKE 

BASIN model are: reservoirs and hydro-powers 

parameters of which are: reservoirs relationship 

(Z ~ F ~ V), reservoir water level, capacity of 

hydro-plants, reservoir water level changes, 

regulation of reservoir operation. 

Baseline and scenario simulation: 25 

reservoirs and five hydroelectric powers. 

 

Figure 2. Water balance scheme of Hong-Thai Binh river basin. 
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Table 1. The parameters of hydropowers in the Hong-Thai Binh river basin. 

Nam of  

hydropower 

Year  

of beginning 

Year  

of operation 

Install capacity 

(MW) 

Energy 

production 
(10

6
 KWh) 

Function 

Lai Chau 2010 2017 1200 4700 Electricity generation 

Son La 2005 2012 2400 10246 Electricity generation 

Hoa Binh 1979 1994 1920 8160 

Flood control  

Irrigation 

Electricity generation 

Tuyen Quang 2002 2008 342 1329 
Flood control  

Electricity generation 

Thac Ba 1961 1971 120 414 

Flood control  

Irrigation 

Generate electricity 

      

3.2. Input data 

3.2.1. Inflow  

Inflows in the hydro stations and on the 

sub-basins were calculated according to three 

climate change scenarios A2, B1, B2 for the 

following periods: baseline (1980-1999), 2020-

2039, 2040-2059, 2060-2079, and 2080-2099. 

MIKE NAM model was used to calculate 

the inflow according to three climate change 

scenarios A2, B1, B2. The total annual flow 

increases slightly in all the three scenarios. 

However, variation rates of annual flow in each 

tributary are not different. 

3.2.2. Water demand 

On the basin, water demand was calculated 

in Hong-Thai Binh: agriculture, aquaculture, 

industry, domestic sector, public services and 

tourism. To assess the influence of climate 

change on water demand two Cases were 

considered. 

Due to limitations of published data, the 

water requirement of livestock, industry, 

aquaculture, domestic sector, public services 

and tourism were calculated to 2020 according 

to the Statistical Year Book 2000 (Case 1) and 

the planning of socio-economic development 

plan to 2020 of provinces in the basin (Case 2), 

with the assumption that these demands would 

not be changed by 2100. This means there is 

only water demand for the main user 

(agriculture) that will be changed  throughout 

the periods. For each Case, the water demand 

for agriculture was calculated for 20 years from 

1980 to 2000 and for 80 years from 2020 to 

2100 with  the assumption that agricultural area 

and cultivated crop structure were constant. 

Thus, the changes of water demand for 

agriculture only would depend on precipitation 

and evaporation.  

Case 1 (WD1): Calculation of water 

demand for the periods 1980-1999 and  2020-

2100 based on the Statistical Year Book 2000 

for the data on agricultural and industrial areas, 

livestock, population and the data of rainfall 

and temperature scenarios for projected 

agricultural demand.  

Case 2 (WD2): Calculation of water 

demand for the periods 1980-1999 and 2020-

2100 based on the planning of socio-economic 

development plan to 2020 for the data on 

agricultural and industrial areas, livestock, 

aquaculture, population, tourism and the data of 

rainfall and temperature scenarios for projected 

agricultural demand. 
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(a)  Water demand - Case 1 (b) Water demand - Case 2 

Figure 3. The trend of water demand in the 2 Cases. 

 

3.3. Choosing option for water balance calculation 

In order to calculate water  balance on 

Hong-Thai Binh river basin, the options were 

chosen based on (i) the planning of socio-

economic development of the region, of each 

provinces and of each sector [4,6,7]; (ii) climate 

change scenarios [1]. The main criteria 

considered choosing option were: (i) inflow, (ii) 

water demand, (iii) irrigation system. The 

options for water balance calculation are shown 

in Table 2. 

Table 2. Options for water balance calculation. 

Water balance 

(WB) Cases 

CC 

scenarios 

System of water resources 

structures 

Water 

demand 
Inflow 

A2 WD1 – A2 A2 

B2 WD1 – B2 B2 WB - Case 1 

B1 WD1 – B1 B1 

A2 WD2 – A2 A2 

B2 WD2 – B2 B2 WB - Case 2 

B1 

25 reservoirs, 5 hydropower plants 

WD2 – B1 B1 

     

4. Results and discussion 

4.1. Water balance results 

According to calculation results, water 

shortage in the sub-basins and the whole basin 

more and more increase. Total of water demand 

in the Case 2 is bigger approximately 5 billion 

m³ per year than that in Case 1. In addition, 

because inflows in both Cases are constant, so 

water shortage in Case 2 is 4.2 to 4.8 billion m³ 

per year, occupying 15% -17% of water 

demand in the whole basin. There are no 

differences between two Cases in terms of 

quantity and percentage of water deficit. Trend 

of water shortage in Da, Thao, Lo, Cau Thuong, 

Luc Nam, Nhue, Day basins and the 

downstream of Hong-Thai Binh river are quite 

similar.
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Figure 4. Water shortage in the whole region under three scenarios- WB Case 1. 

 

Figure 5. Water shortage in the whole region under three scenarios – WB Case 2. 

 

Table 3. The total average water shortage in period- WB Case 1. 

(Unit: 10
6
 m

3
 / year) 

1980-1999 2020-2039 2040-2059 2060-2079 2080-2099  

Scenario 
Vdeficit Vdeficit Vdeficit Vdeficit Vdeficit 

B1 3,241.1 3,347.8 3,412.0 3,445.6 3,455.9 

B2 3,241.1 3,338.1 3,420.1 3,478.7 3,524.5 

A2 3,241.1 3,339.1 3,418.2 3,497.8 3,564.6 
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Table 4. The total average water shortage period - WB Case 2. 

  (Unit: 106 m3 / year) 

1980-1999 2020-2039 2040-2059 2060-2079 2080-2099 
Scenario 

Vdeficit Vdeficit Vdeficit Vdeficit Vdeficit 

B1 4,220.6 4,492.8 4,575.2 4,619.0 4,663.3 

B2 4,220.6 4,493.9 4,599.8 4,677.6 4,759.9 

A2 4,220.6 4,494.4 4,595.2 4,699.0 4,801.2 

      

4.2. Energy production 

The calculation result shows that the 

average monthly energy production of 

hydropower plants during the dry season has a 

decreasing tendency and in flood season has 

increasing tendency in comparison with the 

baseline scenario. For all hydropower plants, 

annual energy production is on the increase in 

the periods 1980-1999, 2020-2039, 2040-2059, 

2060-2079, and 2080-2099. However, this 

change is not significant. 
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Figure 6. Monthly average energy production of Son La hydropower plant under 3 scenarios – WB Case 1. 
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Figure 7. Annual energy production of Son La hydropower plant under 3 scenarios. 

 

5. Conclusions 

1) Climate change causes the increase in the 

total annual the whole basin. The inflow 

increases in flood season and decreases in dry 

season, which would influence on water 

balance in the basin. The increase temperature 

causes increase in evaporation, while rainfall 

decreases in the dry season, therefore water 

demand is higher and higher, so water shortage 

is more and more seriously. 

2) According to the forecast, the water 

demand in the period 2020 to 2100 from 21.52 

to 22.54 billion m
3
 per year for Case 1 and from 

27.17 to 28.19 billion m
3
 per year for Case 2 

can be met. 

3) In general, annual energy production is 

on the increase in the periods as compared to 

the baseline. However, this change is not 

significant. 

4) In the context of climate change, under 

unfavorable conditions for water use and, water 

allocation and use become extremely difficult 

and complicated. If some reservoirs were built 

in the upstream in the future, it would influence 

on the capacity of meeting the water demand in 

downstream. Therefore it needs to pay attention 

to reservoir operation especially cascade 

operation, regulating water resources use to 

meet water demand in the future. 
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A method for locating possible sources  
of oil pollution in the East Vietnam Sea 

Vu Thanh Ca3, Hoang Duc Cuong4, Tran Hong Thai4,  
Nguyen Xuan Hien4, Nguyen Xuan Dao4 

Abstract: A method was proposed for locating possible sources of oil pollution in the East Vietnam Sea. The 
method includes two stages. The first stage is called the raw stage. In this stage, based on the history of oil 
pollution at the Vietnamese coast and oil pollution footprint detected by remote sensing technique, numerical 
computation of wind and flow field in the sea was carried out. With the obtained wind and flow fields, 
reversed analysis was carried out to have a raw determination of possible sources of oil pollution. The second 
stage is called the refined stage. In this stage, based on the results of the raw stage, the location of oil source 
was corrected by assuming different oil slick scenarios (locations of oil source, discharge amount and 
discharge time). Then, numerical computations were carried out again to determine the transport and 
weathering of oil after being discharged from the source. The oil slick scenario which best fit the history of 
oil pollution and oil slick footprint will be selected as the oil pollution source. 

1. Introduction 
Recently, oil pollution has become an increasing environmental problem for the 
Vietnamese coast and sea. The area with oil pollution is expanding while the degree of 
pollution is increasing. During recent ten years, there are more than ten oil pollution events 
which caused great environmental consequences to the estuarine and nearshore areas of 
Vietnam. Typical oil pollution events are listed bellows. On October 3, 1994, the Neptune 
Aries (Singapore) collided with pier at Cat Lai port, caused the slick of 1.700 tons of oil. 
On September 7, 2001, the Formosa One (Liberia) collided with other ship at Ganh Rai 
Bay, caused the slick of 900m3  of oil. On February 6, 2002, the Bach Dang Giang 
(Vietnam) collided with submerged rock in Hai Phong coastal water, caused the slick of 
2.500m3  of oil. Recently, every year, during March to April, the oil pollution appears at the 
coastal areas of Central Vietnam. Especially, on January 29, 2007, oil began to polute Da 
Nang and Hoi An Beaches. After that, during the period from February 2007 to May 2007, 
the oil pollution affected the coastal areas of 17 cities, provinces of Vietnam, including Hai 
Phong, Ha Tiĩnh, Quang Binh, Quang Tri, Thua Thien - Hue, Đa Nang, Quang Ngai, 
Quang Nam, Binh Đinh, Phu Yen, Khanh Hoa, Vung Tau - Con Đao, Tien Giang, Ben Tre, 
Tra Vinh, Soc Trang and Ca Mau. The total collected oil from Juanuary 29, 2007 to April 
18, 2007 is 1702 tons. Among it, 855 tons of polluted oil is collected at the Quang Nam 
beach. The impacts of the polluted oil on the environment, economic and society in the 
polluted coastal areas have not been fully understood.  

Due to the seriousness of the oil pollution, the Government of Vietnam had assigned the 
Ministry of Natural Resources and Environment to carry out study to understand the 
processes of the transport and weathering of oil in the sea, and locate the possible sources 
of oil pollution. This article presents the results of the study carried out by the Vietnam 
Institute of Meteorology, Hydrology and Environment (IMHEN) for the above mentioned 
purpose.  

                                                
3  Marine Management Institute, Vietnam Administration for Sea and Islands; E-mail: vuca@vkttv.edu.vn 
4  Vietnam Institute of Meteorology, Hydrology and Environment; 5/62 Nguyen Chi Thanh, Hanoi, Vietnam 
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2 Methods 
To study the processes of transport and weathering of oil in the sea, in this study, we used 
the numerical models in combination with remote sensing technique. The satellite images 
from the MODIS sensor (AQUA and TERRA), ENVISAT ASAR, ALOS PALSAR 
satellites were analized to determine the location of polluted areas in the sea. Then, a 
system of numerical models, including a numerical model for the computation of wind, air 
temperature and sea surface temperature fields. For the transport and weathering of oil in 
the marine environment, two numerical models are used. The first model is the MIKE31-
PA/SA of Dannish hydraulic. The second model is a system of models developed by a 
group of researchers at the IMHEN. In this system of models, a numerical model for the 
computation of wave field, numerical models for the computation of current field and a 
numerical model for the computation of the transport and weathering of oil in the sea were 
used to predict the transport of oil in the sea. Based on the past current and wind field and 
the present position of polluted oil, a reversed analysis technique was employed to locate 
the possible oil pollution. 

2.1 Meteorological conditions 
After being slicked into the marine environment, the polluted oil is transported under the 
combined actions of wind, waves and currents. The action of the wind on the transport of 
oil has three folds. At the first, the wind acts on the surface of the oil and transport the oil 
in the wind direction. Its was estimated that (Stozenbach et al, 1977) that the drifted 
velocity of the surface oil layer due to the wind can be about 0.03 velocity of the wind. At 
the second, the wind generates the surface waves, which can advect the oil and intensify 
the oil weathering processes, leading to the dispersion of oil in the sea water. At the third, 
the wind drives currents, which can directly transport the polluted oil. Thus, in order to 
correctly predict the transport and weathering of the polluted oil, the wind must be 
correctly computed.  

The AVN wind data with equal resolutions in both latitude and longitude directions of 1o 
are used for the computation of the wind field in the East Vietnam Sea. Since the 
resolution of 1o is too coarse for the current and oil transport computation, the MM5 model 
for numerical weather forecast is used to interpolate the wind to the 2’ grid mesh 
resolution. The computed wind fields at the beginning of March are shown in Figures 1a-
1f. Detailed computations (not shown) revealed that during February, 2007, the dominant 
wind in the entire Vietnamese sea and coastal areas have the north east direction. At the 
end of February until the beginning of March, the wind became very variable. As shown in 
Figs. 1a, from March 01 to March 05, 2007, the wind at the north of East Vietnam Sea was 
south east wind while the wind in the southern part was the north east wind. The wind 
speed was about 5-10m/s. During the period from 06 to 11 March, 2007 (Figure 1b), the 
continental high pressure became dominant over the Vietnamese land and sea, the 
dominant wind for the entire East Vietnam Sea was the north east with the wind velocity of 
10m/s. The wind during the period from March 12 to March 16 was similar to that at the 
beginning of March (Figure 1c). A strong cold front influenced Vietnamese weather on lan 
and sea from 17 to 20 March caused strong north east wind on the entire sea with the wind 
velocity of more than 10m/s (Figure 1d). At the beginning of April, the wind direction 
changed. On April 10, 2007, the wind on the sea was north east with with the speed of 
about 5-10m/s, and from 11 to 19 April, the wind at the north of the sea was south east to 
south while at the south of the sea, the wind was rather complex (Figure 1e). 
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2.2. Current conditions 
The 3D POM (Princeton Ocean Model) model was used to compute the current field. 
Forcing on the current fields includes tide, wind and density current. The computational 
region was extended over whole East Vietnam Sea with the tidal forcing computed at the 
boundary of the computational region from the harmonic constants of 9 main tidal waves. 
The depth field used in the computation is ETOPO2. Sensivetivity analysis showed that 
tidal current is strongly influenced by bottom friction. Then, the tidal flow was calibrated 
using the tidal data at main stations near Vietnamese coast. The calibration results shown 
in Figs. 2 (a-d) revealed that the numerical model could satisfactorily simulated the tidal 
current in the area. 

 
 

Computational results (not shown) revealed that the tidal current was rather strong 
nearshore, but not very strong offshore. 

Figure 1. Wind field simulated by MM5 model 

     (a)     (b)        (c) 

(d)                           (e) 

1176



 70

Examples of computed flow fields were presented on Figs. 3 (a,b,c,d). Figs. 3a,b 
respectively show the current fields on January 18 and January 30, 2007. As shown in the 
figure, during January, due to prevail north east wind, the current near Vietnamese 
shoreline have the south direction. This flow field together with the north east wind can 
transport the oil in the south direction. On the other hand, the flow fields on March 15 and 
April 14, 2007 are shown in Figs. 3 (c,d). It can be seen that in general, the flow fields near 
the Central Vietnam shore have the south direction. However, at the entrance of Bac Bo 
Gulf, the current have the north direction. This means that with the current together with 
south east wind can transport oil to pollute the coast of the Red River Delta. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
Figure 2. Comparison between computed and observed tidal water levels (a) at Hon Dau Station and (b) at 

Ha Tien Station 

Since the East Vietnam Sea is a large sea, the general circulation in the sea due to wind can 
cause density abnomality, which drives the density density current. Then, the density 
current should be considered. However, due to time resriction on the sea water density 
distribution, in this computation, we still did not considered the effects of density 
stratification on the current field.  
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(c) 18:00 March 15, 2007 (d) 18:00 April 14, 2007 
Figure 3 Computed flow fields 

2.3 Numerical model for the transport and weathering of oil 
A numerical model was developed at the Vietnam Institute of Meteorology, Hydrology and 
Environment for the computation of the transport and weathering processes of oil in the 
sea. The model considers all main processes happening when the oil slicked into the 
marine environment. When the oil is slicked into the marine environment, at first, it is 
transported on the water surface. Then, the oil undergoes weathering processes. Light 
components of the oil will be evaporated. The remained oil can undergo the emulsification 
processes, in which oil expands its volume due to water uptake. The emulsification 
processes will increases the possibility of oil dispersion into the water column in the form 
of oil droplets. A part of suspended oil droplets can interact with suspended sediment, 
increasing their density and sink to the sea bed. On the other hand, large submerged oil 
droplets can resurface to become the surface oil. A small fraction of oil can be dissolved 
into water. The contribution of dissolved oil into oil mass balanced is negligible. Then, to 
study the oil transport in the marine environment, it is necessary to consider the transport 
of different phases of oil, including the transport of surface oil layer and suspended oil 
droplets in the water column under the surface, and the oil exchange between the different 
phases. As mentioned previously, the contribution of dissolved oil in the oil mass balance 
is negligible. Also, since this study aims at the study of the oil transport and weathering in 
a large area, the dissolved oil is neglected. 

2.3.1 Equations governing the transport and dispersion of oil  
In this study, we distinguish the surface oil layer and the under surface oil layer. With the 
assumption that the thickness of the surface oil layer is small compared with the water 
depth, the general equations governing the transport and dispersion of surface oil can be 
written as: 
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here, x, y  and t are respectively spatial and time variables; sC is the density of oil on the sea 
surface (the mass of oil on a unit sea water surface); vC  is the volume density of suspended 
oil droplet in the water column; us and vs  are components of current velocities in x  and y  
directions, respectively;  is a coefficient expresses the probability that a suspended oil 
droplet to resurface; vb is the rise velocity of oil droplet in the water column;   is a 
coefficient, describing the rate of dispersion of surface oil into the water column; Sd are Se  
respectively the degradation and evaporation of oil on a unit area of the oil surface; 
and sD is the rate of oil deposion and reentranced at the shore line. The equation governing 
the transport and change of suspended oil in the water column can be written as: 
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  (2) 

Here, Cv  is the volume density of oil in the water; u, v  and w  are respectively the flow 
velocity in three directions x, y  and z;   is a coefficient used to determine the rate of 
deposition of suspended oil droplets into the sea bed. 

2.3.2. The transport and degradation of oil 
Besides being dispersed into the water column, the surface oil can be transported by the 
combined actions of wind, waves and surface current. The physical processes that govern 
the transport and weathering of oil can be written as. 

a. Advection 
The advection of oil on the water surface is due to combined action of surface current and 
wind. The drifted velocity of surface oil can be evaluated from the wind and surface 
current velocity as follows (Stozenbach et al, 1977) 

   ccwwss VVvuV  ,  (3)  

where, wV  is the wind velocity at10m height above the water surface; cV is the surface 
current velocity; w is the wind drifted velocity, equal to 0.03; and c is the water surface 
wind velocity, equal to 1 (Stolzenbach et al, 1977). 

b. Vertical diffusion 
The vertical diffusion coefficient is very important for the oil transport in the water column 
and the oil exchange between the water column and the surface oil layer. The vertical 
diffusion coefficient can be evaluated from the POM model, accounting also for the 
density stratification in the near surface layer 

c. Mechnical oil spredaing 
In general, after being discharged into the marine environment, the oil on the sea surface 
undergoes mechanical spreading process. This process is governed by the balance between 
the gravity, the viscosity and the surface tension, and can be divided into four phases 
(Yapa, 1994). In the initial phase, the gravity and inertial forces plays leading roles. In the 
second phase, gravitational and viscous forces are main forces that govern the oil 
spreading. In the third phase, the surface tension and viscous forces are the main forces, 
and in the fourth phase, the spreading oil layer attains its balance.  
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In the first phase, the gravity and inertial forces plays leading roles, and the radius of the 
oil surface layer R can be calculated as: 

   25.0214.1 gVtR   (4) 

In the second phase, gravity and viscosity play leading roles: 

   167.05.05.12 /98.0 tgVR   (5) 

In the third phase, the surface tension and viscous force play leading roles, then: 

    25.0232 /6.1 wtR   (6) 

And in the balance phase 

   5.075.05 14159.3/10 VR   (7) 

with   wow  / , relative density ratio; w is the density of water; o is the oil 
density; V is the volume of slicked oil,  is the kinetic viscosity of oil; and is the surface 
tension of oil. 
d. The deposion of oil at the shoreline 
When the polluted oil reach the shoreline, it will deposit. After the deposion, the oil will be 
reentranced by waves, wind and current. Based on the half decayed period formula, the 
remaining fraction of oil at the shoreline can be evaluated as: 

  12
12

ttkeVV   (8) 

with 1V and 2V  are respectively the volumes of oil remaing at the shoreline at t1  and t2  
(days);   /2/1lnk  is the decayed coefficient, and   is the half decayed period. The 
value of the half decayed period k  changes from 0.001-0.01 at marshy land to 0.99 at rocky 
shoreline under light waves. 
e. Evaporation 
The evaporation is the main cause of oil loss, and can be evalualted according to MacKay 
et al (1980) as follows 
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with tKE e is the oil evaporation expose term, depending on time and environmental 
conditions; omme RTVAVKK /  with 78.00025.0 wm VK  is the mass exchange coefficient at 
the water surface, m/s ; A is the area of the oil, m2; mV is the mole volume, m3/mol ; R is 
the gas constant, =82.06x10-6  atm m3/(mol K) ; T is the absolute temperature of the oil, 
equal the sea water temperature; oV is the initial oil slick volume, m3; The initial vapor 
pressure oP is calculated as atm at temperature eT as follows 

  eoo TTP /16.10ln  , (10) 

where oT is the initial boiling temperature of the oil (Kelvin); For crude oil 

 1435.19.1158  APIC  (11) 

 432 0002604.003439.0565.1275.306.542 APIAPIAPIAPITo   (12) 

With API as the oil index, calculated from the oil density 
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  5.131/5.141  APIo  (13) 

The mole volume of oil varies in the range from 150x10-6  to 600x10-6  m3/mol, depending 
on the oil components. For kerosel, this value is about 200x10-6 m3/mol. 
f. The dissolution and deposition 
The dissolution of oil is neglected, while the deposion of oil is evaluated according to 
empirical formula. The dispersion of oil at the water surface to the water collum is 
calculated using the exchange coeeficient between surface soil layer and the soil suspended 
in the water collumn (Cohen et al, 1980). 

 

(b) 12:00 January 28, 2007 (a) 12:00 January 20, 2007 

(d) 12:00 March 8, 2007 (c) 12:00 February 28, 2007 

Figure 4. Computed oil pollution 
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g. Influence of waves to the soil dispersion 
Waves strongly influence the oil emulsification and oil dispersion into the water column. 
The influlence of waves on the above mentioned processes can be simulated based on the 
white capping fraction of waves. 

3. Computational Results and Discussions 
As shown by the computed current fields, if the oil pollution source is at the offshore of 
North Central Vietnam, the oil slick can be transported southwards to pollute the Central 
Vietnamese coast. At the same time, the oil can also be transported northwards to pollute 
the coast of North Vietnam. On the other hand, if the oil is slicked out of a oil field 
offshore of South Central Vietnam, then with the computed wind and current fields, it is 
not possible for the oil to be transported to pollute the coast of Central and North Vietnam. 
Figs. 4 (a,b,c,d) show examples of the oil pollution at different times, from 20 January to 8 
March, 2007 with the source of oil pollution indicated in Figure 4a. It can be seen that with 
this source of oil pollution, the slicked oil can be transported to pollute all Vietnam coast, 
from the north to the south. 

4. Conclusion 
From the study results, it is possible to draw the following conclusions: 

1. A method is developed to rapidly locate possible oil pollution source in the East 
Vietnam Sea. The method is not only applicable to the East Vietnam Sea, but every 
where; 

2. Nowaday, with extensive oil drilling, oil transportation and other kind of 
transporation in the East Vietnam Sea, the risk of oil pollution to Vietnamese coast 
is rising, and it is neceaasry to develop a decision support system for oil pollution 
events in Vietnam. The method we develop in this study can be used for developing 
such a system. The Vietnam Institute of Meteorology, Hydrology and Environment 
has the intention of developing such a system in the near future. 
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a b s t r a c t

The Red River Delta (RRD) in Northern Vietnam represents a complex hydrological network of tributaries

and distributaries that receive a large and seasonally fluctuating flow of water from the upper Red River

basin and is also subjected to tidal influence. In this study, we attempted to assemble a database of dis-

charge estimates within the RRD for 1996–2006 to elucidate the water circulation patterns in the system,

enable quantification of major water fluxes and assess the water resources availability. Regular discharge

measurements in the RRD are available for three upstream stations, while the other hydrological stations

provide only water level records; however, the MIKE 11 model allowed overall calibration curves to be

established, which enabled the conversion of available daily mean water level data into discharge values.

Four gauging surveys were conducted under flood and dry season in 2007 and 2008 to experimentally

validate these calibration curves.

After the database was generated, a water balance was established for two years with contrasting cli-

matic and hydrological characteristics. During the wet year (1996), the main branch of the Red River rep-

resented the largest input of freshwater to the sea (approximately 60%). Conversely, during the dry year

(2006), the inputs were more evenly distributed among the three main fluvial branches. The total volume

annually delivered to the sea from the RRD was approximately 140 and 100 km3 for 1996 and 2006,

respectively. When the five sub-basins within the RRD were evaluated, it was shown that the water

resources were far from evenly distributed within the area. In particular, the Bui sub-basin, which has

the highest population density and the lowest water resources per unit area, is experiencing a critical sit-

uation in terms of pressure on water resources.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, water availability has become an issue of global con-

cern. The total freshwater resources available worldwide are esti-

mated to be approximately 43,750 km3/year (FAO, 2003).

However, the world’s water resources have decreased from

17,000 m3/capita/yr in 1950 to 7 000 m3/capita/yr in the 2000s as

a result of a near doubling of the global population. Furthermore,

these resources are not distributed evenly. For example, in Asia,

only 3400 m3 of water are available/capita/year while 24,000 m3/

capita/yr are available in North America. In this context, evaluating

water resources and water budgets for a given region in relation to

the demand of the local human population could be a key factor in

optimizing water resources management and reducing environ-

mental pollution.

In Southeast Asia, the highest population densities are found in

delta areas that are subject to high freshwater flows from less pop-

ulated inland rivers and to tidal influence from the sea (Le et al.,

2007; Luu et al., 2008). For example, in Vietnam, the population

is concentrated within two large deltas, the Red River Delta

(RRD) in the north and the Mekong Delta in the south. The present

study focuses on the RRD, which plays an important role in the

agricultural, industrial and economic development of the country.

This area provides a good example of a region that is experiencing

rapid population growth, industrialisation and economic develop-

ment, which is leading to an increase in resource consumption

and environmental degradation (Garnier and Billen, 2002; Le,

2003).

The goal of this study was to prepare a complete database of

water discharge at some key stations in the RRD for 1996–2006

1367-9120/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jseaes.2009.08.004
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and then use this information to elucidate the complex water cir-

culation within the delta area and to calculate a synthetic spatial-

ized water budget for two years with contrasting climatic and

hydrological characteristics (1996 and 2006). The budget devel-

oped in this study will allow characterization of the availability

of water in relation to the spatial distribution of the population

in the RRD.

Estimating the water balance of a tidal hydrological system is a

complex task due to the large variations that occur in time and

space in its components (Cook et al., 1998; Pasternack and Hinnov,

2003). In this study, we assembled a database of rainfall, evapo-

transpiration and water discharge in the river network of the

RRD for a period of 10 years using (i) official recorded data, (ii) di-

rect field measurements and (iii) the results of hydrological model-

ling. Among the numerous hydrological stations in the RRD, only

three (Son Tay and Hanoi on the Red River and Thuong Cat on

the Duong River) provide daily discharge data, while the remainder

only provide water level measurements. Because of the tidal char-

acter of many rivers, direct conversion of available water level data

into discharge values is difficult and has been the subject of several

field studies and model development. Here, we attempted to

reconstruct the discharge at several key stations and to propose

an overall view of the hydrology of the RRD.

2. Description of the Red River Delta and its river network

2.1. General characteristics of the Red River Delta

The Red River Delta (RRD), which is located in the northern part

of Vietnam, is a very complex hydrological network that has been

heavily impacted by human activity. The area of the RRD is approx-

imately 14,300 km2, entirely lying below three meters above sea

level and much of it does not rise more than one meter above

sea level. The RRD is limited landwards by the town of Son Tay

in the north–west (150 km from the sea) and seawards by the

coastline, which extends 360 km from Hai Phong province in the

northeast to the Ninh Binh province in the south (Fig. 1).

As shown in Table 1, approximately 47% of the RRD area

(6700 km2) is used for agriculture or aquaculture, with 90% of this

area being used for annual crops, 6.6% being used for aquaculture

and fisheries, 3.1% being used for perennial crops and 0.6% being

used as pasture (ADB, 2000; General Statistic Office, 1996–2006).

For the year 2006, the population of the RRD is estimated to be

16,600,000 people, of which 80% live in rural areas and 20% in ur-

ban areas. The average population density of the RRD is

1160 inhabitants/km2, which is four times higher than the national

average for Vietnam.

Upstream from the delta, the primary branch of the Red River

(also called Yuan, Thao or Hong River) receives two major tributar-

ies, the Da and Lo Rivers, which then form a large river that floods a

plain from Son Tay and discharges into the Tonkin Bay (South

China Sea). The total length of the Red River is approximately

1126 km from its source in China to the mouth (Ba Lat estuary),

216 km of which comprise the main branch of the Red River Delta

(Tran, 2007). The main branch of the Red River enters the delta at

Son Tay, after which it diverges into two distributaries, the Day

River on the right side and the Duong River on left side (Fig. 1).

Besides these three branches, the delta contains several tribu-

taries apart from the Duong, e.g. the Thai Binh, Luoc and Tra Ly riv-

ers on the left side and apart from the Day, the Nhue, Chau Giang,

Dao and Ninh Co rivers on the right side (Fig. 1). The Red River Del-

ta also comprises a complex hydraulic system of channels that are

used as irrigation and drainage arroyos (Dang and Fontenelle,

1997; Fontenelle, 2004; Ritzema et al., 2008).

The Thai Binh River, which is formed by the convergence of the

Cau, Thuong and Luc Nam rivers, joins the Duong River on the left

bank of the Red River. The Red River also receives the Luoc River,

prior to discharging into the sea at Van Uc.

The right side of the delta (see Fig. 1) mostly composed of the

Day River watershed, has a total area of approximately 8500 km2

and a length of 240 km. Two thirds of the Day River watershed is

a vast plain that is used as a paddy field and the remainder is a

low mountainous area. The Day River is narrow and shallow in this

area due to siltation. The Day Dam was built in 1937 in Ha Tay

province, at the point at which diffluence of the Day River and

Fig. 1. Hydrographical network of the Red River Delta and situation of the RRD in Northern Vietnam. Empty circles (Son Tay, Hanoi and Thuong Cat) represent hydrological

stations where daily discharge is measured. Black points represent stations where daily average water level is recorded.
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Red River occurs, to control flood events in the upper reaches of the

Day River (To, 2000). Prior to construction of the dam, the Day Riv-

er was fed with 20% of the Red River discharge during the flooding

season (Nguyen et al., 1995). However, the Day River is currently

virtually isolated from the Red River, and its water primarily orig-

inates from its five main tributaries, the Bui, Nhue, Chau, Boi and

Dao rivers. The Bui and Boi rivers on the right bank of the Day River

drain the upper western part in the mountainous region of Hoa

Binh province, and join the Day River at Ba Tha and Gian Khau,

respectively. The Nhue, Chau and Dao rivers on its left bank are

fed by the Red River (Fig. 1). The water flow of Nhue River origi-

nates from the Red River through the Lien Mac dam and then joins

the Day River at Phu Ly; accordingly, its hydrological regime is con-

trolled by a comprehensive irrigation system. The Nhue River also

receives most of the untreated domestic and industrial wastewater

from the Hanoi metropolitan area via the To Lich River. Similar to

the Nhue River, many sluice gates control the discharge of the Chau

River, which is derived from the Red River. Further downstream,

the Dao River accounts for a large portion of the water that is dis-

charged into the sea at Nhu Tan by the Day River (Nguyen et al.,

2005).

To establish the water budget, we divided the RRD into five sub-

basins (Fig. 1, Table 1). These sub-basins differed from each other

based on their population density (from 260 inhabitants/km2 in

the Boi sub-basin to 1700 inhabitants/km2 in sub-basin Bui) and

by their land use (predominantly paddy soil in the Lower Red River

and Day Estuary; primarily forest in the Boi sub-basin). Four sub-

basins (the Bui, Duong and Lower Red River and the Day Estuary)

receive water from the upstream Red River system. In addition,

the Duong sub-basin receives additional water from the upper

Cau basin, whereas the Boi sub-basin, which discharges into the

Day estuary, is fed only by runoff from its own watershed (Fig. 1).

2.2. Meteorological data

The Red River Delta is situated in the sub-tropical monsoon

zone. Meteorological data (daily temperature, rainfall and sun-

shine) were obtained from five national meteorological stations lo-

cated throughout the delta (Son Tay, Phu Ly, Hai Duong, Thai Binh

and Ninh Binh) (MONRE–IMHE 1996–2006). The available data

were then used to calculate the integrated mean values for the five

sub-basins using Thiessen polygons (Fig. 2).

The daily potential evapotranspiration (ETP, mm) was calcu-

lated as follows using Turc’s formula (Turc, 1961), which is based

on the daily temperature (T, �C) and sunshine duration (Sdur, h).

These data were obtained from the respective meteorological

stations:

ETPmm=day ¼ 0:013 T�CðIgþ 50Þ=ðT�Cþ 15Þ

where T �C is the atmospheric temperature in �C during the consid-

ered period and Ig is the total solar radiation expressed in cal/cm2/d

during the considered period, which can be calculated by the fol-

lowing equation:

Ig ¼ IgAð0:18þ 0:62 h=HÞ

in which IgA is the energy of solar radiation in the absence of atmo-

spheric attenuation expressed in cal/cm2/d, h/H is the relative dura-

tion of sunshine, H is the duration of the astronomic day and h is the

duration of sunshine per day. IgA and H only depend on the latitude

and the time of year.

From 1996 to 2006, no significant meteorological changes were

observed in the study area (Fig. 3a). As a result, we used an average

of 11 years to determine the variations in rainfall and evapotrans-

piration for the five sub-basins of the RRD (Fig. 2). Overall, the

meteorological conditions were quite homogenous throughout

the delta.

The average annual rainfall for the entire delta was 1667 mm,

85% of which fell from May to October (rainy season). During the

period considered, July was always the rainiest month and Decem-

ber and January were always the driest. Although the temperature

difference between the five sub-basins was very small, the sub-ba-

sins close to the coastal zone had higher levels of rainfall. Specifi-

cally, the Day Estuary and lower Red River sub-basins have an

annual rainfall of 1860 and 1757 mm, respectively, while the value

for the other three sub-basins was around 1600 mm. When the

interannual variations were evaluated, a 11 year peak was ob-

served in August 2006 (450 mm/month). In general, there has been

less rain in recent years, but it has occurred with higher intensity,

which results in an imbalance in rainfall distribution throughout

the year (Fig. 3b). For example, yearly rainfall in 1996 was

1725 mm/year with monthly peak of 360 mm/month while those

in 2006 were 1345 mm/year and 450 mm/month.

The mean annual ETP was distributed rather homogeneously

over the entire delta, varying only from 1006 to 1030 mm/yr. The

ETP represents approximately 60–70% of the rainfall, providing a

low surplus. In the budget calculations, the potential evapotranspi-

ration was considered to be equal to real evapotranspiration under

the wet conditions that always existed in the delta area.

When temperature was evaluated, the coldest month was found

to be January, when the temperature can fall as low as 10 �C; how-

ever, the seasonal mean is around 20 �C. In summer (May to Sep-

tember), the mean temperature varies from 27 to 29 �C. In

addition, the daily average of 3.1 sunshine hours in July falls to

only 1.3 h in March. The relative humidity is very high throughout

the year, with an annual mean value of 84.5%.

3. Hydrology of the delta

3.1. Upstream water discharge of the delta

Since 1956, the National Institute of Meteorology, Hydrology

and Environment (MONRE–IMHE) has measured the daily

Table 1

Land use and population of the five sub-basins of the Red River Delta.

Bui SB Boi SB Esutuary SB Lower Red River SB Duong SB

Area (km2) 2751 2473 1413 4773 2902

Paddy rice field (%) 36 13 42 50 39

Other agricultural lands (%) 10 7 9 8 7

Forest (%) 14 42 11 3 7

Urban (%) 24 10 18 22 28

Water surface (%) 10 5 10 15 17

Unused land (%) 6 22 9 2 2

Population 2006 (1000 inhab) 4818 648 1230 5706 4200

Rural (%) 60 96 90 90 78

Density (inhabitants/km2) 1751 262 870 1195 1447
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discharge at three hydrological stations in the upstream portion of

the RRD, Son Tay and Hanoi on the Red River and Thuong Cat on

the upstream Duong River. For this study, we only utilized the data

collected from 1996 to 2006 (Fig. 4).

The Son Tay station, located on the Red River at the entrance of

the delta, supplies most of the water to the delta. Throughout the

study period, we calculated a mean discharge of 3300 m3/s, which

is slightly lower than the value of 3740 m3/s that was reported by

Tran (2007) for 1902–1990. However, the mean discharge for the

recent period (2001–2006) was 3100 m3/s, which is notably lower

than the mean that was reported for 1996–2000 (3500 m3/s).

Seasonal variations in the study area were found to be typical of

a tropical regime, with low daily discharges (from 1500 m3/s to

less than 1000 m3/s) being observed in the dry season (from Octo-

ber to May) and floods being observed during the rainy season

(from June to September). The maximum value observed over the

last 10 years was 14000 m3/s. Over the last 50 years, the maximum

daily value at Son Tay station (37,800 m3/s) was observed in Au-

gust of 1971. However, floods are always a threat to the highly

populated delta area. In the recent history of Vietnam, serious

floods causing a dyke to break occurred in 1913, 1915, 1945 and

1971 when the water level in Hanoi reached 11.35, 11.2, 11.45

Fig. 2. Thiessen polygons constructed to determine the contribution of rainfall and evapotranspiration to the hydrological balance. The graphs present monthly rainfall (grey

bars) and evapotranspiration (black bars) from 1996 to 2006.

Fig. 3. Rainfall (P) (grey bars) and evapotranspiration–ETP-(white bars), (mm/year or mm/month) in the RRD from 1996 to 2006; (a) interannual variations and (b) monthly

variations.
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and 13.3 m (the highest water level known), respectively (Tran,

2007).

Approximately 30% of the Red River discharge at Son Tay is di-

verted to the Duong River upstream of Hanoï. This proportion var-

ies from 25% in the wetter period 1996–2000 to 35% in recent

period (2000–2006). Specifically, the decade average discharges

of the Red River at Hanoi and the Duong River at Thuong Cat are

2500 and 1000 m3/s, respectively, with the same seasonal trends

as those observed at Son Tay (Fig. 4).

3.2. Tidal influence within the delta river network

The tide of the Gulf of Tonkin is predominantly a diurnal type,

with one cycle (one ebb-tide and one flood tide) occurring each

day and an amplitude that follows a 14 days lunar cycle and de-

creases gradually from 4 to 2 m from north to south (Fang et al.,

1999) (Fig. 5). The tidal level at Ba Lat, the mouth of the main

branch of the Red River, varies from 0.5 m during neap tides to

2.5 m during spring tides (MONRE, Marine Hydro-meteorological

Centre, 1996–2007).

Salinity intrusion is observed within the delta for up to 40 km

landwards from the Cua Cam mouth, 38 km from the Lach Tray

mouth, 28 km from the Thai Binh mouth and 20 km from the Ba

Lat mouth (Pham, 2004). However, the tidal influence on water le-

vel and discharge extends much farther upstream. Indeed, we

found that at Phu Ly, which is on the Day River 120 km from the

coast line, there were daily water level variations as high as 1 m

during the dry season and 0.6 m during flood season.

3.3. The hydrology of the right bank of the delta

3.3.1. Model reconstruction of water discharges in the Day–Nhue

system

With the exception of the three hydrological stations discussed

above, no systematic record of discharge exists in the RRD, and only

daily water level records are available at the hydrological stations

shown in Fig. 1. Therefore, we calculated the spatial distribution of

water level and discharge over the entire drainage network of the

south-western portion of the delta using the MIKE 11 model (Tran

et al., 2006; D’Aste et al., 2007). MIKE 11 is a professional engineer-

ing software package developed by DHI Water & Environment

(www.dhigroup.com) to simulate the flow, water quality and sedi-

ment transport in bodies of water. The hydrologicalmodule ofMIKE

11 solves the vertically integrated equations for the conservation of

mass and momentum (the Saint Venant equations). The input data

used in this study were rainfall and potential evapotranspiration

and a morphological description of the drainage network based on

cross section profiles of 274 stations along the Bui, Boi, Nhue and

Day rivers (Tran et al., 2006). The time series of mean daily water

levels at upstream and downstream stationswere used as boundary

conditions. The model was run for 2005 and then calibrated using

water level data recorded at the other hydrological stations. The cal-

culated daily discharge obtained from this simulation were then

used to evaluate the relationships between this daily average dis-

charges and observed water levels for seven stations, Ba Tha, Phu

Ly,Ninh Binh andNhuTan on theDayRiver, Nhue on theNhueRiver,

Gian Khau on the Boi River and Nam Dinh on the Dao River (Fig. 6).

Fig. 4. Seasonal variations of the discharge of the Red River (Son Tay and Hanoi) and Duong River (Thuong Cat) over the last 11 years (see location in Fig. 1).

Fig. 5. Variations in seawater level at Hon Dau station (in Hai Phong) over 1 month.
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3.3.2. Determination of direct river discharge in the Day–Nhue system

Due to the use of daily averaged water levels as the downstream

boundaries when employing the MIKE11 model, the tidal influence

on daily variations in water level and discharge were not taken into

account. Therefore, we chose to compare the predictions of the

model with direct measurements of discharge conducted over a

daily tidal cycle to ensure the results provided by the model were

acceptable.

Thus, four hydrological campaigns were conducted in June, July

and August of 2007 and in June of 2008 at Ba Tha, Phu Ly, Nhue,

Que Bridge and Do Bridge stations (see Fig. 1). During each of these

campaigns, the water flow over an entire cross section of the river

was monitored during a 24 h cycle using an ADCP current meter

(Rio-Grand, USA), after which the data were integrated and used

to calculate the instantaneous discharge. In addition, the water lev-

els at these river stations and the sea water levels at Hon Dau sta-

tion near the coast line were also monitored. The results revealed

that there were substantial flow variations according to the tide,

with flow inversions occurring at some stations (Fig. 7). Integration

of the measurements over the entire tidal cycle allowed the daily

residual discharge to be calculated (Dinehart and Burau, 2005).

When plotted against the corresponding daily mean water levels,

these measurements were found to be in reasonable agreement

with the discharge vs. water level relationships derived from the

MIKE11 results (Fig. 6). These findings validate the approach we

used to obtain calibration curves for reconstruction of the dis-

charge from the daily mean water level data available at the IMHE.

3.3.3. Long-term reconstruction of the water discharge in the

Day–Nhue river system

Using the relationships shown in Fig. 6, we were able to recon-

struct the variation in discharge from the water level data available

for 1996–2006 at the Ba Tha, Phu Ly, Nhue, Gian Khau, Nam Dinh,

Ninh Binh and Nhu Tan stations (Fig. 8).

The seasonal discharge variations of the Day, Boi and Bui rivers

followed the same trends as those of the Red River. Specifically, the

discharges were lower during the dry season (from November to

April) and higher during the rainy season (from May to October).

Conversely, the discharge of the Nhue River is much more constant

over various seasons, with sporadic peaks linked to the operation

of the sluice locks. The Dao River, whose discharge is also com-

pletely regulated through manually-operated sluice gates along

the Red River, shows a constant base flow of 400 m3/s, superim-

posed to higher flows in the wet season.

Although the upstream Day River is connected to the Red River

through a sluice lock that can be opened in the case of a flood that

threatens Hanoï city, the connection is closed most of the time and

most water in the upper Day River is supplied by the Bui River,

which contributes up to 85% to the Day River discharge during

flood season. However, during the dry season, the Bui River only

contributes 20% of the discharge, while the Nhue River, which

has a rather constant discharge of 50–70 m3/s, contributes more.

Downstream, the Boi River supplies approximately 20% of the

Day river flow. Finally, further downstream, the confluence of the

Dao River, issued from the Red River, brings more than 70% of

the total Day River flow as a yearly average; therefore, the dis-

charge of the Day River reflects that of the Dao River.

Thus, the most striking characteristic of the Day River system is

the large contribution of the Red River to its total discharge. This

discharge primarily occurs as a result of the flow from the three

tributaries (Nhue River, Chau River and Dao River) that are directly

connected to the Red River and can supply up to 87% of the water

discharged by the Day River water, while the remaining 13% orig-

inates from the Day catchment area itself.

3.4. The hydrology of the left bank of the delta

The Duong River on the left bank of the Red River diverts a dis-

charge of approximately 1060 m3/s as an annual mean into the

Thai Binh River system (MONRE, 1996–2006). When combined

with the contribution of the Luoc River, this represents 3–4 times

the discharge of the Thai Binh River itself, including the contribu-

tion of the upper Cau river system (Nguyen et al., 1995). Most of

the flow of the Thai Binh system discharges into the sea at Van

Uc and Thai Binh, representing at least 25% of the total discharge

of the Red River system (Pruszak et al., 2005; Van-Maren, 2007).

Fig. 6. Calibration curves relating the MIKE 11 calculated mean daily discharge (D’Aste et al., 2007; Tran et al., 2006) to the monitored mean daily water level at seven gauging

stations in the Day river basin. Empty circles on the higher panel represent our the residual discharge determined from our measurements obtained during three gauging

campaigns at Ba Tha Nhue and Phu Ly station – see Fig. 7 for more detailed results).
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4. Water budgets in the Red River Delta for 1996 and 2006

The data discussed above enabled establishment of a compre-

hensive water budget for the five above-defined sub-basins in

the delta (Table 2). Therefore, we considered two contrasting years

within the 11 year period, 1996, which was a rather wet year, and

2006, which was a rather dry year. In fact, 1998 and 2003 were also

two extreme years in term of meteorological and hydrological con-

ditions but we have chosen 1996 and 2006 for establishing the

water budget in order to evaluate the change in water budget in

Fig. 7. (a) from (1) to (4): Daily rainfall at Phu Ly (R in mm/day). Water level variations (H in cm) at Hon Dau (near the coastline), Phu Ly (on the Day River) on the days of

gauging in June, July and August of 2007 and in June of 2008. (b) from (1) to (4): Time variations of water level and discharge during the 24 h gauging campaign at the Phu Ly

station on the Day River (in June 2007, August 2007 and June 2008). At Phu Ly station, water flow inversions were observed during all gauging campaign, but were stronger in

June 2007 when tidal influence was high, due to water level at Hon Dau station near the coastline that was high. The water level at Hon Dau station in June 2008 was also high

but with a higher upstream discharge prevented a clear flow inversion. (c) from (1) to (4): Time variations of water level and discharge during the 24 h gauging campaign at

the Ba Tha station (in June, July and August 2007). Water flow inversions were observed in June and August when water levels were low. When water level increased the river

was no more influence by the tide. (d) from (1) to (4): Time variation of water level and discharge during the 24 h gauging campaign at the Nhue station on the Nhue River (in

June 2007 and in June 2008). A discharge inversion is noticed when the water level reached the lowest value and started to rise.

T.N.M. Luu et al. / Journal of Asian Earth Sciences 37 (2010) 219–228 225

87

1189



a period of 10 years. The annual average discharge from the Red

River in 1996 was nearly twice the discharge observed in 2006.

The annual water fluxes through and between different sub-basins

in the delta are shown in Fig. 9.

During the wet year (1996), the main branch of the Red River

constituted the largest input of freshwater into the sea (about

60%). Conversely, the inputs were more evenly distributed among

the three main fluvial branches during the dry year (2006)

(Fig. 9a and b). These findings can be explained by the diversion

of the discharge of the Red River that occurred under dry condi-

tions to fulfil the requirements for irrigation.

The available water resources can be calculated for each of the

sub-basins as the sum of the fluxes of water entering the area

either as rainfall or as upstream water flow (Table 3). This value

represents the maximum amount of water available for human

activities including agriculture (leading to evapotranspiration),

drinking water supply and elimination of pollution. When normal-

ized using the sub-basin areas, the results reveal great differences

between the sub-basins (Table 3). Specifically, the Bui and the Boi

sub-basins are by far the basins with the lowest water resources

per unit area. Considering the population distribution within the

delta, these two basins also have the lowest water resources per

inhabitant, with only 1000 m3/inhab/yr being available during

dry years. According to the FAO (2003), 1000 m3/inhab/yr is the

minimum amount of water required to sustain life and ensure agri-

cultural production in countries with climates requiring irrigation,

such as Vietnam. As a result, even though the RRD is not a region

with water scarcity problems, the results of this study indicate that

water resources are not evenly distributed (from 1800 to more

than 25,000 m3/inhab/yr in a wet year 1996 or from 1400 to more

than 17,000 m3/inhab/yr in a dry year 2006; Table 3). This unequal

distribution can lead to water scarcity within the most heavily

populated areas of the RRD (Trinh, 1998). Indeed, the lowest values

of water resource observed for the south-western sub-basins of the

delta are below the world average (7.0 � 103 m3/inhab/yr) and so it

was in 2006 for the whole RRD (5.8 � 103 m3/inhab/yr). These val-

ues for the Red River Delta are four times below that of the Mekong

delta (28.7 � 103 m3/inhab/yr) calculated from the MONRE (2006).

This difference results from the high population density of the RRD,

three times higher than the one of the Mekong delta (about

400 inhabitants/km2). Considering the water resources per unit

area, we found for these two deltas, 6.7 � 106 m3/km2/yr for the

RRD and 12.3 � 106 m3/km2/yr for the Mekong delta. According

to the FAO (2003), the European average would be 4300 m3/in-

hab/yr). However, when analysing the water resources in the

Danube delta, the largest in Europe (4152 km2) or that of the Pô delta

(380 km2)r with lower population density, respectively 36 inhabit-

ants/km2 (cf. Trifu, 2002) and 100 inhabitants/km2 (Viaroli et al.,

2006), we obtain a specific inhabitant water resource of 1400

and 1300 103 m3/inhab/yr, hugely higher that the figures found

for the high populated deltas in Vietnam (about 250 and 50 times

higher for the RRD and the Mekong respectively). Comparatively,

the water resource availability of 50.106 and 130.106 m3/km2/yr

for the Danube and the Pô deltas respectively was only 10 times

greater than that for the Vietnamese deltas, illustrating the high

human pressure that characterises the South-East Asia.

Overall, our spatialized analysis of the water budget of the Red

River Delta revealed that a sub-region of the delta that contains the

largest portion of the population may experience a critical situa-

tion in terms of water resources, but also of water quality. The pur-

pose of our study; besides it will help to lay the foundation for the

establishment of a nutrient budget and water quality assessment

in the RRD, allowed to increase the value of the data of water level

in terms of discharge and water budget and to evidence the coher-

ence of the various approach (water level monitoring, gauging

measurements, modelling). In that context, the examination of

the water budget provided here indicates that the south-western

portion of the RRD, namely the Bui and Boi sub-basins within the

Fig. 8. Variations in the discharge of the Day River and its tributaries over the last 11 years, as determined using calibration curves from Fig. 6 and the mean daily water levels

(see location on Fig. 1) recorded by MOSTE – IMHE.

Table 2

Summary of the data available and procedure used for calculating the sub-basin water budget.

Meteorological data Daily rainfall Data recorded for the period 1996–2006

Daily evapotranspiration Calculated from daily temperature and sunshine duration using Turc formula

Hydrological data Discharge at upstream stations Data recorded for the period 1996–2006

Discharge at downstream stations Calculated from daily mean water level using calibration curves

Discharge at the outlet of sub-basin Balance the water budget (total inflowing flux equal to exit flux)
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Fig. 9. Water balance of the RRD in the years (a) 1996 (wet) and (b) 2006 (dry). Water fluxes are expressed in km3/year. River water fluxes were either directly measured or

estimated from water level records. Only those marked with an asterisk have been obtained by difference; the balance of the budget generally shows high consistency. A

drawing similar to Fig. 1 is given for each sub-basin.

Table 3

Total (km3/yr), per capita (m3/inhabitant/yr) and specific (m3/km2/yr) water availability of the different sub-basins in the Red River Delta and in the whole delta for the years1996

(wet) and 2006 (dry).

Sub-basin Area (km2) 1996 2006

Total water

resources

(km3/yr)

Per capita water

resources

(m3/inhab/yr)

Areal water

resources

(m3/km2/yr)

Total water

resources

(km3/yr)

Per capita water resources

(m3/inhab/yr)

Areal water resources

(m3/km2/yr)

Bui SB 2751 8.2 1837 2,980,734 6.7 1391 2,435,478

Boi SB 2473 5.2 8291 2,102,709 3.7 5713 1,496,159

Estuary SB 1413 34.7 25,020 21,656,051 23.9 17,318 15,074,310

Lower Red River SB 4773 105.3 18,979 22,061,596 64.6 11,322 13,534,465

Duong SB 2902 39.2 9746 13,507,926 37.2 8858 12,818,746

Whole RRD 14312 138 8700 9,642,000 96 5800 6,729,000
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Day river system, with the lowest water resources per unit area,

should be carefully monitored in order to ensure their sustainable

development.
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