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Table 3 shows the seaweed species identified through the field 
survey. Seventeen species belonging to 9 families were identified. 
Chaetomorpha capillaris and Enteromorpha compressa were the most 

common species. Some species such as Asparagopsis taxiformis, 

Colpomenia sinuosa, and Cladophoropsis membrannacea were 

identified at only specific sites. None of the identified species are 
included in the Vietnam Red Book. Some species in the Ulvaceae 

family are harvested for food stuffs in certain areas of Vietnam. Table 

2 shows the seagrass species identified through the field survey. Only 
two seagrass species Ruppia maritima and Halophila beccarii were 

identified, which were found at sites AL10 and AL11 respectively. 
Halophila beccarii was record for the first time in the surveyed area. 
Although both species are not included in the Vietnam Red Book, 

Halophila beccarii is classified as “Vulnerable” in IUCN Red List.

Table 2 List of hard coral species identified through the field survey (EIA, 2011) 

 Survey site Family Genus/species 
Status in vietnam 
red book 

1

AL11 

Acroporidae Acropora pulchra Not listed 

2

Poritidae 

Porites lobata Vulnerable 

3 Porites lutea Not listed 

4 Goniopora columna Not listed 

5 Goniopora lobata Not listed 

6 Agariciidae Pavona decussata Not listed 

7
Oculinidae 

Galaxea astreata Not listed 

8 Galaxea fascicularis Not listed 

9

Pectiniidae 

Pectinia lactuca Not listed 

10 Echinophyllia aspera Not listed 

11 Mycedium elephantotus Not listed 

12
Fungiidae 

Lithophyllon undulatum Not listed 

13 Sandalolitha robusta Not listed 

14

Mussidae 

Lobophyllia hattaii Not listed 

15 Lobophyllia hemprichii Not listed 

16 Symphyllia. agaricia Not listed 

17 Merulinidae Merulina ampliata Not listed 

18

Faviidae 

Favia maritime Not listed 

19 Favia matthaii Not listed 

20 Favia lizardensis Not listed 

21 Favia maxima Not listed 

22 Favites abdita Not listed 

23 Goniastrea pectinata Not listed 

24 Goniastrea favulus Not listed 

25 Cyphastrea serailia Not listed 

26 Echinopora lamellose Not listed 

27 Platygyra daelalea Not listed 

28 Dendrophylliidae Turbinaria peltata Not listed 

Table 3 List of seaweed species identified through the field survey (EIA, 2011) 

 Family Genus/species 
Status in vietnam 
red book 

Identified survey sites

1
Ceramiaceae 

Bostrychia binderi Not listed AL3, AL5, AL7, AL10 

2 Polysiphonia sertularioides Not listed AL1, AL2, AL10 

3 Delesseriaceae Caloglosa ogasawaraensis Not listed AL2, AL3, AL7 
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 Family Genus/species 
Status in vietnam 
red book 

Identified survey sites

4 Dictyotaceae Padina australis Not listed AL11 

5

Cladophoraceae 

Chaetomorpha capillaris Not listed AL1, AL03, AL5, AL7, AL10, AL11

6 Ch. linum Not listed AL1, AL10 

7 E. compressa Not listed AL1, AL3, AL5, AL7, AL10, AL11 

8 E. kylinii Not listed AL1, AL10 

9 E. flexuosa Not listed AL1 

10 Ulva conglobata Not listed AL5 

11 Ruppiaceae Ruppia maritima Not listed AL10 

12 Hydrocharitaceae Halophila beccarii Not listed AL11 

Table Continued

Mangrove forest: The mangrove forest and the coral reefs are the 

invaluable natural resources of the tropical countries in general and 

Cat Ba in particular. They play as the sources of genetic reservation, 

increasing of the natural biomass and stabilization for the shoreline. 

Most of the mangrove forests maintain high cover in the western side 

of Cat Ba Island (Phu Long Natural Reserve). In near future, the fight 
campaign for climate change will lean much on these green corridors 

(Figure 5).8

Figure 5 Distribution map of the mangrove area at Cat Ba islands.3

Most of the mangrove areas distribute in Phu Long Commune with 

high relative density. The total area is 775.98 ha of mangrove forest 

is divided into two types: mangrove distribution outside the farming 

area (224.74 ha), mangrove distribution in ponds (551.24 ha) (Figure 

6). Because mangrove forests in farming systems are relatively large 

so the long-term master plan and conservation of mangroves will be 

difficult due to satisfactorily resolve the relationship of private-public 
ownership. Table 4 shows the mangrove species identified through the 
field survey. Eleven species belonging to 9 families were identified. 
Rhizophora stylosa and Avicennia marina were the most common 

species in the survey area. None of the identified species are included 
in the Vietnam Red Book.8

Phytoplankton: Phytoplanktons are the keystone species in this 

habitat type, providing basic food items for the zoobenthis and fish that 
are the key targets of the capture fishery (Figure 7). Table 5 and Table 
6 show the phytoplankton species identified through the dry and wet 
season surveys respectively. In the dry season, a total of 134 species 

were identified (Table 5). The genus Chaetoceros was found in many 
survey sites, which play an important role as food sources for fish and 
other marine species, in particular at the early stages of their life cycle. 

Some of the identified dinoflagellate species such as Ceratium fusus, 
Prorocentrum micans and Dinophysis caudate are known to cause 

red tide and harmful algae bloom when at high density. In the rainy 

season, a total of 136 species were identified (Table 6). The density of 
the phytoplankton has been driven by some dominante species such 

as Skeletonema costatum with the cell density is approximate 103 up 

to 4,104 cell/L; next to the Chaetoceros spp. with the density from 

103 - 56,103 cell/L; Ceratium furca has the density from 2.103 to 

approximate of 104 cell/L (EC9 site); Oscillatoria sp.2 103 cell/L and 

Bacteriastrum spp. reaches 47,103 cell/L.

Figure 6 Mangrove distribution in Cat Ba Island.3

Figure 7 Locations of the field survey sites (phytoplankton, zooplankton, 
zoobenthos, demersal fish and other zoobenthos).3

502



Citation: Tri DQ, Thai TH. Biological environmental survey in Cat Ba Island. Biodiversity Int J. 2018;2(2):123–133. DOI: 10.15406/bij.2018.02.00054

Biological environmental survey in Cat Ba Island
Copyright:

©2018 Tri et al. 127

Table 5 to Table 6 shows the number of phytoplankton species and 

cell density at each survey site. For the dry season, the number of 

species ranged between 32 and 57 species. While there was no clear 

spatial trend in the cell density, relatively high levels were recorded at 

the EC4 and EC8 sites. The seasonal variation shows a clearly trend 

of reduction both interm of species composition and cell density. 

However, the number of species is slightly lower in rainy season while 

the cell density rapidly reduces up to 98.42% at the EC8 site to 22.3% 

at the EC11 site.

Table 4 List of mangrove species identified through the field survey 

No. Family Genus/species 
Status in vietnam 
red book 

Identified survey sites 

1 Sonneratiaceae Sonneratia caseolaris Not listed AL10

2

Rhizophoraceae 

Rhizophora stylosa Not listed AL1, AL2, AL3, AL5, AL7

3 Kandelia obovata Not listed AL5, AL10 

4 Bruguirea gymnorrhiza Not listed AL1, AL3, AL7 

5 Aviceniaceae Avicennia marina Not listed AL1, AL2, AL3, AL5, AL7

6 Myrsinaceae Aegiceras corniculatum Not listed AL1, AL3 

7 Pteridaceae Acrostichum aureumh Not listed AL10 

8 Verbenaceae Cleodendrum inerme Not listed AL2, AL10 

9 Euphorbiaceae Excoecaria agallocha Not listed AL3, AL5 

10 Malvaceae Hibiscus tiliaceus Not listed AL5 

Table 5 List of phytoplankton species identified through the field survey (in dry season) 

No.
Scientific 
name

No. of 

identified 
survey 
sites

No. Scientific name

No. of 

identified 
survey 
sites

No. Scientific name

No. of 

identified 
survey 
sites

No. Scientific name

Phylum- Bacillariophyceae Phylum- Bacillariophyceae Phylum - Dinophyceae Phylum - Dinophyceae

1 Paralia sulcata 1 42
Chaetoceros 

lorenzianus
11 83

Ceratium 

macroceros
4 124

Pyrophacus 

horologicum

2
Hyalodiscus 

stelliger
1 43

Chaetoceros 

paradoxus
3 84

Ceratium 

massiliense
4

 Phylum - 

Dictyochophyceae

3 Cyclotella striata 3 44 Chaetoceros rostratus 9 85
Ceratium 

asymmetricum
2 125 Dictyocha fibula

4 Cyclotella comta 6 45 Chaetoceros subtilis 3 86 Ceratium tripos 3 126 Dictyocha speculum

5 Cyclotella sp. 1 46 Biddulphia regia 2 87
Prorocentrum 

micans
10 Phylum - Cyanophyceae

Phylum- Bacillariophyceae 47 Biddulphia reticulum 3 88
Prorocentrum 

rhathymum
1 127

Trichodesmium 

erythraeum

6
Coscinodiscus 

asteromphalus
12 48 Odontella mobiliensis 1 89 Prorocentrum sp. 2 128 Oscillatoria sp.

7
Coscinodiscus 

oculus-iridis
6 49 Hemiaulus sinensis 1 90 Dinophysis caudata 10 Phylum – Chlorophyceae

8
Coscinodiscus 

radiatus
1 50 Cerataulina bergonii 1 91 Dinophysis mitra 1 129

Pediastrum simplex v. 

simplex

9
Coscinodiscus 

granii
1 51 Cerataulina compacta 1 92

Dinophysis cf. 

rotundata
1 130

Pediastrum duplex v. 

duplex

10
Coscinodiscus cf. 

subtilis
3 52 Ditylum brightwellii 1 93 Noctiluca scintillans 4 131 Pediastrum sp.

11 Coscinodiscus sp. 1 53 Eucampia zoodiacus 6 94 Gonyaulax sp. 4 132 Scenedesmus sp.

12 Lauderia borealis 5 54
Climacodium 

biconcavum
3 95

Gonyaulax 

polygramma
9 133

Scenedesmus 

quadricauda

13
Skeletonema 

costatum
8 55

Palmeria 

hardmaniana
5 96 Gonyaulax spinifera 1 134 Staurastrum sp.
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No.
Scientific 
name

No. of 

identified 
survey 
sites

No. Scientific name

No. of 

identified 
survey 
sites

No. Scientific name

No. of 

identified 
survey 
sites

No. Scientific name

14
Leptocylindrus 

danicus
3 56

Thalassionema 

frauenfeldii
12 97 Gonyaulax scrippsae 2   

15 Guinardia flaccida 8 57
Navicula 

membranacea
7 98 Gonyaulax verior 1   

16 Guinardia striata 12 58 Navicula cancellata 2 99 Gonyaulax rotundata 2   

17
Bacteriastrum 

varians
5 59

Tropidoneis 

lepidoptera
1 100 Gonyaulax diegiensis 4   

18
Bacteriastrum 

hyalinum
5 60 Pleurosigma affine 4 101

Protoperidinium 

steinii
5   

19
Thalassiosira 

eccentrica
2 61

Pleurosigma 

angulatum
1 102

Protoperidinium 

conicum
10   

20
Thalassiosira 

lineata
6 62 Pleurosigma sp.1 7 103

Protoperidinium 

crassipes
8   

21 Thalassiosira sp. 2 63 Pleurosigma sp.2 1 104
Protoperidinium 

divergens
6   

22
Arthrospira 

platensis
2 64

Pleurosigma 

naviculaceum
4 105

Protoperidinium 

depressum
1   

23
Rhizosolenia 

robusta
3 65

Pleurosigma 

pelagicum
4 106

Protoperidinium 

elegans
3   

24
Rhizosolenia 

setigera
2 66 Amphiprora alata 1 107

Protoperidinium 

oceanicum
3   

25
Rhizosolenia 

hyalina
4 67 Nitzschia lorenziana 6 108

Protoperidinium 

ovum
9   

26 Proboscia alata 9 68 Nitzschia longissima 2 109
Protoperidinium 

pellucidum
11   

27
Proboscia alata f. 

indica
1 69

Nitzschia longissima 

v. reversa
1 110

Protoperidinium 

pentagonum
1   

28
Proboscia alata f. 

gracillima
1 70 Nitzschia sigma 4 111

Protoperidinium 

leonis
2   

29
Proboscia alata f. 

genuina
1 71

Nitzschia sigma v. 

intercedens
1 112

Protoperidinium 

spinulosum
1   

30
Chaetoceros 

affinis
12 72 Pseudonitzschia sp.1 8 113

Protoperidinium 

sphaeroides
6   

31
Chaetoceros 

affinis v. willei
1 73 Pseudonitzschia sp.2 2 Phylum - Dinophyceae   

32
Chaetoceros 

abnormis
5 74 Surirella ovalis 5 114 Protoperidinium sp. 8   

33
Chaetoceros 

curvisetus
4 75 Surirella gemma 2 115

Peridinium 

quinquecorne
2   

34
Chaetoceros 

compactus
3 76

Campylodiscus 

echeneis
3 116 Scrippsiella sp. 1   

35
Chaetoceros 

compressus
7 77

Campylodiscus 

undulatus
1 117 Alexandrium sp. 2   

36
Chaetoceros 

constrictus
12 Phylum - Dinophyceae 118

Alexandrium 

pseudogonyaulax
4   

37
Chaetoceros 

decipiens
1 78 Ceratium breve 3 119

Goniodoma 

polyedricum
5   

38
Chaetoceros 

denticulatus
3 79 Ceratium furca 11 120 Diplopsalis sp. 5   

39
Chaetoceros 

distans
2 80 Ceratium deflexum 2 121 Diplopsalopsis sp. 2   

40
Chaetoceros 

dydimus
1 81 Ceratium fusus 11 122 Zygabikodinium sp. 1   

41
Chaetoceros 

lauderii
1 82 Ceratium trichoceros 10 123 Oblea sp. 2   

Table Continued
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Table 6 List of phytoplankton species identified through the field survey (in rainy season) 

No. Scientific name

No. of 
identified 
survey 
sites

No. Scientific name

No. of 
identified 
survey 
sites

No. Scientific name 

No. of 
identified 
survey 
sites

Bacillariophyceae (Diatoms) Bacillariophyceae (Diatoms) Bacillariophyceae (Diatoms)

1 Paralia sulcata 2 46 Eucampia cornuta 1 91 Protoperidinium pellucidum 6

2 Melosira granulata 2 47 Eucampia zoodiacus 2 92 Protoperidinium pentagonum 2

3
Melosira granulata v. 
angustissima

6 48 Climacodium biconcavum 1 93 Protoperidinium punctulatum 1

4 Cyclotella comta 11 49 Palmeria hardmaniana 4 94 Protoperidinium spinulosum 6

5
Coscinodiscus 
asteromphalus

11 50
Thalassionema 
nitzschioides

5 95 Protoperidinium sphaeroides 1

6
Coscinodiscus 
oculus-iridis

4 51 Thalassionema frauenfeldii 11 96 Protoperidinium sp. 1

7
Coscinodiscus 
jonesianus

1 52 Pleurosigma affine 2 97 Protoperidinium sp.1 2

8
Coscinodiscus 
jonesianus v. 
commutata

12 53 Pleurosigma sp. 2 98 Peridinium sp. 1

Bacillariophyceae (Diatoms) 54 Pleurosigma sp.1 1 99 Alexandrium sp. 1

9
Coscinodiscus 
marginatus

1 55 Nitzschia lorenziana 3 100 Goniodoma polyedricum 1

10
Coscinodiscus cf. 
subtilis

1 56 Nitzschia longissima 1 101 Lingulodinium polyedra 5

11
Asteromphalus 
cleveanus

1 57
Pseudo-nitzschia sp.1 (P. cf. 
pungens )

3 102 Diplopsalis sp. 2

12
Thalassiosira 
eccentrica

3 58 Campylodiscus echeneis 1 103 Diplopsalopsis sp. 2

13 Thalassiosira lineata 12 59 Ceratium breve 2 104 Zygabikodinium sp. 1

14 Thalassiosira sp. 2 60 Ceratium deflexum 1 105 Pyrophacus horologium 1

15 Lauderia borealis 11 61 Ceratium extensum 1 106 Pyrophacus sp. 7

16
Skeletonema 
costatum

11 62 Ceratium falcatum 1 107 Podolampas bipes 1

17 Guinardia flaccida 5 63 Ceratium furca 11 Cyanophyceae (Cyanobacteria)

18 Guinardia striata 2 64 Ceratium fusus 4 108 Trichodesmium erythraeum 2

19
Dactyliosolen 
mediterraneus

2 65 Ceratium trichoceros 6 109 Oscillatoria limosa 3

20
Bacteriastrum 
varians

8 66 Ceratium massiliense 1 110 Oscillatoria raciborskii 3

21
Bacteriastrum 
hyalinum

1 67 Ceratium tripos 3 111 Oscillatoria sp.1 6

22
Pseudosolenia 
calcar-avis

3 68 Ceratium sp. 1 112 Oscillatoria sp.2 2
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No. Scientific name

No. of 
identified 
survey 
sites

No. Scientific name

No. of 
identified 
survey 
sites

No. Scientific name 

No. of 
identified 
survey 
sites

23
Rhizosolenia 
cylindrus

1 69 Dinophysis miles 3 113 Oscillatori princeps 2

24 Rhizosolenia robusta 1 70 Dinophysis caudata 11 114 Lyngbya sp. 1

25 Chaetoceros affinis 8 71 Dinophysis hastata 1 115 Arthrospira platensis 9

26
Chaetoceros 
abnormis

5 72 Dinophysis doryphorum 1 116 Anabaena sp. 4

27
Chaetoceros 
curvisetus

10 73 Dinophysis sp. 1 117 Anabaena cf. viguieri 1

28
Chaetoceros 
coarctatus

2 74 Ornithocercus magnificus 1 118 Microcystis cf. wesenbergii 7

29
Chaetoceros 
compressus

3 75 Histioneis costata 1 119 Microcystis sp. 7

30
Chaetoceros 
constrictus

2 76 Amphisolenia bidentata 3 Chlorophyceae (Chlorophyte)

31 Chaetoceros crinitus 1 77 Gymnodinium sanguineum 1 120 Pediastrum simplex v. simplex 9

32
Chaetoceros 
diversus

3 78 Gonyaulax sp. 3 121
Pediastrum boryanum v. 
boryanum

1

33 Chaetoceros distans 1 79 Gonyaulax polygramma 3 122 Pediastrum duplex v. duplex 8

34
Chaetoceros 
lorenzianus

7 80 Gonyaulax rotundata 5 123 Pediastrum sp. 3

35 Chaetoceros subtilis 9 81 Protoperidinium abei 1 124 Pediastrum tetras 4

36 Biddulphia regia 11 82 Protoperidinium cf. brochii 3 125 Scenedesmus sp. 3

37 Biddulphia dubia 1 Bacillariophyceae (Diatoms) 126 Scenedesmus quadricauda 6

38 Biddulphia reticulum 1 83 Protoperidinium conicum 11 127 Scenedesmus carinatus 1

39
Odontella 
mobiliensis

4 84 Protoperidinium claudicans 4 128
Scenedesmus acuminatus var. 
acumin

1

40
Bellerochea 
horologicalis

1 85 Protoperidinium crassipes 3 129 Scenedesmus javanensis 2

41 Hemiaulus sinensis 3 86 Protoperidinium divergens 1 130 Staurastrum sp. 8

42 Hemiaulus indicus 1 87 Protoperidinium elegans 1 131 Palmella sp. 1

43 Cerataulina bergonii 1 88 Protoperidinium oceanicum 6 132 Eudorina elegans 1

44
Cerataulina 
compacta

1 89 Protoperidinium ovum 1 133 Eudorina sp. 4

45 Ditylum sol 11 90 Protoperidinium thorianum 1    

Table Continued
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Demersal fish: Table 7 shows the demersal fish species identified 
through the dry and rainy season surveys respectively. In the dry 

season, in general, fish diversity and abundance were significantly 
higher in the shallow coastal survey sites (e.g. EC1, EC2, EC4, 

and EC7) compared to the deeper offshore survey sites. Within the 

identified species, two species are listed in Vietnam Red Book namely, 
Bostrichthys sinensis and Anodontostoma chacunda, which were 

found in the shallow coastal survey sites EC1 and EC2 respectively. 

Bostrichthys sinensis and Anodontostoma chacunda are classified 
as “Critical” and “Vulnerable” respectively. In the wet season, the 
similar trend in term of fish diversity and abundance has been found 
among sampling sites (shallow sites are more abundance than the off 

shore sites). However there are differences in the species composition 

of the economic species with the distribution of the family Sciaenidae 

to occur in 9/11 sampling sites. This family also contributes for higher 

biomass of the total catch at the sampling sites of EC8, EC9 in the 

rainy survey.

Diversity of terrestrial animals

Cat Ba National Park is tropical moist forest on limestone, 

which harbors a number of endemic and rare species, foremost of 

which is the endemic Cat Ba Langur Trachypithecus poliocephalus 

poliocephalus.10‒12 These led to the discovery of new species of 

Goniurosaurus8 (Figure 8) and Sphenomorphus.13 Among the 40 

reptile species recorded from Cat Ba Island, two species are listed in 

the IUCN Red List (2008), seven species are listed in the Vietnam Red 

Data Book,14 four in the CITES appendices (2008), and five species 
are protected by governmental law (Decree No. 32/2006/ND-CP) 

(Table 8).

Notes: IUCN: IUCN Red List, VNRB: Vietnam Red Data 

Book: CR: critically endangered, EN: endangered, VU: vulnerable, 

LR/nt: near threatened; CITES: I, II = Appendix I and II; Dec. 

32: Governmental Decree No. 32/2006/ND-CP: IB = Group IB 

(prohibited exploitation and use for commercial purpose), IIB = 

Group IIB (limited exploitation and use for commercial purpose); []: 

Only photographic record or observation.

Table 7 Results of demersal fish survey 

Survey 
site 

Family Genus/species 
No. of 
individuals 

Total and ave. 
wet weight (g)

Average 
length (cm) 

Status in 
vietnam red 
book 

In dry season

EC1 

Sparidae Sparus latus 1 6 6.5 Not listed 

Taenioididae 
Trypauchen 

2
Total: 12.97

9
Not listed 

vagina Ave. : 6.5  

Eleotridae 
Bostrichthys

1 23 13 Critical 
 sinensis

Sillaginidae Sillago sihama 1 15.4 12.5 Not listed 

Eleotridae Butis butis 1 4.5 5 Not listed 

Platycephalidae Rogadus asper 1 12.5 11 Not listed 

Platycephalidae 
Cociella

1 5 5.5 Not listed 
 crocodila

Cynoglossidae 
Symphurus

1 4.5 3.5 Not listed 
 orientalis

EC2 

Cynoglossidae 
Symphurus

1 11 9.5 Not listed 
 orientalis

Soleidae 
Heteromycterus 

1 13 8 Not listed 
japonica

Sillaginidae Sillago sihama 1 12.5 14.9 Not listed 

Clupeidae 
Anodontostoma 

5
Total: 60

15.3 Vulnerable
chacunda Ave: 12 

Sciaenidae Nibea albiflora 1 26 23.5 Not listed 

In rainy season
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Survey 
site 

Family Genus/species 
No. of 
individuals 

Total and ave. 
wet weight (g)

Average 
length (cm) 

Status in 
vietnam red 
book 

EC1 

Muraenesocidae 

Muraenesox

1 36 25 Not listed 

cinereus

Taenioididae 

Trypauchen

2

Total: 25.4

13 Not listed 

vagina Ave. : 12.7 

Eleotridae 

Bostrichthys

1

Total: 42

12.5 Critical 

 sinensis Ave: 14 

Sciaenidae Nibea soldado 26
Total: 93.37

7.2 Not listed 
Ave: 3.59 

Siganidae 

Siganus

1 7.5 8 Not listed 

fuscescens 

EC2

Bagridae 

Cranoglanis

9

Total: 400

22.3 Not listed 

sinensis Ave: 44.4 

Bothidae 

Arnoglossus

3

Total: 3.13

5 Not listed 

tenuis Ave: 1.04 

Clupeidae 

Anodontostoma

2

Total: 30

16.7 Vulnerable

 chacunda Ave: 15 

Sciaenidae Nibea albiflora 3
Total: 17.04

3.5 Not listed 
Ave: 5.68 

Table 8 List of threatened reptile species recorded from Cat Ba Island15 

Scientific name
IUCN VNRB CITES Dec. 32

2008 2007 2008 2006

Physignathus cocincinus  VU   

Gekko gecko  VU   

[Varanus salvator]  EN II IIB

[Python molurus] LR/nt CR I IIB

Coelognathus radiatus  EN  IIB

Ptyas korros  EN   

Bungarus multicinctus    IIB

Naja atra  EN II IIB

Cuora mouhotii EN  II  

Table Continued
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Figure 8 (1) Cuora mouhotii . (2) Acanthosaura lepidogaster. (3) Pseudocalotes 
brevipes. (4) Goniurosaurus catbaensis. (5) Gekko gecko. (6) Gekko palmatus. (7) 
Hemidactylus frenatus. (8) H garnotii. (9) Eutropis multifasciatus. (10) Plestiodon 
quadrilineatus. (11) Scincella reevesii. (12) Sphenomorphus tonkinensis.12

Conclusion 

In this study, there are occurrences of three main key habitats: 

mangrove, coral reefs, and seaweeds/seagrass. These contribute for 

species diversity and abundance of the natural marine resources 

available for the local people to exploit. The distribution trends of the 

living resources are higher abundance in the near shore sites, lower 

abundance at the offshore sites. These may relate to the biological/

physical driven factors such as the available of substrate/habitat, 

natural food resources or water current. The coastal sites provide the 

nursery grounds for the economic species where the mangrove forests 

remain as the shelters.
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A R T I C L E I N F O
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A B S T R A C T

The objective of this study is to investigate the effects of river vegetation and timber piling on the attenuation of

ship-generated waves that cause erosion at river bank. A numerical model based on two-dimensional

Boussinesq-type equations was developed to predict the ship wave prorogation through river vegetation and

timber piling. The model was validated with the field data and found that the model can reproduce well the field

data when the disturbances from tides and winds were minimal. The numerical model was then used to simulate

ship wave propagation through a belt of river vegetation consist of Rhizophora apiculata, a dominant type of

mangroves planted in the Ca Mau River in the south Vietnam, and a timber piling. A 200 m long timber piling,

parallel to the river bank, at 10 m from the bank reduced 51% and 89% of run-up height and wave force at the

bank, respectively. If the timber piling combined with 20 m width of the vegetation the run-up height and wave

force were reduced further 61% and 95%, respectively.

1. Introduction

Ship-generated waves (ship waves) have been researched for a long

time in both theoretical and practical aspects with different aims. Since

the middle of the nineteenth century, many scientists and engineers

had studied about waves generated by ships (Rankine, 1868; Froude,

1877; Kelvin, 1887a, 1887b). After that, Havelock (1908), Johnson

(1958), Sorensen (1969), Kofoed-Hansen et al. (1999), and Whittaker

et al. (2001) developed ship wave theory and also conducted model

experiments to validate their theories. A number of scientists have been

using Boussinesq-type models for simulating ship waves in shallow

water. Tanimoto et al. (2000) developed a simulation method to

calculate ship waves in shallow water and studied ship waves in a

channel restricted by vertical walls. Dam et al. (2006) investigated the

transformation of ship waves on sloping bottom by a Boussinesq model

and suggested that the refraction on slope is similar to the ordinary

wind waves have. Dam et al. (2008) discussed the effect of Froude

number on the characteristics of ship waves in a narrow channel

restricted by vertical walls, based on observed data and the results

computed by a two-dimensional model in which wave breaking was

considered.

Ship waves, depending mainly on their energy possessed, have been

recognized as a threat to the environment. Kirkegaard et al. (1998)

reported that a large number of vessels moving at high speed caused a

danger to recreational use of beaches. Regarding environmental

aspects, Nakase et al. (1999) concluded that the ship waves have a

great impact on the activities in aquaculture. By using Michell's thin-

ship theory, Dong et al. (2009) studied the impact of ship waves on

marine structures and pointed out that the forces induced by ship

waves are an important factor contributing to the damage to coastal

structures and offshore structures as well.

Both aquatic vegetation and timber piling have been shown to be

effective in minimizing wave energy. Coops et al. (1996) conducted an

experiment to investigate wave forces that affected by bank slope and

water depth, and that interfered with the emerged vegetation as well.

Their results showed that the waves transmitted through the vegetation

lose energy due to the resistance offered by the vegetation and bottom

surface. Although a 4 m wide-band of vegetation can be regarded as a
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strip, wave height measurements in did show wave attenuation to

occur. Roo and Troch (2010) evaluated reduction in the force by ship

waves through the off-bank timber piling along the river Lys (Zulte,

Belgium) by field observation data. They showed that a single row of

off-bank piling cannot reduce the height of the primary wave system

but only 20% reduction in the secondary wave system. Based on field

data of river-bank erosion caused by boat-generated waves, Nanson

et al. (1994) reported that the major threshold in erosive energy of ship

waves is associated with the peak waves. Very recently, Trung et al.

(2015), based on the field investigation in the Ca Mau River, Vietnam,

pointed out that two types of vegetation Rhizophora apiculata (R.

apiculata) and Nypa fruticans (N. fruticans) are able to dissipate wave

energy and therefore have a high potential for riverbank protection.

They found further that R. apiculata is more effective than N. fruticans

in wave height reduction, although its porosity is greater. It is evident

that those studies have been based mainly on field surveys and/or

experimental studies. There is lack of numerical modeling studies

which may help explore this problem at prototype scale.

In this paper, the effect of river vegetation and timber pilling on the

reduction of ship wave-generated run-up height and force on the bank

of the Ca Mau River was analyzed by a new numerical model. The

numerical model was based on two-dimensional Boussinesq equations

(Dam et al., 2006), but was developed to simulate the wave run-up on

the bank, with the resistance by vegetation and timber piling. Field

surveys were conducted in a section of the Ca Mau River to measure the

characteristics of ship waves (water surface fluctuation, current velo-

city, and run-up on the bank) for different ship speeds and those were

used to validate the model. The numerical model then was applied to

another section of the Ca Mau River where river vegetation and timber

piling have been employed to minimize the bank erosion caused by ship

waves.

2. Numerical method

2.1. Governing equations

The new numerical model (Eqs. (1)–(3)) to simulate ship wave run-

up through vegetation was based on Boussinesq-type equations

(Madsen and Sørensen, 1992; Dam et al., 2006). The coordinate

system Oxy such that the origin O lies on the immobilized water-plane

and the x-axis points in the direction of ship's forward motion while the

y-axis perpendicular to the bank. The moving ship boundary (Chen and

Sharma, 1995; Tanimoto et al., 2000; Dam et al., 2006, 2008) was

used. The governing equations are written as:
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where η (x, y, t) is the water surface elevation, Qx (x, y, t) and Qy (x, y,

t) the depth-integrated velocity components in x and y directions,

respectively, t the time, h (x, y) the still water depth, g the gravitational

acceleration, β the correction factor of the dispersion term (β=1/15),

d(x,y,t) the total water depth (d=η+h), and b(x,y,t) the slot width

parameter which was described in detail in the Section 2.2. Rbx and

Rby are the eddy viscosity terms (Kennedy et al., 2000; Dam et al.,

2006) as:
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Where ν is the kinematic viscosity.

Fx, Fy the drag resistance due to the presence of vegetation in x and

y directions, respectively. Fx, Fy are written as:
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where, γ is the tree density (number of trees/m2), and CD-all the

depth-averaged equivalent drag coefficient considering the vertical

stand structure of tree, which was defined by Tanaka et al. (2007) as:

∫C d C
d

α z β z dz( ) =
1

( ) ( )D all D ref G G G− − (8)
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where b(zG) and CD(zG) are the projected width (diameter) on a

vertical plane perpendicular to flow direction and drag coefficient of a

tree at the height zG from the ground surface, respectively, and bref
and CD-ref are the reference projected width at zG=1.2 m and

reference drag coefficient of the trunk (=1.0), respectively.

Fig. 1. A schematic view of a channel with the presence of a narrow slot (modified from

Kennedy et al., 2000).
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Fig. 2. (a) Ca Mau Province where the Ca Mau River flows through, (b) locations of site 1 [A] at Nang Keo and site 2 [B] at Kinh Sang Rivers.
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2.2. Modeling wave run-up

In the case of run-up simulation by the numerical model, one of the

difficult points was the numerical treatment of the moving boundary

(moving shoreline). In this study, instead of tracking the moving

boundary during wave run-up and rundown on the slope, the entire

computational domain was considered by employing an improved

version of the slot or permeable slope technique proposed by

Kennedy et al. (2000) for simulation of run-up. This technique assumes

that, instead of being solid, the beach is porous or contains narrow

slots, so it is possible for the water level to be below the bed elevation.

Fig. 1 shows a schematic of a wave flume with a sloping bottom in the

presence of a narrow slot (modified from Kennedy et al., 2000). The

width of the wave flume is defined as:

⎧
⎨
⎩

⎫
⎬
⎭

b η
δ δ e

η z

η z
( ) =

1,
+ (1 − ) *

≥ *

< *λ η z ho− ( − )/
(11)

in which δ is the slot width relative to a unit width of bed; λ is the

shape parameter that controls the smooth transition of the cross-

sectional area from the unit width to the slot width; z* denotes the

elevation of seabed where b=1; ho is a reference water depth that must

be deeper than the water depth at the lower limit of swash zone. In the

case of two-dimension, b(η) is the function of the local surface

elevation and depending on x, y and time t and b(x,y,t) is unity for

the water surface above the bed and decays exponentially to the value δ

whenever the water surface disappears into the slot. For the stability of

the model δ should be chosen in the interval of 0.01 to 0.001 and λ of

Fig. 3. (a) Schematic of plan and cross sections of the river with the locations of staffs to

measure water surface elevation and scale to measure run-up at site 1, Nang Keo River,

(b) video camera and staffs in place.

Fig. 4. High-speed ship used to generate waves at site 1, Nang Keo River.

Table 1

Parameters of high-speed ship used to generate waves.

Type of

ship

Length (m) Width (m) Horsepower Draft (m) Speed (m/s)

High-speed

ship (34

seats)

21.75 8.5 320 1.65 m 2.8, 5.6, 8.3,

11.1, 12.5,

13.9, 16.7

Fig. 5. A typical timber piling constructed by residents, combined with vegetation for

protecting river bank from ship waves in Kinh Sang River.
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the order 100. The cross-sectional area of the channel under the water

surface can be expressed by integration:

∫A x y t A η b z dz( , , ) = ( ) ≡ ( )
(12)

or
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The Eqs. (1)–(13) are solved implicitly by the finite difference

technique, with the variables defined on a space staggered rectangular

grid. In a time step, the solution is first made in the x-momentum

equation followed by a similar solution in the y-direction. For the

numerical simulation, the uniform grid size of 1.0 m in both x and y

directions and time step of 0.015 s were selected. The Manning's

roughness coefficient n was set to 0.02 (Trung et al., 2015). The

governing equations, and boundary conditions for wave generation due

to ship motion have been referred from Tanimoto et al. (2000), and

Dam et al. (2006, 2008).

2.3. Forces induced by ship waves

A ship wave force vector (F
⎯→⎯

) was defined by the following equation

(Tanimoto et al., 2007):

F ρdV V
⎯→⎯ * =

1
2

→
|
→

|
(14)

where V is the flow velocity. This is the potential force integrated over

the flow depth d and corresponds to the total drag force due to ship

waves acting on a virtual high column with a unit width and a unit drag

coefficient.

3. Field measurements

In the Ca Mau River system (Fig. 2a), there have been hundreds of

erosion places on the river bank, which caused significant damage to

people's lives, economic activities, land-use planning and the environ-

ment. One of the reasons that directly causes erosion is the ship waves

Fig. 6. Schematic of river cross section with timber piling and vegetation at site 2, Kinh

Sang River.

Fig. 7. Comparison between modeling and measured time profiles of (a) water surface elevation (b) current velocity at staff 2, and (c) run-up height at site 1, Nang Keo River.
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with strong energy propagation towards the river bank. Field survey

was conducted at two sites in Nang Keo (without vegetation) and Kinh

Sang (with vegetation and timber piling) tributaries of the Ca Mau

River in September 2013. The sites are under the effect of semidiurnal

tide with a range of 0.9–1.4 m.

Fig. 3a displays a schematic of plan and cross sections of the river

with staffs to measure water surface elevation at the site Nang Keo

(8.79°N, 105.19°E, point A in Fig. 2b). A 36-seat high-speed passenger

ship (Fig. 4) was selected to generate ship waves. It is a popular

passenger vessel in Ca Mau's waterways. According to local residents,

the river bank erosion is mainly due to waves generated by such ships

that are frequent, travelling at high speed. The parameters of the ship

are given in Table 1. Shipping route was parallel to the bank. The ship

was required to run along a river section of 500 m in length within

which the staffs were positioned. This distance was sufficient to

generate fully developed waves. The speed of the ship was determined

by an onboard speedometer and ranged from 2.8 to 16.7 m/s and the

corresponding relative depth Froude number ranged from 0.45 to 2.67

in this study. Water surface elevations at the measuring staffs (Fig. 3b)

were recorded by a camera (Hitachi DZ-MV350 NTSC DVD) with

optimal video recording mode. The distance between two staffs was

2.0 m in the direction perpendicular to the river bank. The recorded

data were processed by VideoSpirit Pro software. This software allows

to extract frames from the video, with good quality and high resolution

(1920*1080-16:9). In order to calculate wave heights from water

surface elevations, frames were extracted from the video with an

accuracy of up to 0.2 s. Wave-induced currents were measured by a

Compact Multibeam Echosounder at the staff 2, and were recorded at

1 Hz for all cases. The maximum run-up height above the still water

level (hereafter, simply run-up height) was measured by a scale placed

on the slope. The measurements were done in an hour from 10:00 am

to 11:00 am on September 14, 2013 when tide reached the peak, with

the average flow velocity of the river was about 0.05 m/s while light

Fig. 8. (a) A belt of Rhizophora apiculata grown in Ca Mau River and (b) vertical

distribution of CD-all of a Rhizophora tree (based on average properties: tree height

HTree=6.0 m, root height HRoot=1.0 m, reference diameter bref=0.12 m, tree density

γ=4 trees/m2, and the reference drag coefficient CD-ref=1.0).

Fig. 9. The model predicted spatial variation of maximum water surface elevation along

the river section. With vegetation effect in Black and without vegetation effect in Red.

(For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Fig. 10. Change rate in maximum run-up height (R/R0) and ship wave force (F/F0)

against (a) tree density γ, and (b) vegetation width W. Note that R0 and F0 are run-up

and force, respectively, in the case of without vegetation.
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winds and no wind-generated waves existed. And there was no

disturbance from other ships.

The site selected at the Kinh Sang River (8.79°N, 105.07°E –

Fig. 2b, point B) was mainly used for collecting the characteristics of

vegetation and timber piling. Fig. 5 shows a timber piling at the Kinh

Sang River, which was constructed by residents for protection of the

river bank from ship waves. However, it was not effective due to the

spacing between two logs is quite large. The local government

recommended the spacing between two logs to be 0.066 m. In the

Kinh Sang River, Rhizophora apiculata is the dominant river vegeta-

tion type and the average height of a tree is 6.0 m, average root height

1.0 m from the ground, average tree density 4 trees/m2, and forest

width 10 m from the river bank. The conditions of topography,

vegetation, timber piling, and analysis points for modeling are illu-

strated in Fig. 6. The river section considered was 1500 m long, 280 m

wide, and 5 m deep at center. The ship considered was the same as in

Table 1. However, the ship velocity was 5.6 m/s that was the upper

limit set-up by the local government for the Kinh Sang River. The Ship

was run at the center line of the river, which is the common shipping

Fig. 11. Time profile of (a) water surface elevation, and (b) ship wave force at the

analysis point (Fig. 6) for with and without timber piling. Without timber piling effect in

Black and with timber piling effect in Red. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Change rate in maximum run-up height (R/R0) and ship wave force (F/F0)

against the length of timber piling. Note that R0 and F0 are run-up and force,

respectively, in the case of without timber piling.

Fig. 13. Time profile of (a) water surface elevation, and (b) ship wave force at the

analysis point (Fig. 6) for the cases of without timber piling and vegetation (Black line),

only timber piling (Red line), and both timber piling and vegetation (Green line). (For

interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Fig. 14. Change rate in maximum run-up height (R/R0) and ship wave force (F/F0)

against length of timber piling for the case of timber piling and vegetation. Note that R0

and F0 are run-up and force, respectively, in the case of without timber piling and

vegetation.
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route in most cases. River currents measured were similar or less in the

magnitude compared to that of the site 1.

4. Results and discussions

4.1. Model validation without vegetation

The characteristics of ship waves from several combinations of ship

speeds and routes were investigated in the field survey, and the field

observations were presented in details in Thuy et al., (2014). In this

paper, the measurements of water surface elevation and velocity at the

staff 2, and run-up height for the case of the route 50 m from the bank

Nang Keo were used for the validation of the model. Fig. 7a shows the

variation in water surface elevation at the staff 2 for the case of ship

speed of 5.6 m/s. On this figure, Tpass is the time when the ship's bow

started to pass the position in front of the measuring staff, Hmax and

Tmax are the maximum wave height and corresponding wave period

respectively in the wave train. It can be seen that, before the ship bow

passed the staff a smaller wave of relatively larger period had appeared,

and it is termed leading wave. The incident wave was followed by about

8–10 waves. These successive waves typically have shorter periods, but

they are having remarkably higher wave heights than the incident

wave. The highest wave height Hmax reached 0.255 m with the

corresponding period Tmax being 1.6 s. Wave-induced current velocity

varied similar to wave height; the maximum velocity being 0.28 m/s

when wave height became the maximum. Fig. 7a-b show the compar-

ison between the modeled and measured wave height and velocity

profiles. It can be seen that the numerical model can simulate well the

characteristics of ship wave propagation (wave height, velocity, and

phase). Fig. 7c shows a comparison of run-up heights for seven cases of

ship speed. Despite the fact that the scatter in the observed data were

relatively high for a particular ship speed, however the trend for the

run-up height increased as the ship speed increased. The main reason

for the scatter in the measured data was river currents generated by

tides, and the local inconsistency of the ship speed. Given those effects

are minimal, the model can be used for simulating the run-up height

and the force of ship waves acting on the river bank.

4.2. Effect of river vegetation on ship wave

In this section, the effect of vegetation on ship waves was

investigated at Kinh Sang River (8.79°N, 105.07°E – Fig. 2b, point

B) where river bank erosion caused by ship waves. Vegetation was

assumed to be distributed along the right bank in the direction of

moving ship. The river vegetation starts at 10 m behind the shoreline

(Fig. 6) and extends towards the shore. As shown in Fig. 8a, R.

apiculata has a complex, dense aerial root structure that provides

additional stiffness and that increases the drag coefficient. Fig. 8b

shows CD-all of R. apiculata that was derived from those proposed by

Tanaka et al. (2007) to the following conditions: tree height

HTree=6.0 m, root height HRoot=1.0 m, reference diameter

bref=0.12 m, tree density γ=4 trees/m2, and the reference drag

coefficient CD-ref=1.0. The reference drag coefficient of 1.0 was

adopted for the trunk with a circular section and a rough surface in

the region of high Reynolds number (order of 104) in the actual scale.

The value of CD-all varies with the depth d. Effect of vegetation on ship

wave attenuation was discussed against the tree density and vegetation

width. Fig. 9 shows the spatial variation in the maximum temporal

water surface elevation of the highest wave Zmax (Fig. 7a) for the cases

of with and without vegetation. For the case of vegetation the

conditions of vegetation width and tree density were fixed as 35 m

and 4 trees/m2, respectively. The maximum water surface elevation

increased in front of vegetation due to the reflection and then

decreased remarkably in the vegetation zone due to the resistance.

The run-up height (Fig. 9) above the still water level was 0.06 m, which

was 46% of that in the case of no vegetation.

4.3. Effect of river vegetation on run-up and force of ship wave

Fig. 10a shows the change rate in the maximum run-up height (R/

R0), and ship wave force (F/F0) at the analyze point (Fig. 6) against the

tree density. The suffix “0” indicates the case of no vegetation. The tree

density γ varied from 0 (no vegetation) to 5 trees/m2 while keeping

constant vegetation width of 35 m. As the tree density increased, both

the run-up height and force decreased. However, the reduction rate in

force was higher than the reduction rate in run-up height as the tree

density increased. Fig. 10b shows the change rate in the maximum run-

up height and force at the analysis point (Fig. 6) against the vegetation

width under the constant tree density of 4 trees/m2. The vegetation

width W varied from 0 to 35 m in 5 m steps. According to Fig. 10b, the

change rate in run-up height decreased to 0.45 and in force greatly

decreased to 0.311 for the vegetation width of 35 m. Increasing both

tree density and vegetation width resulted in decreasing both the run-

up and force.

4.4. Effect of timber piling on run-up and force of ship wave

Timber piling was modeled as cylinders in a straight line parallel to

the riverbank at a distance of 10 m from the riverbank. The mean

diameter and spacing between two logs were 0.2 m and 0.066 m

respectively. These values were recommended by the local government

for protecting river bank in Ca Mau River. For modeling timber piling

the drag coefficient CD-ref was 1.0, which is consistent with the drag

coefficient for a circular cylinder. This CD-ref is equal to.

CD–all in the model. Therefore, the model can be used for

simulating ship wave through the timber piling without any modifica-

tion. Fig. 11(a–b) illustrate time profile of water surface elevation and

ship wave force at the analysis point (Fig. 6) in the case of with and

without the timber piling. The length of the timber piling parallel to

bank was 100 m. Note that vegetation was not considered in this case.

Modeling results pointed out that using 100 m length timber piling,

water surface elevation and ship wave force reduced to 37% and 77%,

respectively. The length of the timber piling was varied in order to

investigate the effect of the length on the reduction in run-up and force.

Fig. 12 shows the change rate in the maximum run-up height (R/R0)

and ship wave force (F/F0) against the length of timber piling. The

suffix “0” indicates the case of no timber piling. The run-up height and

force decreased with the increase of length of the embankment as to the

modeling results. Similar to the case of vegetation, the reduction in

force was greater than in run-up height due to the strong attenuation of

the wave-induced current velocity. With a length of 200 m timber

piling, the run-up height and force can be reduced up to 51% and 89%,

respectively.

4.5. Effect of both vegetation and timber piling on run-up and force of

ship wave

For the case of vegetation with timber piling, the conditions of

vegetation were fixed as tree density of 4 trees/m2, and vegetation

width of 20 m. Fig. 13 shows the time profiles of water surface

elevation (Fig. 13a), and ship wave force (Fig. 13b) at the analysis

point (Fig. 6) for the cases of without both timber piling and vegetation,

only timber piling, and both timber piling and vegetation. The results

confirmed that the ship wave-generated water surface elevation and

force were greatly decreased for the case of vegetation and timber

piling compared to that for the other two cases. This is because the

resistance from the combined case was higher than that from each case

alone. The effect of length of the timber piling with vegetation is

displayed in Fig. 14, where the suffix “0” indicates the case of no timber

piling and vegetation. Having the timber piling length of 200 m

together with the vegetation belt of 20 m width and 4 trees/m2 density

was able to reduce run-up height and force 61% and 95%, respectively

at the river bank.
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5. Conclusions

In this study the effect of river vegetation and timber piling on the

attenuation of ship waves was analyzed by an advanced numerical

model. With a 2D Boussinesq-type model as basis, the model was

further developed to trace the moving shoreline and to take the effect of

resistance due to the presence of both vegetation and timber piling into

account. Field investigations were made to measure ship-induced wave

height, current velocity and run-up in Ca Mau River, Vietnam where

the ship wave-induced erosion has increasingly occurred. The model

was validated with the field data and found that the model can

reproduce well the field data when the disturbances from tides and

winds were minimal. The numerical model then applied to a section of

Ca Mau River where the timber piling and vegetation (R. apiculata)

were introduced to protect the river bank from erosion by ship-induced

waves. The modeling results showed that the timber piling of 200 m

length can reduce 51% and 89% of run-up height and wave force at the

bank, respectively. If the 20 m width of the vegetation combined with

the timber piling, the reduction in the run-up height and wave force

was further increased to 61% and 95%, respectively. Although the

above numerical results were for the simple cases of arrangement of

timber piling and distribution of river vegetation, the numerical model

has potential to analyze the more complex arrangements of river

vegetation such as different distributions of vegetation types and

patterns, and timber piling on ship wave attenuation and the results

can be used to develop the guidelines on erosion control practices at the

preliminary design stage. The validation of the model with flow through

porous structures (vegetation and timber piling) will confirm the

robustness of the results and that will be address in a future study.
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Abstract 

In this study, we evaluate the ecological impact of effluent cooling water from 

the Ninh Thuan nuclear power plant II, using a two-dimensional hydraulic 

model to simulate thermal diffusion from the effluent outfall. Sites selected for 

this study were Ninh Thuan nuclear power plant and Vinh Hai seawater in 

four different scenarios. This paper utilized the relationship between surface 

water temperature and the water temperature at a depth of −15 m to calculate 

the water temperature at intake and outlet at a depth of −14 m. A combina-

tion between the results of interpolated and results of model showed that ef-

fluent cooling water from Ninh Thuan plant affected the largest incidence 

about 2450 m in the North, 880 m in the South and 960 m in the West. It can 

be considered as safe distance to not to affect the coral reefs ecosystem in the 

North and sea turtle conservation area in the South. This study was first in 

this region to have an integrated approach using two-dimensional model. 
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Ninh Thuan Nuclear Power Plant, Effluent Cooling Water, Ecological System, 
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1. Introduction 

The increasing global demand for energy has hitherto been met to an increas-

ing extent by the use of fossil fuels and hydropower. Nuclear energy has been 

developed and used commercially for about two decades to meet a fraction of 

the electrical energy needs. Statistical data on energy consumption of the 

world in recent years showed that world consumption has increased by about 
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50% in less than ten years. Vietnam has considered establishing nuclear power 

generation since 1995, and firm surfaced proposals in 2006. In July 2014, the 

government issued a master plan specifying Ninhthuan- I & II nuclear power 

plants with a total of capacity 1000 MW e-class reactors [1]. Thermal pollution 

is the change in the water temperatures of lakes, rivers, and oceans caused by 

made-man industries or practices. These temperature changes may adversely 

affect ecosystems by contributing to the decline of wildlife populations and 

habitat destruction. Any practice that affects the equilibrium of an aquatic en-

vironment may alter the temperature of that environment and subsequently 

cause thermal pollution. Thermal pollution is one parameter of the broader 

subject of water pollution. The adverse effects of thermal pollution are often 

conjoined with other forms of water pollution such as chemical contamination 

or biological contamination [2]. The cooling water discharge from nuclear 

power plants (NPPs) is among the greatest local sources of thermal pollution 

due to the high levels of energy produced per plant. In addition, nuclear power 

plants require 30% - 100% more cooling water than other types of plant with a 

comparable power output [3] [4] [5]. Regulation of thermal pollution has been 

more elusive than for other forms of water pollution, although straightforward 

mitigation measures are available, especially in the case of elevated tempera-

ture discharges. Some countries and even individual states and provinces re-

quire limits on discharges that lead to thermal pollution of receiving waters. 

This aspect of water pollution has proven to be more elusive than conventional 

chemical discharge [6] [7] [8]. Numerical models are simplified mathematical 

representations of physical systems and processes. A numerical model can be 

constructed as a one-, two-, or three-dimensional model in accordance with 

the dominant spatial directions of the physical processes [9] [10] [11]. There 

are several methodologies to study thermal plume behavior, ranging from 

physical models [12], to in situ data analysis [13] [14] to the use of numerical 

models [15]. The objectives of this paper were as follows: 1) to simulate the 

transport of temperature process and thermal diffusion of effluent cooling wa-

ter of Ninh Thuan nuclear power plant, 2) to impact assessment of effluent 

cooling water to environment and ecological ecosystem around areas. 

2. Methodology 

2.1. Description of Study Site 

The Ninh Thuan nuclear power is located in Vinh Hai commune, Ninh Hai dis-

trict, Ninh Thuan province, far from the center of Ninh Thuan 10 km in the 

Southeast of Vietnam (Figure 1). Ninh Thuan plant fits into the buffer zone of 

Nui Chua National Park, marine protected areas and within a radius of 1 km in-

land boundary of the National Park [16]. Ninh Thuan plant is reported on En-

vironmental Impact Assessment (EIA) of the project Ninh Thuan Nuclear Power 

plant. 
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Figure 1. The study location area. 

2.2. Methods 

MIKE 21 FM flow model (HD), a general 2D hydrodynamic modeling system 

for simulation of flows in estuaries, bays and coastal areas, and in oceans. The 

MIKE21 FM flow model (HD) solves vertically integrated equations of continu-

ity and momentum in two horizontal dimensions. The discretization in solution 

domain is performed using a finite volume method. The spatial domain is dis-

cretized by subdivision of the continuum into non-overlapping cells [17]. The 

numerical model Mike 21 solves in two dimensions (in the horizontal plane) sta-

tionary/non-stationary flow of incompressible Reynolds averaged Navier-Stokes 

equations, subject to the assumption of Boussinesq and of a hydrostatic distribu-

tion of pressure. 

The continuity equation is written as: 

u
S

x y z

ν ω∂ ∂ ∂
+ + =

∂ ∂ ∂
                          (1) 

And the two horizontal momentum equations for the x and y component, re-

spectively 

2

0 0

1
da

u t sz

u u vu wu

t x y z

p g u
fv g z F v u S

x x x z z

ηη ρ
ρ ρ

∂ ∂ ∂ ∂
+ + +

∂ ∂ ∂ ∂

∂∂ ∂ ∂ ∂ = − − − + + + ∂ ∂ ∂ ∂ ∂ ∫
      (2) 
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2

0 0

1
da

v t sz

v v uv wv

t y x z

p g v
fu g z F v v S

y y y z z

ηη ρ
ρ ρ

∂ ∂ ∂ ∂
+ + +

∂ ∂ ∂ ∂

∂∂ ∂ ∂ ∂ = − − − + + + ∂ ∂ ∂ ∂ ∂ ∫
      (3) 

where: t: time, , ,u ν ω : velocities in x, y, z directions, η : elevation above mean 

sea level, σ : vertical transformed co-ordinate, d: water depth, ρ : density, g: 

acceleration due to gravity, f : Coriolis parameter, tv : turbulent eddy viscosity, 

PA: atmospheric pressure, S: the magnitude of the flow due to the point source 

,s su v : speed. 

2
u

Fu A A
x x y y x

ν  ∂ ∂ ∂ ∂ ∂ = + +     ∂ ∂ ∂ ∂ ∂    
                    (4) 

2
u

F A A
x y x y y

ν νν
    ∂ ∂ ∂ ∂ ∂

= + +     ∂ ∂ ∂ ∂ ∂    
                    (5) 

where A is a horizontal eddy viscosity; the state of surface and bottom boundary 

with u, v and w are calculated as follows: 

At z η=  

0w
t x y

η η η∂ ∂ ∂
+ + − =

∂ ∂ ∂
                         (6) 

At z d= −  

0
d d

w
x y

ν∂ ∂
+ + =

∂ ∂
                           (7) 

( )
0

1
, ,bx by

t

u

z z

ν τ τ
ρ ν

∂ ∂  = ∂ ∂ 
                       (8) 

where ( ),bx byτ τ  are wind surface stress and bottom stress. 

The transports of temperature follow the general transport diffusion equation 

as: 

1 ( ) 1
( )t

H

j T j

T T
Q

t x x

υρ
ρ σ ρ
∂ ∂ ∂

= +
∂ ∂ ∂

                   (9) 

where: QH is transport of temperature, Tσ  is a number of Prandtl/Schmidt. 

3. Model Setup 

3.1. Computation Mesh 

The study scope of the factory has sized 5500 × 10,000 m with coordinates: Lon-

gitude (1,283,324 - 1,290,889), Latitude (604,155 - 602,341) (Figure 2). The to-

pography and bathymetry data used in the model were provided by survey 

project from May 23 to June 19, 2014 according to the coordinate system VN 

2000 with scale 1:1000. In this paper we used unstructured grid, triangular grid 

to solve problem (Figure 3(a)). Due to thermal diffusion calculation at intake 

and outlet area should divide smaller computation grid in this area than the ex-

ternal area to save computation time. The maximum mesh area of the triangular  
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Figure 2. The cross-sectional structure of Ninh Thuan II nuclear power plant. 

 

 

Figure 3. (a) Computation grid-Triangular mesh; (b) Calculated boundaries (C1, TS1 and TS2 are the test positions). 

 

grids is 2000 m2, the sea regional in front of intake effluent cooling water and 

outlet has sized of 2000 × 3000 m. The maximum triangular grid of the offshore 

area can reach to 50,000 m2. The total number of mesh is 11,200 and the number 

of nodes is 5718 and 4 boundaries including one land boundary, three open 
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boundaries in North, East and South (Figure 3(b)). 

3.2. Boundary Condition 

Water level boundary is extracted from the calculation model Dynasty China 

Sea (Global Forecast System (GFS) of the US National Environment Forecast 

Center). Temperature boundary used the measure data of the project at the 

TE1, TE2, TE3, TE4, TE5, TE6 in the northern boundary; TE6, TE12, TE18, 

TE24, TE30 in the eastern boundary; TE25, TE25, TE27, TE28, TE29, TE30 in 

the southern boundary in the period from June 2014 to July 2015 (Figure 

3(b)). The measured data will be interpolated along the boundary and the 

chain computation time. Salinity boundary was used from the survey results at 

a position distance of 1km to inland in 2014-2015. The salinity of study area 

ranged from 32% - 33% during rising tide phase. Average salinity has not 

changed much in years. Average salinity in the dry and rainy season is about 

33 ppt. Hence the paper used constant values of salinity in the caculated time 

series for each season. 

4. Results and Discussion 

4.1. The Calibration 

The calibration parameters of model are conducted primarily by changes to the 

hydraulic roughness and diffusion coefficient changes. This paper used measure 

data at C1 position on June 19-26, 2014 and on December 18-26, 2014 for the 

water level calibration, on December 18-26, 2014 for the temperature calibration 

at TS1 and TS2 positions in the model. The results of water level calibration in 

summer and winter are shown in Figure 4(a) and Figure 4(b). The results of 

temperature calibration at TS1 and TS2 positions are shown in Figure 4(c) and 

Figure 4(d). Figure 4(c) and Figure 4(d) showed that the variation tendency of 

calculated temperature was decreasing at TS1 position from 25.1 to 24.2 degree, 

at TS2 position from above 25 to 24.1 degree. The results of water level calibra-

tion in summer and winter showed a high conformity about phase and water 

level amplitude between calculated and observed data. By editing Nash-Sutclifee 

criterion [18] we have the results of water level and temperature calibration 

(Figure 4). It means that model was edited well with hydraulic parameters. 

These parameters are used as the basic for validation model and thermal diffu-

sion process. 

4.2. The Validation 

Validation model was used water level data at C1 position in summer from Au-

gust 04-12, 2014 and in winter from December 03-11, 2014. Temperature valida-

tion was used observed temperature data at TS1 and TS2 positions from De-

cember 03-11, 2014. The results of water level validation at C1 position in sum-

mer and winter are shown in Figure 5(a) and Figure 5(b). The results of tem-

perature validation at TS1 and TS2 position are shown in Figure 5(c) and  
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(a)                                                          (b) 

 
(c)                                                          (d) 

Figure 4. (a) The calculated and observed of water level calibration at C1 on June 19-26, 2014 with NASH = 0.82; (b) on Decem-

ber 18-26, 2014 with NASH = 0.85; (c) The calculated and observed of temperature calibration at TS1 position on December 

18-26, 2014 with NASH = 0.76; (d) The calculated and observed of temperature calibration at TS2 position in winter on December 

18-26, 2014 with NASH = 0.78. 

 

Figure 5(d). The variation tendency of temperature validation at TS1 and TS2 

positions showed that the simulated temperature involving a tendency was 

smaller than observed temperature with the maximum peak error about 0.25 

degree. The results revealed that in the validation case, the water lever between 

calculated and observed have a high conformity about phase and water ampli-

tude with Nash-Sutcliffe criterion (Figure 5). The temperature process simula-

tions from calibration and validation model are not really coinciding with the 

measurement process. The results of calibration and validation showed that the 

observed line is quite undulating and the simulated line is quite smooth. How-

ever, there are quite similar about trajectories. According to analysis above, we 

can use the parameters in calibration and validation process to apply for the 

problem of calculating thermal diffusion from effluent cooling water of Ninh-

thuan-II nuclear power plant in Vinh Hai by using MIKE 21 FM model. 

4.3. Development of Scenarios 

The scenarios were built based on climate characteristics, the computational re-

quirements as follows: 
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(a)                                                          (b) 

 

(c)                                                           (d) 

Figure 5. (a) The calculated and observed of water level validation at C1 position in summer on August 4-12, 2014 with NASH = 

0.84; (b) The calculated and observed of water level validation at C1 position in winter on December 3-11, 2014 with NASH = 0.79; 

(c) The calculated and observed of temperature validation at TS1 position in winter on December 3-11, 2014 with NASH = 0.72; 

(d) The calculated and observed of temperature validation at TS2 position in winter on December 3-11, 2014 with NASH = 0.75. 

 

Scenario 1, 2 (S1, S2): with the period time from 0 h 5/9/2014 to 0 h 19/09/ 

2014; regime of rising tide; velocity of flow is 5.1 m/s; temperature is 28.8˚C; ef-

fluent cooling water temperature is 35.8˚C; wind speed is 4.8 m/s; wind direction 

is southwest. 

Calculation results showed that the changes cycle of water temperature is 

about 25 hours in the summer. This paper used tidal cycle from 7:00 pm on 8/9/ 

2014 to 8:00 pm on 9/9/2014 at falling tide to analyze the temperature’s change 

cycle and determine the greatest impact area. 

Calculation results of thermal diffusion by the effluent cooling water at Ninh-

thuan-II nuclear power plant in scenarios S1, S2 showed that the areas affected 

by the effluent cooling water is very small; the region has a temperature greater 

than 1˚C ambient temperature about 0.114 km2 with distance from the outlet to 

the south about 880 m and 290 m to the west in S1. Scenario S2 with dead tide 

has an affected area about 0.072 km2 with the distance from the outlet to the 

North about 920 m and to the West about 160 m. Initially influenced by the 

flow, hot water flow moves in southward. When there are southwest winds, ef-
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fluent cooling water gradually move to the Northeast, meet the flow, move closer 

to the shore and temperature is decreased. A hot flow does not affect to the in-

take gate of plant. The maximum temperature field in S1 at 15:00 pm on 8/9/ 

2014 is shown in Figure 6(a). The maximum temperature field in S2 at 15:00 pm 

on 9/9/2014 is shown in Figure 6(b). Finally, effluent thermal flow in two scena-

rios S1, S2 do not affect effluent cooling water intake area of the plant. 

Scenario 3, 4 (W1, W2): with the period time from 0 h 5/11/2014 to 0 h 

21/11/2014; regime of rising tide; velocity of flow is 5.1 m/s; temperature is 

27.1˚C; effluent cooling water temperature is 34.1˚C; wind speed is 6 m/s; wind 

direction is northeast. 

Calculation results showed that the changes cycle of water temperature about 

25 hours in the summer. This paper used tidal cycle from 23 h on 12/11/2014 to 

0 h on 14/11/2014 at falling tide to analyze the temperature’s change cycle and 

determine the greatest impact area. 

 

 

(a) 

 

(b) 

Figure 6. (a) The maximum temperature field in S1 scenario; (b) 

The maximum temperature field in S2 scenario. 
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Calculation results of thermal diffusion by the effluent cooling water at Ninh-

thuan-II nuclear power plant in scenarios W1, W2 showed that the area affected 

by the effluent cooling water is very small; the region area has a temperature 

greater than 1˚C ambient temperature about 1.54 km2 with distance from the 

outlet to the north about 1950 m and 550 m to the west. Scenario W2 with dead 

tide has an affected area about 1.68 km2 with the distance from the outlet to the 

North about 2450 m and to the West about 960 m. Initially influenced by the 

northeast wind, hot water flow moves in southward. After flow affected by the 

tide, it moves to Vinhhy bay again. The maximum temperature field in W1 at 

2:00 am on 13/11/2014 showed in Figure 7(a). The maximum temperature field 

in W2 at 19:00 pm on 13/11/2014 showed in Figure 7(b). Finally, effluent ther-

mal flow in two scenarios W1, W2 do not affect the intake effluent cooling water 

area of the plant. 

 

 
(a) 

 
(b) 

Figure 7. (a) The maximum temperature field in W1 scenario; (b) 

The maximum temperature field in W2 scenario. 
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4.4. Interpolated Calculated Results Follow Depth 

There are not data measuring the depth of water temperature across the study 

site. This paper used correlation between surface water temperature and water 

temperature at a depth of −15 m at TS1 position to calculate the water tempera-

ture at a depth of −14 m in placement of intake and outlet of effluent cooling 

water. Based on the measured data on water temperature at TS1 position on 

9/2014, 10/2014-1/2015 and 4-5/2015, we built the relationship between surface 

water temperature and water temperature at a depth of −15 m. This relationship 

lines will be used to interpolate the water temperature at the effluent cooling 

water outlet location in the above scenarios. 

4.4.1. Application for S1 and S2 Scenario 

The scenarios S1, S2 calculated for the period from on September 5-19, 2014. 

Therefore, we can use the relationship between surface water temperature and 

water temperature at a depth of −15 m measured on September 03, 2011 to in-

terpolate the water temperature at intake and outlet effluent cooling water at a 

depth of −14 m for two scenarios S1 and S2 (Figure 8(a)). Mean square error is 

0.743. It represents a good correlation so it can be used for the temperature in-

terpolation process at two positions intake and outlet of effluent cooling water. 

The results of calculation in Figure 8 showed that in the surface layer and a 

depth of −14 m in the summer thermal of Ninhthuan-II nuclear power plant 

only ranged from 24.8˚C to 27.5˚C at the intake and 23.8˚C - 26.8˚C at the outlet. 

It does not affect the taking effluent cooling water of plant. 

4.4.2. Application for W1 and W2 Scenario 

The scenarios W1, W2 calculated for the period on November 5-21, 2014. 

Therefore, we can use the relationship between surface water temperature and 

water temperature at a depth of −15 m measured on October 9, 2014 to Novem-

ber 15, 2015 to interpolate the water temperature at intake and outlet effluent 

cooling water at a depth of −14 m for two scenarios W1 and W2 (Figure 8(b)). 

Mean square error is 0.983. It indicates a very good correlation so it can be used 

for the temperature interpolation process at two positions intake and outlet of 

effluent cooling water in above two scenarios W1, W2. The results of calculation 

showed that the surface layer and a depth layer of −14 m in the summer thermal 

of Ninhthuan-II nuclear power plant only ranged from 25.8˚C to 26.5˚C at the 

intake and 25.7˚C - 27.3˚C at the outlet. It does not affect the taking effluent 

cooling water of factory. 

4.5. Impact Assessment of Effluent Cooling Water on  

Environmental and Ecological System 

It is now generally acknowledged that coral reefs are among the most threatened 

global ecosystems, and among the most vital [19] [20] [21] [22] [23]. Reefs are of 

critical importance to human survival because they provide subsistence food for 

a substantial portion of the population, serve as the principle coastal protection 
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(a) 

 
(b) 

Figure 8. (a) Correlation between surface water temperature and wa-

ter temperature at a depth layer of −15 m on September 2011; (b) 

Correlation between surface water temperature and water temperature 

at a depth layer of −15 m on November 2011 to January 2012. 

 

structures for most tropical islands, and contribute major income and foreign 

exchange earnings from tourism [24] [25]. The field survey in this place the 

most notable is the coral reefs in Thai An about 200 ha wide area. Outside the 

region has a sand and coral (65% sand, 35% coral), inside region is the dead cor-

al areas account for 60%, 40% living coral. Oviparity of turtle beaches concen-

trated in the northern of the plant from Mong Tay to Ngang beach and sea turtle 

conservation concentrated in the southern (Figure 9). 

The condition of marine life depends on: water level and water level fluctua-

tions, flow rate, water clarity, salinity, etc. In fact, biological living in the water 

affected by many environmental factors such as: light, temperature, pH, dis-

solved oxygen, CO2, etc. The environmental factors impact on the organism liv-

ing referred to as the ecological factors. Each organism can only withstand the 

impact of a certain limit of a factor, called ecological limitation. Each species has 

own ecological threshold so they are distributed in the areas of climate (temper-

ature) characteristics. The distribution is often limited by the condition above 

and below the range polarization lead to decrease of growth and reproductive or 

increase mortality level of the species. Water temperature conditions outside the 

range polarization usually have a relationship with other factors (humidity, dis-

solved oxygen concentration, the solubility of the substance, etc.); create the ag-

gregate impact on the organisms. 
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Figure 9. A combination map between ecosystem and results of model. 

 

According to the biological characteristics of coral reefs temperature for normal 

development is about 20˚C - 32˚C. When the water temperature is higher than 

2˚C, over 29˚C exceeding 1 - 2 weeks, corals will start exhausted and dead. The 

sex of sea turtles depends greatly on the environmental temperature. Specifically, 

when the high around environmental temperature sea turtle eggs will be hatched 

females, while low temperature will be hatched males. If the ambient tempera-

ture increased about 4˚C, all eggs will be hatched females. This gender will be 

imbalance and lead to the extinction of sea turtles species. The simulation results 

of the scenarios showed that the effluent thermal water from Ninhthuan-II nuc-

lear power plant has the trajectories moving to North and it does not affect the 

intake gate and sea turtle beach. Area of higher temperature 1˚C is quite small, 

non-pollution thermal for the study area. According to the National Technical 

Regulation on industrial wastewater quality NTR 40:2011/MONRE, the maxi-

mum limitation value allow of the industrial wastewater temperature is 40˚C. 

Finally, the impact of cooling water discharges of Ninh Thuan-II nuclear power 

plant does not affect large environment and within the permissible limits. The 

results of the thermal diffusion simulation combined the model and ecosystem 

maps give us an overview of the impact to the Ninh Thuan ecosystem. 

5. Conclusion 

The affected areas by the effluent cooling water in four simulation scenarios are 

533



very small, ranging about 0.072 - 1.68 km2, the largest incidence about 2450 m in 

the North, 880 m in the South, 960 m in the West. It does not affect the intake 

gate of plant. In addition, this paper also builds the relationships between surface 

water temperature and the water temperature at a depth of −15 m to calculate 

the water temperature at intake and outlet at a depth of −14 m. The combination 

between this results and results of MIKE 21 FM model can assess the magnitude 

of effluent cooling water to the environmental and marine ecosystem. The in-

fluence area and temperature of effluent cooling water do not affect the coral 

reefs area in the North and sea turtle conservation in the southern of the plant. 
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Abstract: The origin and quality of groundwater in the Southeastern region (belongs to Southern Plain) were identified by using 

isotopic techniques and geochemical analysis. Groundwater samples were collected from 7 aquifers: the Holocene, upper Pleistocene, 

middle Pleistocene, lower Pleistocene, upper Pliocene, middle Pliocene and Miocene aquifers. The water isotopic compositions (2H 

and 18O) were determined to elucidate the origin and the interaction between surface water and groundwater studies. Transit time 

(age) of the groundwater samples was determined to explain the direction of groundwater flow. The dating techniques included 3H 

and 14C isotopes measurement, followed by a correction for the initial 14C-activity by the 13C-composition (13C) in TDIC (Total 

Dissolved Inorganic Carbon). Geochemical parameters of the groundwater samples were measured either directly in the field or in 

the laboratory. The results showed that the groundwater from the Holocene and upper Pleistocene aquifers was most recharged from 

the local meteorological and hydrological systems, including local precipitation, river and reservoirs. Thus, it has short transit time 

and its stable isotopic composition is spread around the local meteoric waterline and lines for rivers or reservoirs water. The 

groundwater in the deeper aquifers: middle and lower Pleistocene, and Neogene aquifers has old age up to 22.5 ka BP. Its water 

seems to be recharged from the areas with an altitude from 600 to 700 m higher to the Neogene deposit layer altitude. The 

groundwater in the SE SP (South-Eastern Southern Plain) region has a high quality. The water type is Na-Ca-Mg-HCO3 with low 

content of chloride and TDS (Total Dissolved Solids). Calcite/dolomite and gypsum dissolution, organic matter decomposition and 

sequence of red-ox reactions proceeding through different electron acceptors sediment were controlled the chemistry of the 

groundwater in the study region. 

 

Key words: Water isotopic composition, 14C-dating, groundwater, South-Eastern Southern Plain region, Vietnam. 

 

1. Introduction
1
 

There were two contrary hypotheses on the genesis 

of groundwater resource in the SP (Southern Plain). 

Based on the results of a study conducted during the 

1980’s, Cuong, N. K. [1] and his co-workers 

concluded that the artesian groundwater in the SP is 

paleo-type, being closely-buried since the Plain was 

formed and this water has no recharge. However, there 

was another hypothesis that the origin of groundwater 

in the SP was recharged from the precipitation and 

surface sources with a very slow rate [2]. 

                                                           
Corresponding author: Chau Tran Vinh, master, research 

field: hydrogeology.  

There was a study on groundwater in the Mekong 

River Delta, the western region of the SP, using stable 

water isotopes and dating the water by the radiocarbon 

method to determine possible recharge areas to 

aquifers in this region. The results of the study 

indicate that groundwater in the study area is 

recharged from areas at an altitude of around 170 m 

above the mean sea level. The recharge areas could be 

the northeast highland, i.e. the Highland Plateau 

and/or the Cambodian territory [3]. 

The aim of this study is to investigate in details the 

origin and quality of groundwater from the most 

important aquifers in the northeast region of the SP. 

D 
DAVID  PUBLISHING 
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The techniques used in this study include the 

determination of water stable isotopic compositions 

(2
H and 18

O) and chemical compositions in different 

sources of water, namely local precipitation, rivers 

water and groundwater. Water stable isotopic content in 

conjunction with water ionic content can be used to 

identify the groundwater origin, evaporation, 

stalinization, desalination and mixing processes that 

affect water bodies [4]. In addition, the use of 

radioactive isotopes of minerals dissolved in water, e.g. 
14

C in the TDIC (Total Dissolved Inorganic Carbon) to 

date groundwater samples, could offer an idea about 

the movement direction of groundwater and the 

interaction between aquifers in the study region [5].  

2. Study Site 

The study site was the northeast region of the 

Southern Plain of Vietnam which consists of Ho Chi 

Minh municipality and Tay Ninh, Binh Phuoc, Binh 

Duong, Dong Nai and Ba Ria-Vung Tau provinces. 

Nowadays, these areas are very actively developed in 

both agricultural and industrial activities. Water for 

domestic use and production is now extracted from 

groundwater from deep aquifers [6]. 

2.1 Climate in the Region 

The climate in the region is dominated by 

monsoons. The climate characteristics in this area are: 

The southwest monsoon usually continues in force 

until November, with rains occurring almost daily 

during this season [7]; Rainfall during the southwest 

monsoon is usually about 1,750 mm a year; 

Temperatures are high everywhere in the region 

during this season and usually are above 26 °C; 

During the period, November to March, the weather in 

the region is generally dry and relatively cool; The 

monthly average rainfall and temperature during the 

dry season is about 30 mm and 23-24 
o
C, respectively. 

2.2 Geology and Hydrogeology of the Region 

The entire SP is one of the 5 geologic structural 

blocks which created the terrestrial Vietnam. The 

northeast and northwest blocks are located in the 

northern part; Truong Son and Kon Tum blocks are in 

the central part; and SP block is in the southernmost 

part. The SP block was covered with a very thick (> 

6,000 m) sequence of Cenozoic formations deposited 

in a continental drift. A hydrogeological cross-section 

drawn across the transect II-II of the SENB 

(Southeastern of Nam Bo Plain) region is depicted in 

Figs. 1a and 1b.  

During the Mesozoic, many such graben structures 

were formed and become basins for sedimentation [8, 

9]. The Neogene and upper Paleogene are the main 

deposits found in the SP geologic block and they 

belong to the deltaic and marine sediment while 

basalts are found in the SE SP (South-Eastern 

Southern Plain) region. Table 1 shows the geological 

characteristics and aquifers of the entire SP and the SE 

SP region [10, 11]. 

2.3 Hydrology  

The hydrologic regime of the SE region is dominated 

by the Sai Gon-Dong Nai River system (Fig. 1c). The 

Dong Nai mainstream has a length of 628 kilometers 

and it creates a 37,500 km
2
 basin. The total reservoir 

storage capacity in the Dong Nai River basin is 5.1 

billion m
3 

[12]. The Sai Gon River basin has an area of 

4,500 km
2
 in which the water storage capacity was 

estimated to be around 6 MCMs (Million Cubic Meters) 

[11]. 

The largest irrigation system in the Sai Gon-Dong 

Nai River basin is the Dau Tieng irrigation scheme on 

the Sai Gon River that was completed in 1985. The Dau 

Tieng reservoir has an effective live storage of 1.1 

billion m
3
 and a maximum surface area of 27,000 ha. 

Its volume is 105 million m
3
 to supply water for 

irrigation and clean water in the Tay Ninh province and 

Ho Chi Minh city. The lake also contributes to pushing 

back the salinity because it frequently discharges water 

to the downstream of Sai Gon River with the discharge 

of 20 m
3
/s. 
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Fig. 1a  Diagram of across sections of the Southern Plain.  
 

 
Fig. 1b  A cross-section II-II of the aquifers of the Southern Plain. 
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Table 1  Geological characteristics and aquifers in the SP and SE SP region.  

Stratigraphy System Age Symbol
Absolute dating 

(Million years ago)
Aquifer Thickness (m) Lithology 

Kainozoi 

Quaternary 

Holocen 

Upper 
Q2

3 
0.002 

qh 2-25 
Flour, fine sand clay, 

plant humus 

Q2
2-3 

Middle 0.006 

Q2
1-2 

Lower 0.01 

Pleistocen 

Upper 
Q1

3 
0.125 

qp3 21-44 
Sand, pebble, gravel and 

clay powder 

Q1
2-3 qp2-3 30-60 

Pebble, gravel, sand and 

clay Middle 0.7 

Lower Q1
1 1.8 qp1 22-60 Sand, pebble and gravel

Neogen 

Pliocen 

Upper N2
3 2.58    

Middle N2
2 3.6 n2

2 35-78 
Fine sand and pebble, 

sand and clay powder 

Lower N2
1 5.33 n2

1 56-85 

Sand, pebble, gravel, 

sand mixed with clay 

powder 

Miocen 

Upper 
N1

3 11 n1
3 45-90 

Pebble, gravel, sand 

mixed with pebble, fine 

sand 

N1
2-3 16.4 n1

2-3 190-196 
Fine sand, weakly 

attached medium sand Middle 

Lower N1
1 23.8    

 

 
Fig. 1c  Map of Dong Nai-Sai Gon River basin.  
 

3. Methods 

3.1 Sampling Locations and Sampling Procedure 

Fig. 1d depicts a map of sampling locations. Totally, 

39 groundwater samples were sampled in the dry 

season (Mar. 2015) and rainy season (Aug. 2016) for 

this study. The samples were taken from 7 aquifers: 

Holocene (he), upper Pleistocene (qp3), middle 

Pleistocene (qp2-3), lower Pleistocene (qp1), upper 

Pliocene (n2
2
), middle Pliocene (n2

1
) and Miocene (n1

3
). 
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Fig. 1d  Isotopic sampling sites in the South East region. 
 

The water level of the aquifers in each sampling 

location was measured using an automatic logger 

(Solite, Canada). Five borehole volumes were flushed 

before taking the samples. A flow cell equipped with 

probes for pH and EC (Electrical Conductivity) was 

mounted directly on the sampling tube. During 

flushing, the EC, pH and temperature were determined 

after each emptied borehole volume to ensure that 

stable values were obtained. The measurements were 

carried out with a WTW Multi197i multi-purpose 

instrument using a WTW Tetracon 96 EC probe, a 

WTW SenTix 41 pH electrode.  

Alkalinity was determined shortly after sampling by 

the Gran-titration method [13]. DIC (Dissolved 

Inorganic Carbon) is used to determine the content of 
13

C and 
14

C needed for the radiocarbon dating of 

groundwater. DIC was precipitated in the form of 

BaCO3 from around 100 liters of groundwater at pH 

10 using saturated BaCl2 solution. Ferrous ion 

concentration (Fe
2+

) in water samples was determined 

by colorimetry using a HachDR/2010 instrument and 

Ferrozine method [14]. 

Around 100 mL of groundwater of each sample was 

first filtered through 0.45 m mesh filters to remove 

suspended matters then split into two parts. One part 

was acidified with HNO3 (65%, PA grade, Merck, 

Germany) to a pH of about 1-2. These samples will be 

used to analize the cations NH4
+
, Na

+
, K

+
, Ca

2+
 and 

Mg
2+

. The remaining part was kept without 

acidification for Cl
-
, NO3

-
 and SO4

2-
 analysis. All the 

samples were refrigerated until analysis in the 

laboratory. 

Rain water was collected on a monthly basis for the 

2015 and 2016 using a device constructed following 

an IAEA (International Atomic Energy Agency) 

recommendation [15]. The device was installed at the 

roof of the premises of the Dau Tieng Reservoir 

Management Office. Surface water from the Dau 

Tieng, Tri An reservoirs, from Sai Gon and Dong Nai 

rivers was also sampled on a monthly basis in the 
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same day when the rain water was collected. The 

surface water sample was taken at 0.5 m depth from 

the surface and around 2 m from the bank of the 

reservoirs and rivers. Rain water, surface water and 

groundwater samples for the stable isotopic 

composition determination were stored in HDPE 

(High-Density Polyethylene) bottles of 50 mL 

capacity with double caps. 

For the tritium determination, one liter of surface 

water and groundwater in the Holocene and upper 

Pleistocene aquifers was sampled into HDPE bottle 

with a tight cap to avoid the isotopic exchange with 

the atmospheric moisture. The samples were 

transferred to the laboratory in Hanoi for further 

treatment and measurement for tritium activity. 

3.2 Sample Treatment in the Laboratory and 

Analytical Procedure 

The ionic content of water samples was quantified 

by ion chromatography using a Dionex 600 of the 

INST (Institute for Nuclear Science and Technology) 

in Hanoi. Stable isotopes (2
H, 18

O and 
13

C) were 

analyzed at the INST on an IR MS (Isotope Ratio 

Mass-Spectrometer, Micro Mass, JV, UK) equipped 

with an Elemental Analyzer (Eurovector, Italy). To 

determine deuterium composition in water, the 

samples were under pyrolysis on Ni-powder catalyst 

at 1,050 
o
C to form hydrogen, followed by a 

purification on a chromatographic column before 

entering the ion source of the IR MS. The water 

oxygen was first converted into CO2 gas by 

decomposing the water samples on glassy carbon at 

1,250 
o
C, followed by a chromatographic purification 

of CO2 gas before its entering the ion source of the IR 

MS. 

Upon the arrival to the laboratory, the Barium 

carbonates were carefully washed off with hot 

deionized water to remove the alkaline excesses then 

dried under a vacuum. The dried carbonate samples 

with an amount of around 100 mg were then wrapped 

in tin capsules and subject to decomposing at 1,250 
o
C 

on the CuO2 catalyst in the Elemental Analyzer. The 

formed CO2 was then allowed passing through a 

chromatographic column to remove any contaminant 

before entering the ion source of the IR MS for the 
13

C 

content determination. The water stable isotopic 

composition and 
13

C content in DIC was expressed in 

the delta notation as Eqs. (1)-(3). ߜଶܪ ൌ ቆோమಹ,ೞೌோమಹ,ೞ െ 1ቇ x1000      (1) 

ଵ଼ܱߜ ൌ ቆோభఴೀ,ೞೌோభఴೀ,ೞ െ 1ቇ x 1000     (2) 

ܥଵଷߜ ൌ ቆோభయ,ೞೌோభయ,ೞ െ 1ቇ x 1000    (3) 

where  ܴଶಹ,ೞೌ , ܴଶಹ,ೞ , ܴଵ଼ೀ,ೞೌ , ܴଵ଼ೀ,ೞ , ܴଵଷ,ೞೌ  and ܴଵଷ,ೞ  are the isotopic ratios of 
2
H/

1
H, 

18
O/

16
O, 

13
C/

12
C of samples and standards, 

respectively. The value of delta notation is expressed 

in per mil (‰). The standard used in the analyses of 

water stable isotopes is VSMOW (Vienna Standard of 

Mean Ocean Water), but that for 
13

C in DIC is VPDB 

(Vienna Pee Dee Belemnite) [16]. 

The precision of 2
H was better than ± 2‰ and that 

of 18
O and 

13
C was ± 0.2‰. A quality assurance and 

quality control program was applied for the ionic 

content determination by analyzing standard solutions 

supplied by the IC (Ion Chromatography) supplier. 

The standard deviation of the analytical results was 

better than ± 5% from the certified value for 

respective constituent.  

For the tritium measurement, the water samples 

were first subject to distillation to remove the minerals 

dissolved till the EC was less than 10 S·cm
-1

. Around 

500 mL of the distilled water samples were then 

subject to the electrolytic enrichment for tritium at 4 
o
C till around 10 mL was attained [17, 18]. The 

tritium enriched water samples were purified and then 

mixed with low tritium Ultimagold scintillation 

cocktail (HP Supplier) in vials of 20 mL capacity to 

count for the 
3
H activity on a low background HP 

Liquid Scintillation Counter TriCarb TR 3700. The 
3
H 

activity in water samples was expressed in the TU 
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(Tritium Unit, 1 TU = 0.118 Bq·L
-1

). The limit of 

detection for 
3
H by the procedure was estimated to be 

as high as 0.4 TU. The accuracy of the determination 

was checked by the participation in the 

intercomparison exercises of the TRI-2004 and 

TRI-2008, organized by the IAEA Isotope Hydrology 

Section in the years of 2004 and 2008 [19, 20]. 

The 
14

C analysis was conducted in the Center for 

Nuclear Techniques in Ho Chi Minh city. There the 

BaCO3 was decomposed with the concentrated H3PO4 

(PA grade, Merck supplier) to get CO2 for further 

benzene synthesis [21-24]. The benzene obtained was 

mixed with Ultimagold scintillation cocktail (HP 

Supplier) and then counted for the 
14

C activity on the 

HP LSC TriCarb TR 3770. The 
14

C content in samples 

was expressed in PMC (Percent of Modern Carbon). 

This is a relative measurement of 
14

C activity in 

samples and those in a standard supplied by the NIST 

(National Institute of Standards and Technology, 

USA). The 
14

C NIST standard used in this study was 

oxalic acid II (ox-II), made from French beet molasses 

planted in 1977 [25]. 

3.3 Groundwater Transit Time (the Age) Estimation 

Age of groundwater is defined as the transit time 

between the area receiving recharged infiltration and 

the outlet point from an aquifer [26]. The aim of the 

age determination is to evaluate the flow direction of 

water in an aquifer. The groundwater age calculation 

was made based on the data of 
14

C activity and13
C in 

the DIC. The principle of the 
14

C-dating method was 

the law of radioactive decay and in the case of dating 

for groundwater. It was expressed by the Eq. (4). ݐଵସ ൌ 8268݈݊ బభరభర ೞೌ x ሺa BPሻ     (4) 

where 
14

t denotes the age, in years before present (a 

BP) of a groundwater sample estimated by the 
14

C 

activity in DIC; the number 8268 is the quotient of the 

half live of 
14

C-isotope (5,730 a) to ln2;  is the 

initial content of 
14

C in DIC before entering the 

saturated zone (PMC), and  is the 
14

C 

content (PMC) in DIC of the sample. 

The estimation of the age of groundwater by the Eq. 

(4) requires corrections for the  because before 

entering the saturated zone, carbon in the bicarbonate 

would participate in the isotopic exchange with carbon 

in the biogenic CO2 released from the plant root 

respiration on one hand, and there a new portion of 

bicarbonate could be formed due to the oxidation of 

organic matters or dissolution of inorganic carbonates 

presented in the unsaturated zone, on the other hand. 

All these processes could modify the value of . 

The correction of an isotope mixing model referred to 

as complete exchange with CO2 in the unsaturated 

zone proposed by Gonfiantini, R. [16, 27] for a closed 

system was applied as Eq. (5). ܽଵସ ൌ ఋభయವି ఋభయఋభయೀమ,ೝି ఋభయା ఌೀమ/ವ    (5) 

where 13
CDIC, 13

Ccc and 13
Corg are the content of 

13
C, respectively, in dissolved inorganic carbon in a 

water sample, in calcareous materials and in biogenic 

dioxide originated from the decomposition of organic 

matters;  is the fractionation coefficient for 
13

C in the isotopic exchange reaction between carbon 

dioxide and DIC and is temperature dependent [4, 28]. ߝைమ/ூ ൌ ቀെ ଽସ଼ଷ்  23.89ቁ ‰    (6) 

where T is the temperature of water sample in Kelvin. 

In the study area, the13
Ccc was found to be 

ranging from 1‰ to 2‰ and the average value of 1.5‰ 

was taken in the correction for the . The 

 in Eq. (5) was taken as high as -23‰ as it 

is characterized for carbon dioxide generated from the 

C-3 plants in the tropical areas. Detail for the 

procedure of  calculation could be found in 

Fontes, J. C. and Garnier, J. M. [29, 30]. The data of 

the 
3
H activity were used just to confirm whether the 

study water sample was old or modern. 

4. Results 

Concentration of major ionic constituents of 

0

in

14 a

sample

14 a

0

in

14a

0

in

14a

DICcc /

0

in

14 a

orgCOC
,2

13

0

in

14 a
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groundwater samples taken in Mar. 2015 (DS, dry 

season) and in Aug. 2016 (RS, rainy season) from the 

Holocene, Pleistocene and Neogene aquifers in the SE 

SP region were presented in Table 1 along with the 

sampling locations. The isotopic composition of 

deuterium (2
H), oxygen-18 (18

O) as well as tritium 

activity in water, and the content of 
13

C and 
14

C in 

DIC were presented in Table 2.  

As seen from Tables 2 and 3, the deviation of the 

results for the RS is not exceeded 5-7% compared to 

those collected in the DS. Therefore, for more 

convenient discussion, the results presented in Figs. 

2-9 will represent for the dry season only. 

4.1 Isotopic Composition of Water in the Aquifers  

As seen from Table 2, the tritium activity in 

groundwater from the upper Pleistocene aquifer was 

comparable with those in surface water ranging from 

1.0 to 2.0 TU (Table 2). However, the tritium content 

in groundwater from the middle and lower Pleistocene, 

and Neogene aquifers was lower than 1 TU, being the 

level of tritium originated from the reaction of the 

cosmic neutron with nitrogen in the soil [31]. Water in 

the lower Neogene aquifer contains a tritium 

concentration around the detection limit of 0.4 TU of 

the determination technique.  
 

Table 2  The isotopic composition of groundwater in the aquifer of the Southeast region (dry season). 

No Number of works Y (m) X (m) Aquifer δ18O δ2H 3H δ13CPDB (‰) PMC (%) 

1 Q00102AM1 1,252,160 644,840 qp3 -6.09 ± 0.08 -40.4 ± 1.4 1.73 ± 0.46 -14.82 ± 0.22 101.55 ± 1.97

2 Q00102F 1,238,343 625,335 qp3 -6.54 ± 0.06 -40.9 ± 1.2 1.26 ± 0.12 -13.61 ± 0.21 102.71 ± 1.83

3 Q023020M1 1,219,729 648,145 qp3 -6.26 ± 0.05 -39.2 ± 1.1 1.02 ± 0.46 -12.91 ± 0.28 103.2 ± 1.12

4 Q02304TM1 1,219,729 648,145 qp1 -7.18 ± 0.1 -46.3 ± 1.1 0.13 ± 0.22 -18.57 ± 0.27 84.7 ± 1.3 

5 Q02304ZM1 1,219,729 648,145 n2
1 -7.45 ± 0.08 -49.6 ± 1.2 0.34 ± 0.2 -20.09 ± 0.31 47.76 ± 2.56

6 Q023050M1 1,219,729 648,145 n1
3 -7.61 ± 0.11 -50 ± 1.1 0.11 ± 0.34 -21.85 ± 0.31 44.08 ± 2.3 

7 Q09902B 1,220,156 666,294 qp3 -6.72 ± 0.1 -42.9 ± 1.5 1.07 ± 0.12 -15.45 ± 0.26 99.07 ± 1.97

8 Q22002Z 1,282,519 607,650 qp2-3 -6.48 ± 0.12 -43.7 ± 1.2 1.19 ± 0.31 -16.03 ± 0.31 111.52 ± 1.89

9 Q220040M1 1,282,534 607,647 qp1 -6.85 ± 0.07 -44.7 ± 1 0.83 ± 0.34 -23.33 ± 0.42 96.92 ± 1.21

10 Q220050M1 1,282,538 607,646 n2
1 -7.81 ± 0.11 -52.8 ± 0.9 0.16 ± 0.31 -19.22 ± 0.3 44.43 ± 2.76

11 Q221020 1,250,383 618,306 qp3 -6.24 ± 0.09 -41.7 ± 1.2 1.68 ± 0.22 -18.5 ± 0.38 100.78 ± 2.07

12 Q22104T 1,250,380 618,299 qp1 -7.48 ± 0.12 -50.1 ± 1.5 0.33 ± 0.22 -17.74 ± 0.34 87.24 ± 1.05

13 Q22104Z 1,250,381 618,293 n2
2 -7.68 ± 0.09 -51.9 ± 1.3 -0.32 ± 0.23 -16.45 ± 0.31 43.32 ± 2.52

14 Q222020 1,245,779 604,715 qp3 -6.93 ± 0.14 -44.1 ± 0.8 0.96 ± 0.21 -12.72 ± 0.3 102.59 ± 1.82

15 Q222040 1,245,789 604,715 n2
2 -7.42 ± 0.11 -47.1 ± 1.4 0.05 ± 0.21 -17.3 ± 0.33 5.93 ± 1.43 

16 Q222050 1,245,795 604,714 n1
3 -7.08 ± 0.13 -45.5 ± 1.3 0.69 ± 0.29 -18.93 ± 0.25 95.71 ± 1.06

17 Q222030 1,245,787 604,714 qp2-3 -6.87 ± 0.08 -44 ± 1.2 0.84 ± 0.26 -13.19 ± 0.34 96.05 ± 1.22

18 Q224020 1,228,842 676,587 qp2-3 -6.6 ± 0.14 -43.2 ± 1.3 1.79 ± 0.12 -14.57 ± 0.25 105.04 ± 1.37

19 Q22404T 1,228,847 676,586 n2
2 -7.24 ± 0.11 -46.6 ± 1.1 0.37 ± 0.31 -21.07 ± 0.4 90.4 ± 1.29 

20 Q804020 1,215,192 664,143 qp3 -6.69 ± 0.12 -39.2 ± 1.3 1.28 ± 0.18 -6.3 ± 0.4 109.85 ± 3.7

21 Q80404T 1,215,188 664,143 n2
2 -6.81 ± 0.09 -45 ± 1.5 0.25 ± 0.27 -20.34 ± 0.27 74.01 ± 2.19

22 Q80404ZM1 1,215,188 664,143 n2
1 -7.24 ± 0.12 -48.6 ± 3.4 -0.11 ± 0.12 -20.45 ± 0.24 34.06 ± 2.53

23 Q00202B 1,214,366 679,494 qp2-3 -6.74 ± 0.08 -47.1 ± 0.8 0.9 ± 0.1 -15.79 ± 0.3 95.88 ± 1.02

24 Q00204A 1,214,360 679,461 qp1 -6.76 ± 0.13 -46.9 ± 1.3 0.13 ± 0.28 -20.27 ± 0.52 87.72 ± 1.21

25 Q017030M1 1,203,494 679,968 qp1 -6.7 ± 0.11 -44.8 ± 0.8 0.24 ± 0.19 -15.92 ± 0.27 90.07 ± 1.02

26 Q003340 1,200,775 670,715 qp2-3 -6.86 ± 0.09 -43.3 ± 1.3 0.39 ± 0.18 -19.29 ± 0.34 92.35 ± 0.83

27 KT1-A 1,239,796 659,608 n2
2 -6.8 ± 0.13 -47.3 ± 1.2 0.42 ± 0.14 -19.03 ± 0.4 88.7 ± 0.95 

28 KT1-B 1,239,796 659,608 qp2-3 -6.09 ± 0.06 -39.9 ± 1 0.92 ± 0.15 -12.68 ± 0.28 98.05 ± 1.91

29 KT9-1-A 1,240,146 659,375 qp1 -6.78 ± 0.08 -45.1 ± 1.2 0.81 ± 0.28 -16.76 ± 0.28 97.85 ± 1.69

*δ13CPDB (‰): Deviation of isotopic δ13C in comparison with calcareous samples of the Pee-Dee-Belemnite Formation (CPDB) in 

South Carolina (USA). 
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Table 3  The isotopic composition of groundwater in the aquifers of the Southeast region (rainy season). 

No Number of works X (m) Y (m) Aquifer δ18O δ2H 3H δ13CVPDB (‰) PMC (%) 

1 Q00102AM1 1,252,160 644,840 qp3 -5.81 ± 0.07 -42.2 ± 1.1 0.93 ± 0.22 -12.09 ± 0.43 109.14 ± 2.03

2 Q00102F 1,238,343 625,335 qp3 -6.41 ± 0.14 -43.9 ± 1.3 1.02 ± 0.32 -11.39 ± 0.28 101.54 ± 1.82

3 Q023020M1 1,219,729 648,145 qp3 -6.3 ± 0.1 -39.7 ± 1.2 0.79 ± 0.11 -13.31 ± 0.34 106.11 ± 1.14

4 Q02304TM1 1,219,729 648,145 qp1 -7.11 ± 0.13 -47.7 ± 1.5 -0.12 ± 0.18 -19.63 ± 0.41 85.18 ± 1.32

5 Q02304ZM1 1,219,729 648,145 n2
1 -7.44 ± 0.08 -48.4 ± 1.1 -0.58 ± 0.18 -20.41 ± 0.52 48.22 ± 1.1 

6 Q023050M1 1,219,729 648,145 n1
3 -7.51 ± 0.09 -49.1 ± 1.2 0.06 ± 0.24 -22.17 ± 0.29 44.62 ± 1.16

7 Q09902B 1,220,156 666,294 qp3 -6.78 ± 0.13 -44.2 ± 0.8 1.18 ± 0.22 -13.66 ± 0.47 103.07 ± 2 

8 Q22002Z 1,282,519 607,650 qp2-3 -6.9 ± 0.1 -45.1 ± 1.5 0.88 ± 0.18 -16.5 ± 0.24 103.42 ± 1.84

9 Q220040M1 1,282,534 607,647 qp1 -7 ± 0.11 -45.5 ± 0.9 0.55 ± 0.24 -19.89 ± 0.37 95.69 ± 1.2 

10 Q220050M1 1,282,538 607,646 n2
1 -7.72 ± 0.12 -51.6 ± 0.9 -0.05 ± 0.23 -18.89 ± 0.41 45.21 ± 1.28

11 Q221020 1,250,383 618,306 qp3 -6.34 ± 0.09 -40.4 ± 1.5 1.24 ± 0.18 -19.23 ± 0.27 102.07 ± 2.08

12 Q22104T 1,250,380 618,299 qp1 -7.31 ± 0.1 -49.1 ± 1.2 0.14 ± 0.21 -19.64 ± 0.49 86.58 ± 1.5 

13 Q22104Z 1,250,381 618,293 n2
2 -7.71 ± 0.15 -51.5 ± 1.1 0.02 ± 0.18 -21.07 ± 0.33 42.8 ± 1.16 

14 Q222020 1,245,779 604,715 qp3 -6.76 ± 0.07 -46 ± 1.4 1.21 ± 0.13 -10.71 ± 0.38 105.05 ± 1.83

15 Q222040 1,245,789 604,715 n2
2 -7.62 ± 0.13 -49.9 ± 1.1 -0.15 ± 0.29 -13.51 ± 0.42 6.13 ± 0.86 

16 Q222050 1,245,795 604,714 n1
3 -7.14 ± 0.1 -44.2 ± 1.1 0.13 ± 0.19 -20.11 ± 0.34 90.24 ± 0.69

17 Q222030 1,245,787 604,714 qp2-3 -7.02 ± 0.15 -45.4 ± 1 0.95 ± 0.13 -11.48 ± 0.51 98.24 ± 1.23

18 Q224020 1,228,842 676,587 qp2-3 -6.83 ± 0.14 -44.3 ± 1.4 1.06 ± 0.19 -14.14 ± 0.29 101.04 ± 1.35

19 Q22404T 1,228,847 676,586 n2
2 -7.13 ± 0.07 -46.7 ± 1.5 -0.19 ± 0.15 -20.73 ± 0.29 91.02 ± 1.29

20 Q804020 1,215,192 664,143 qp3 -6.18 ± 0.13 -38.4 ± 1.2 1.12 ± 0.24 -7.09 ± 0.33 101.93 ± 2.91

21 Q80404T 1,215,188 664,143 n2
2 -7.08 ± 0.08 -45.7 ± 1.4 0.17 ± 0.22 -19.8 ± 0.47 73.51 ± 2.87

22 Q80404ZM1 1,215,188 664,143 n2
1 -7.27 ± 0.12 -48.7 ± 0.9 0.07 ± 0.3 -22.11 ± 0.41 32.74 ± 1.82

23 Q00202B 1,214,366 679,494 qp2-3 -6.92 ± 0.09 -46.5 ± 1.1 1 ± 0.14 -15.02 ± 0.51 96.63 ± 1.32

24 Q00204A 1,214,360 679,461 qp1 -7.18 ± 0.11 -46.8 ± 1 0.25 ± 0.33 -18.93 ± 0.25 86.7 ± 1.08 

25 Q017030M1 1,203,494 679,968 qp1 -6.92 ± 0.07 -46.7 ± 1.4 0.11 ± 0.09 -17.01 ± 0.84 89.09 ± 1.34

26 Q003340 1,200,775 670,715 qp2-3 -6.54 ± 0.08 -43 ± 1.5 0.6 ± 0.21 -19.83 ± 0.34 92.84 ± 1.25

27 KT1-A 1,239,796 659,608 n2
2 -6.96 ± 0.1 -45.1 ± 1.4 0.31 ± 0.19 -17.74 ± 0.29 88.25 ± 1.26

28 KT1-B 1,239,796 659,608 qp2-3 -6.39 ± 0.07 -40.9 ± 1.2 0.58 ± 0.21 -11.73 ± 0.3 77.36 ± 5.97

29 KT9-1-A 1,240,146 659,375 qp1 -6.7 ± 0.09 -44 ± 1.5 0.66 ± 0.17 -18.04 ± 0.25 96.87 ± 2.01

30 LKC3-qp1 1,253,153 677,683 qp1 -4.76 ± 0.11 -37.6 ± 1.2 0.71 ± 0.16 -17.29 ± 0.38 98.05 ± 1.9 

31 LKC3-n22 1,253,153 677,683 n2
2 -5.41 ± 0.1 -39.1 ± 0.9 0.52 ± 0.19 -12.32 ± 0.3 96.77 ± 1.4 

 

This finding in association with the results of the 
14

C activity in DIC measurement for water in the 

upper Pleistocene aquifers (Table 2) reflected a fact 

that groundwater in these aquifers is modern and that 

it probably is continuously recharged from the surface 

water sources. In contrast, groundwater in the deeper 

aquifers did not receive recent recharge, therefore, it 

was of older ages, up to 22.5 ka (Table 2).  

Fig. 2a depicts the isotopic composition in all kinds 

of water: the local precipitation (RMWLRegional 

Meteoric Water Line), river’s water, water from 

reservoirs and groundwater from all the study aquifers 

that was determined during the DS (Mar. 2015) in the 

SENB region. Fig. 2b shows an extract of the Fig. 2a 

to demonstrate more clearly the position of the 

isotopic composition in groundwater in relation to the 

composition of the surface water. 

As seen from Fig. 2a, the line for the local 

precipitation (RMWL) follows a model described by 

Eq. (7). ߜଶܪ ൌ 6.71 x ߜଵ଼ܱ  4.96 ሺܴଶ ൌ 0.99ሻ (7) 

The slope and intercept of the RMWL in the SENB 

region (Eq. (7)) are somewhat differed from those of 

the Global Meteoric Water Line of, respectively, 8 and 

10 [32] due to the kinetic effect during the 

precipitation in the tropical regions where atmospheric 

temperature and humidity are usually high [5]. 

From Fig. 2b, the groundwater in the upper and 
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(a) (b) 

Fig. 2  The isotopic composition in all kinds of water with full scale (a) and an extract (b) from (a) for a more clearly 

demonstrating the position of isotopic content in groundwater samples in relation to the position of surface water. 
 

middle Pleistocene (qp3 and qp2
-3

) aquifers appears to 

be recharged from the surface sources, e.g. the local 

precipitation, from rivers or reservoirs because its 

isotopic composition was spread around the RMWL 

or the line of the surface water and it is modern by the 
14

C-age of around 104-105 PMC (Table 2). On the 

other hand, water in the rest aquifers (qp1, n2
2
, n2

1
 and 

n1
3
) seems to be paleo-water as its isotopic 

composition is deviated from those of the RMWL (Fig. 

2b) and its 
14

C-age was relatively old. Here, the 

paleo-water must be understood as groundwater 

having an elevated transit time (age), up to thousands 

years, but not like the definition made by Edmunds, W. 

M. [33] that paleo-water is the groundwater which is 

originated in the colder climatic conditions of the late 

Pleistocene. The 
14

C-age of groundwater in the qp2
2
, 

qp1, n2
2
, n2

1
 and n1

3
 aquifers in this study was found to 

range from 250 a (Q220040M1: qp1) to 22.5 ka 

(Q222040: qp2
2
) (Table 2). 

4.2 Chemistry of Groundwater  

Groundwater in all the studied aquifers is fresh, 

containing low concentrations of Cl
-
 (< 100 mg·L

-1
) 

and SO4
2-

 (< 80 mg·L
-1

), and low content of TDS 

(Total Dissolved Solids) (< 340 mg·L
-1

). Fig. 3 depicts 

the distribution of the major electron-donor and 

acceptor ions with the depth of aquifers. 

 

A calculation of the SI (Saturation Index) for calcite, 

dolomite and gypsum based on the pH and 

concentrations of Ca
2+

, Mg
2+

, HCO3
-
 and SO4

2-
 in the 

samples (Table 1) showed that at the prevailing 

temperature of 25-30 
o
C in the aquifers, the three 

minerals are dissolving, as the SIcc < 0 and Sidol < 0, 

SIgyp < 0 (results not shown here).  

The chemical types of water in the study aquifers 

were identified by construction of Piper diagram 

based on the content of major cations of Na
+
, K

+
, Ca

2+
, 

Mg
2+

 and anions of Cl
-
, HCO3

-
 and SO4

2-
 in water. 

The diagram was presented in Fig. 4 representing for 

the Na-Ca-HCO3 fresh water type for all the studied 

water samples. 

In the aquifers, the following chemical reactions 

could be expected. 

Decomposition of organic matters in the aquifers by 

enzymes: 

4CH2O + 2H2O  CH3COOH + 

HCOOH + 3H2 + CO2         (1) 

In the degradation (reaction (1)), nitrogen as one of 

the constituents of organic matters will be released as 

ammonia (NH4
+
). On the other hand, organic matters 

in the aquifer sediment will reduce Fe-oxide, and 

might be goethite and sulphate as reaction (2): 

CH2O + 6Fe(OH)2 + 7H
+
  6Fe

2+
 + 

 HCO3
-
 + 6H2O           (2) 
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(a)                          (b) 

  
(c)                               (d) 

Fig. 3  The distribution of major electron-donor (Fe2+) and acceptors (pH, SO4
2- and NO3

-) along the depth of aquifer. 
 

 
Fig. 4  A Piper diagram showing a Na-Ca-HCO3 fresh 

water type of groundwater in the SENB region.  

 

2CH2O + SO4
2-

  HS
-
 + 2HCO3

-
 + H

+
  (3) 

Ferrous ions formed in the reaction (2) could 

precipitate with sulfide from the reaction (3) in the 

form of pyrite (FeS2). Sulphate ions in the reaction (3) 

could be formed from the gypsum dissolution: 

CaSO4  Ca
2+

 + SO4
2- 

  (4) 

4.3 Flow Direction of Water in the Aquifers  

Figs. 5a and 5b depict the isolines of water 

hydraulic head measured for the lower Pleistocene 

(qp1) and upper Pliocene (n2
2
) aquifers, respectively. 

The difference of the hydraulic head indicates the 

direction of water flow within an aquifer as shown by 

the arrows in Figs. 5c and 5d for the respective 

aquifers in the SENB region. As seen that  

groundwater in the study region flows northerly towards 
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(a)                                                   (b) 

  
(c)                                                     (d) 

Fig. 5  Isolines of hydraulic heads for the lower Pleistocene (a, b) and upper Pliocene aquifers indicating the flow direction of 

groundwater in the respective aquifers which was confirmed by the 14C-isochrones for the respective aquifers (c) and (d). 
 

southerly and northeasterly towards southwesterly. 

5. Discussions 

5.1 Genesis of Groundwater Resources in the SE SP 

Region 

As can be seen from Fig. 2b, the groundwater in the 

Pleistocene and Neogene aquifers in the SE SP region 

seems to be of paleo-origin as it is isotopic 

compositions lying separately from the RMWL and 

line for water from rivers or lakes. The paleo concept 

in here must be understood that water has relatively 

long resident time, but not that water that was 

originated from the Latest Glacial Maximum as it was 

mentioned early. The 
14

C-age of water in almost all 

the boreholes made into Pleistocene and Neogene 

aquifers was of about thousand years (Table 2), e.g. 

water in the borehole Q222040 made in the upper 

Pliocene aquifer has a 
14

C-age as old as 22.4 ka. 

Paleo-water was characterized by a line parallel to the 

meteoric water line and as farer the position of this 

line relative to the RMWL the older age of water is [5, 

26]. 

In contrast, water in the upper Pleistocene and 

Holocene aquifers seems to be recharged from the 

local hydrological systems like Sai Gon-Dong Nai 

rivers or Dau Tieng reservoir. Water in the boreholes 

made into the Holocene or upper Pleistocene aquifers 

contains tritium activity that was comparable to those 

found in the local precipitation and in water of the 

reservoirs and it was modern by the 
14

C-age (Table 2). 

The upper Pleistocene was outcrop in many locations 

in the SE SP region at an altitude hight, so the 
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precipitation could easily percolate into the aquifers.  

A statistical treatment to compare means of the 

18
O signature in water in two adjacent aquifers using 

a non-parametric test, the Mann-Whitney test, showed 

that in the study region, the groundwater in aquifers 

was separated from each other, e.i. there is no 

inter-aquifer leakage as the difference of 18
O mean 

between two adjacent aquifers is significant, Z > 1.96, 

the critical value at a 5% limit. This allows to estimate 

the altitude of recharge areas for the aquifers based on 

an altitude gradient of -0.3‰ per 100 m height. 

Considering that the mean of 18
O in the local 

precipitation is 5.44‰ (Fig. 2a), and that in water in 

the lower Pleistocene aquifer is -7.00‰ and in the 

upper Pliocene aquifer is 7.49‰ (Table 2), the 

recharge area for the qp1 aquifer is estimated at about 

520 m and that for the n2
2
 aquifer at about 680-700 m 

higher than the altitude of the respective aquifers.  

5.2 Degradation of Organic Matters and Chemistry of 

Groundwater in the SE SP Region  

The chemistry of the groundwater in the SE SP 

region is likely controlled by the organic matter 

degradation following a classical redox proceeding 

sequentially through different electron acceptors [34]. 

After the reduction of dissolved oxygen in the 

uppermost soil layer, nitrate becomes reduced (Fig. 

3b). This is again followed by the reduction of 

Fe-oxides and sulfate (Figs. 3c and 3d). In this case, 

nitrate reduced in a soil layer of 5 to 10 m below the 

surface (bs), but afterwards, it again moved 

downwards and attained equilibrium at the depth of 

60-80 m (bs), with the concentration of around 20 

mg·L
-1

. The reason for this is still not clear, however, 

it was thought that in the deep aquifers, nitrate was 

resulted from the ammonia oxidation by sulphate. The 

presence of sulphate ions in the groundwater in this 

region where there was no marine deposit probably 

was the result of the gypsum dissolution (reaction (4)) 

as it was evident from Fig. 6 where it depicted a 

scatter plot of [Ca
2+

]-[SO4
2-

]. In this plot, the [Ca
2+

] is 

correlated with [SO4
2-

], r
2
 = 0.5 (n = 28) and in 

groundwater samples, the [Ca
2+

] is around 2 time 

higher than [SO4
2-

] suggesting the calcite dissolution 

is another source of calcium in the studied 

groundwater. 

Most of the groundwater samples in the study 

region are acidic with a pH ranging around 5-6, not 

following any trend in relation to the depth of aquifers 

(Fig. 3a). Geology of the region (Fig. 1b) showed that 

the aquifers deposit consists mostly of sand containing 

disseminated fragments of organic materials. The 

main crop in this region is rubber and the local 

farmers rarely fertilize the crop during the entire crops 

life. Apparently, the existence of ammonia and nitrate 

in the groundwater in the region does not imply the 

source of the nutrients is an anthropogenic rather than 

a natural one. Nitrogen compounds contained in 

natural organic matter and upon decomposition is 

released as ammonia to the groundwater. The 

degradation of organic matter will cause pH in water 

to decrease (reaction (1)) as observed in this case. 

Organic matter not only decomposes in aquifers but it 

also participates in the reduction of Fe-oxides and 

sulphate (reactions (2, 3)). Therefore, it could be 

expected that the concentration of ammonia in 

groundwater would increase with the increase of the 

concentration of [Fe
2+

] in water. A trend of the [Fe
2+

] 

vs. [NH4
+
] in groundwater in the SENB region is 

presented in Fig. 7. 

It is clear that the organic matter decomposition  

 
Fig. 6  A scatter plot of [Ca2+]-[SO4

2-] (r2 = 0.5, n = 28) 

showing the presence of sulphate ion in groundwater in the 

study region was a result of the gypsum dissolution 

(reaction (4)).  
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transit time of the groundwater in the region ranged 

from several hundred to several thousand years ago. 

The groundwater in the study region is considered 

clean with less than 300 mg·L
-1

 TDS and the 

chemistry of the water is controlled by the redox 

reactions proceeded from the organic matter 

decomposition.  

At present, the inter-aquifer leakage in the study 

region was not observed yet, however, it could be 

expected that the inter-aquifer leakage could happen 

in future due to the increasing abstraction rate of 

groundwater in this intensive industrializing region. 

Therefore, a proper policy for groundwater resource 

management needs to be developed for protecting the 

natural resource from the risk of pollution from the 

surface. 
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a b s t r a c t

This paper introduces a simplified distributed rainfall-runoff model based on the combination of a finite

element model with the US SCS method. Excess rainfall is estimated from rainfall, soil and land-use

properties according to the SCS. The approximation of river flow uses finite elements, while overland

and channel flows are simulated by one-dimensional kinematic wave equations. The finite element al-

gorithm for solving the one-dimensional kinematic wave equations is based on lumped schemes and a

third order RungeeKutta method. The proposed model is applied to estimate the flood flow in the Tra

Khuc River Basin. The obtained results show the promise of this method for practical application.

Copyright © 2017, Far Eastern Federal University, Kangnam University, Dalian University of Technology,

Kokushikan University. Production and hosting by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The need for tools that can simulate the influence of the spatial

distribution of rainfall and natural river basin properties on runoff

processes created interest in, and initiated the development of,

hydrodynamic rainfall-runoff models [1,6]. One of the basic as-

sumptions for such models regards the presence of a continuous

layer of water moving over the entire surface of the catchment.

Although observations show that such conditions are rare, the

assumption can be relaxed by considering the total flow to result

from many small plots draining into a fine network of small

channels.

The actual physical flow processes may be quite complicated,

but for practical purposes, the simplifications of a full hydrody-

namic model can be used. As a common way of getting reasonable

results, one-dimensional kinematic wave models [3,5,11] are often

selected. These can be solved by different methods.

Due to the flexibility of the finite element in simulation of

spatially variable parameters of the watershed, the finite element

method (FEM) is often applied for solution of one-dimensional

kinematic wave equations [2,6,7,11].

Application of FEM to one-dimensional kinematic wave equa-

tions raises several problems related to the stability of the solution

(numerical oscillation) due to non-symmetric first spatial deriva-

tive terms in the kinematic wave equations when using spatial

interpolation functions and a temporal approximation for a system

of ordinary differential equations.

One way to improve the stability and accuracy of the method is

through the choice of space interpolation functions. Blandford and

Meadows [3] introduced quadratic (one element and three nodes)

and cubic schemes (one element and four nodes) for finite element

simulation of kinematic surface runoff. Jaber and Mohtar [7] used

linear, lumped and upwind schemes for spatial approximation and

the enhanced explicit scheme for temporal discretization for a one-

dimensional kinematic wave solution. The result of this study

showed that the lumped scheme significantly improved the solu-

tion without any reduction in solution accuracy. The improvement

in the lumped scheme result is attributed to the sparse diagonal

matrix that eliminates numerical noise from off-diagonal terms.

They analysed the stability of the different schemes for equidistant

elements through Fourier analysis and numerical experiments and

concluded that the lumped scheme of the Galerkin finite element

method is most suitable for solution of one-dimensional kinematic

wave equations. The results of the study of Jaber andMohtar [7] are
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the scientific basis for selection of spatial interpolation functions

for development of the finite element one-dimensional kinematic

wave rainfall-runoff model.

Another way to develop the FEM rainfall-runoff model is in the

choice of the equations simulating the flow in the channel network

[6]. In this research, overland flow is simulated using a kinematic

wave model, and the finite-element formulation of variable width

and variable slope is used to solve the resulting equations. The flow

through the network of channels is simulated by solving the full

Saint-Venant equations, using the finite element method. The re-

sults of the research show the applicability of the proposed

formulation.

The FEM is a general and effective technique for transforming

partial differential equations into systems of ordinary differential

equations [9]. Application of FEM continues to be an interesting

subject for solving different types of hydrodynamic wave equations

[8,10].

A mountainous river basin with a steep slope is suitable for ki-

nematic wave simulation. During the typically brief flood interval,

the interaction between surface and underground flow can be

neglected and the base flow is assumed to be stable. The rainfall-

runoff simulation could thus be simply simulated by a coupling

method that integrates the SCS method for estimating the excess

rainfall and the finite element method for solution of the kinematic

wave equations simulating overland and channel flow routing

processes. A detailed description of this method is presented in the

following sections.

2. A finite element one-dimensional kinematic wave rainfall-

runoff model

2.1. Finite element kinematic wave model

2.1.1. The one-dimensional kinematic wave equation for overland

runoff and river flow simulation

One-dimensional kinematic wave equations are often used to

simulate the rainfall-runoff process in small and average-size river

basins with steep slopes. The one-dimensional kinematic wave

equations are normally written in the form of a continuity

equation:

vh

vt
þ
vq

vx
¼ rðx; tÞ (1)

and the equation of motion for overland and river flow is:

S0 ¼ Sf (2)

Using Manning's equation, unit-width flow (q) and flow depth

(h) in Equation (1) are related by the following equation:

q ¼ ahb (3)

where h ¼ flow depth (m); q ¼ unit-width flow for overland and

river flow (m2/s); r(x,t) ¼ excess rainfall rate (for overland flow in

m/s) or lateral flow (for river flow inm/s); a ¼ ðS
1=2
o =nÞ; b¼ 5/3; n is

Manning roughness coefficient (m1/3/s); So is the surface or bottom

slope, which equals the friction slope Sf for the kinematic wave

approximation; x ¼ spatial coordinate (m) and t ¼ time (s).

2.1.2. Finite element approximation of one-dimensional kinematic

wave equations

The principle of spatial discretization for the one-dimensional

kinematic wave model using the FEM method is dividing the

river basin into “strips” that represent flow direction on the surface

of the water flow [11]. Each strip is then divided into computational

elements based on the characteristics (e.g., slope) of the basin so

that (the slope of) each element is approximately homogeneous.

Dividing the watershed into “strips” based on flow direction allows

us simulate overland flow by one-dimensional kinematic wave

equations.

For each computational element, the variables h(x,t) and q(x,t)

are approximated in the form:

hðx; tÞzbh ¼
Xn

i¼1

NiðxÞhiðtÞ; qðx; tÞzbq ¼
Xn

i¼1

NiðxÞqiðtÞ (4)

where

- Ni(x) ¼ functions defined on a spatial interval (element).

- n ¼ number of nodes of spatial functions (for linear and lumped

schemes, (n ¼ 2)).

Galerkins residual FEM is based on the principle that the solu-

tion residuals should be orthogonal to a set of weighting functions:

Z

U

Xn

i¼1

�
dhi
dt

Ni þ qi
vNi

vx
� ri

�
Nidx ¼ 0 (5)

The approximation equation (Eq. (4)) combined with the inte-

gral equation (Eq. (5)) transforms the partial differential equation

(Eq. (1)) into a system of ordinary differential equations, which for

each element (Eq. (5)) takes the form:

AðeÞdh

dt
þ BðeÞq� fðeÞ ¼ 0 (6)

For the linear scheme, the spatial interpolation functions can be

defined as N1ðxÞ ¼ 1� y and N2ðxÞ ¼ y, where y¼ x/l; l is the length

of the element.

In this case, the matrixes of Eq. (6) can be written as:

BðeÞ ¼
1

2

"
�1 1

�1 1

#
; AðeÞ ¼

2

6664

l

3

l

6

l

6

l

3

3

7775; fðeÞ ¼

2

6664

l

2

l

2

3

7775rðx; tÞ

The lumped scheme is based on the spatial interpolation func-

tions expressed in the forms [7]:

N*

j�1 ¼ 1� H

�
s�

l

2

�
;N*

j ¼ H

�
s�

l

2

�
; N*

j ¼ H

�
s�

l

2

�

The Heaviside function H(x) is defined as:

HðxÞ ¼ 0 if x<0

HðxÞ ¼ 1 if x � 0

where s ¼ distance from node j � 1; l is the length of the element.

The matrixes for the lumped scheme of Equation (6) can be

estimated in the form:

AðeÞ ¼
1

2

�
l 0
0 l

�

The matrix BðeÞ and vector fðeÞ remain the same as the linear

scheme.

For the entire domain containing the elements, Eq. (6) has the

form:
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A
dh

dt
þ Bq� f ¼ 0 (7)

For the lumped scheme, matrixes A, B and vector f for the entire

domain (strip or river channel) containing m elements can be

presented in the form:

Because matrix A is diagonal, matrix A¡1 is easy to define, and

the system of ordinary differential equations (Eq. (7)) can be

written in the form:

dh

dt
¼ А

�1f � А
�1

ВqðhÞ ¼ IðtÞ � OðhÞ (8)

where h ¼ vector of flow depth; q ¼ vector computed by Eq. (3),

I ¼ vector of input (excess rainfall rate for overland flow or lateral

flow of river flow as a function of time); O ¼ vector of output (unit-

width flow q is a function of flow depth h).

The solution for the unknown vector flow depth h of Eq. (8) can

be solved by the third order RungeeKutta method [5]:

Dh1 ¼
�
I
�
tj
	
� O

�
hj

		
Dt

Dh2 ¼

�
I

�
tj þ

Dt

3

�
� O

�
hj þ

Dh1

3

��
Dt

Dh3 ¼

�
I

�
tj þ

2Dt

3

�
� O

�
hj þ

2Dh2

3

��
Dt

A ¼

2

666666666666666666666666666666666666666666666664

l1
2

0 0 0 0 : : : 0 0

0
l1
2
þ
l2
2

0 0 0 : : : 0 0

0 0
l2
2
þ
l3
2

0 0 0 : : 0 0

0 0 0
l3
2
þ
l4
2

0 0 0 : : 0

0 0 0 0
l4
2
þ
l5
2

0 0 : : 0

0 0 0 0 0
l5
2
þ
l6
2

0 : : 0

: : : : : : : : : :

0 0 0 : : 0 0
lm�2

2
þ
lm�1

2
0 0

0 0 0 0 : : 0 0
lm�1

2
þ
lm
2

0

0 0 0 0 : : 0 0 0
lm
2

3

777777777777777777777777777777777777777777777775

B¼

2

6666666666666666666666666666666666666666666664

�
1

2

1

2
0 0 0 : : : 0 0

�
1

2
0

1

2
0 0 : : : 0 0

0 �
1

2
0

1

2
0 0 : : 0 0

0 0 �
1

2
0

1

2
0 0 : : 0

0 0 0 �
1

2
0

1

2
0 : : 0

: : : : : : : : : :

: : : : : : : : : :

0 0 : : 0 0 �
1

2
0

1

2
0

0 0 : : : 0 0 �
1

2
0

1

2

0 0 : : : 0 0 0 �
1

2

1

2

3

7777777777777777777777777777777777777777777775

f ¼

2

666666666666666666666666666666664

l1r1
2

l1r1
2

þ
l2r2
2

l2r2
2

þ
l3r3
2

,

,

,

lm�1rm�1

2
þ
lmrm
2

lmrm
2

3

777777777777777777777777777777775
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hjþ1 ¼ hjþ1 þ Dh

where Dh ¼ Dh1þ3Dh3

4 and the solution for q as a function of h is

obtained by Eq. (3).

2.2. US SCS method for estimating excess of rainfall

The U.S. Soil Conservation Service (US SCS) developed an

empirical relationship to estimate surface runoff from the estimates

of storm runoff that are obtained by the curve numbermethod. This

method has been successfully applied in many countries. The dis-

cussion relationship of the method is based on the assumption

following [4].

F=S ¼ Q=Pa (9)

where F is the actual retention of precipitation during a storm

(inches); S is the potential maximum retention (inches); Q is the

direct (surface) runoff (inches); and Pa is the rainfall after the start

of runoff, i.e.

Pa ¼ P� Ia (10)

where P is the total precipitation (inches); Ia is the initial abstrac-

tion (inches). By substituting (Pa-Q) for F and solving for Q, one

obtains

8
><

>:
Q ¼

ðP � IaÞ
2

ðP � IaÞ þ S
if P > Ia

Q ¼ 0 otherwise

(11)

To reduce the number of variables, the empirical relationship

Ia ¼ 0.2*S was adopted, which then gives the most familiar form of

the runoff equation

8
><

>:
Q ¼

ðP � 0:2SÞ2

P þ 0:8S
if P >0:2S

Q ¼ 0 otherwise

(12)

The retention parameter S is related to a curve number (CN)

CN ¼ 1000=ðSþ 10Þ (13)

The relationship of runoff to rainfall in the curve number is

better shown in graphical form, and CN can be estimated from the

table based on the Land use and Hydrologic Soil Group.

A flowchart of the finite element one-dimensional kinematic

wave rainfall-runoff model is illustrated in Fig. 1.

Fig. 1. The flowchart of the prosed rainfall-runoff model.

Table 1

The hydro-meteorological stations on the Tra Khuc River Basin.

Station Son Ha Gia Vuc Kon Plong Son Giang

Observation data Daily rainfall Hourly rainfall Daily rainfall Hourly rainfall and water discharge

Table 2

The number of catchments, river elements and surface elements of the Tra Khuc

River.

Catchments I II III IV V VI VII VIII IX

Strips (river elements) 3 8 6 6 6 3 3 3 1

Surface elements 8 27 32 31 24 9 11 6 2
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3. Application

3.1. Approximation river basin by elements

The Tra Khuc River Basin is in the Quang Ngai Province (Central

Part of Viet Nam). The drainage area of the river basin at Son Giang

station is approximately2440km2; the averageelevationof the river

basin is 695 m; the average slope of the basin is 22.8%. The hydro-

meteorological stations on the Tra Khuc River are summarized in

Table 1. The river basin is divided into the 9 sub-catchments, ac-

cording to 9 river reaches that describe the flow concentration

process of the entire the river basin. Each river reach is then divided

into sub-reaches (river elements). For each river element, the sur-

face catchment basin is divided into “strips” in the cross-flow

Fig. 2. Topographic map of Tra Khuc River Basin.
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direction. Each strip is then divided into computational elements

based on the characteristics of the catchments so that the slope of

each element is approximately homogeneous. The scheme for

approximating the Tra Khuc River by elements is illustrated in Fig. 3.

The entire Tra Khuc River Basin is approximated by 39 strips (39

river elements) with 150 river basin elements. A number of sub-

catchments, strips and elements are summarized in Table 2.

3.2. Input data

The characteristics of the elements are estimated from the

topographic map (Fig. 2). The river elements are characterized by

the slope, length and width of the channel. The surface elements

are defined by the average slope, length and average width of the

elements (Fig. 3).

Fig. 3. The element scheme for approximation of the Tra Khuc River Basin.
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The curve number for the median antecedent moisture condi-

tion AMC (II) for each element is determined from soil and land-use

maps with the assistance of GIS tools. The hourly rainfall data were

collected at only two stations, namely, Gia Vuc and Son Giang,

during the storm in 1998. The discharge data were recorded at the

Son Giang station in 1998. The Manning coefficients of the river

channel are determined in the range of 0.025e0.04. For surface

area, the Manning coefficient is estimated based on the land use

types [11]. An example of input data for surface elements of a strip

containing 6 elements is shown in Table 3.

4. Results

The results for the flood simulations of storms observed on 13/

XI/1998 and 19/XI/1998 are shown in Figs. 4 and 5, respectively.

Analysis of the preliminary research results shows that the

model can well simulate the concentration process of river flow.

The Nash criterion of simulation for the storm of 13/XI and 19/

XI is 70.1% and approximately 69%, respectively. The error of

peak flood and volume flow for the storm of 13/XI is 34.3% and

16.3%, respectively. Errors of the first and second peak in 19/XI

are 11.4% and 40.6%, respectively. The error of volume flow of

this storm is 6.8%. The results of the simulations for the two

storms show that the error of volume flow is negligible for both

storms. However, the proposed method has a drawback in peak

flow simulation. The reason for this limitation may result from a

lack of rainfall data and river cross-section data in the study

area. The results of the simulation will be improved if more

sources of data (field survey or remote sensing data) can be

used.

Table 3

The example of input data for surface elements of a strip containing 6 elements.

Element Number 1 2 3 4 5 6

Length of elements (l, m) 4200 3100 3200 5100 3100 2900

Average width of elements (b, m) 4939 7922 9936 10584 10168 7644

Slope of elements (So) m/m 0.1226 0.1367 0.1783 0.2558 0.3081 0.2764

Curve Number (CN) 45.0 45.0 46.2 51.8 54.4 55.1

Manning coeff. (n) 0.384 0.338 0.3278 0.3069 0.357 0.324

Fig. 4. Comparison of simulated and observed discharge at Son Giang station for the storm of 13/XI/1998.

Fig. 5. Comparison of simulated and observed discharge at Son Giang station for the storm of 19/XI/1998.
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5. Conclusions

A simplified distributed rainfall-runoff model was developed.

The model was based on application of the SCS method for

estimating excess rainfall, and a one-dimensional kinematic

wave equation was applied for simulating the overland and river

flow routing processes. The finite element algorithm is based on

lumped schemes, and the third order RungeeKutta method was

presented to solve the one-dimensional kinematic wave equa-

tions. The algorithm was stable without numerical oscillations.

The results of the study showed a promising applicability of this

method for hydrologic modelling. The proposed model allows

extending the range of application of the model to some

designed works, such as flood estimation for small hydropower

stations, drainage river basins, cases in which the flow data re-

cords are limited, flood warning and assessment of the hydro-

logic impact of land-use change studies.
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PREFACE

Lowlands are regions of low elevation, which are particularly vulnerable and 

susceptible to climatic, environmental changes and natural disasters. Actions 

are now required for the development of new technologies to protect and de-

velop lowland regions. To achieve this aim, it is necessary to draw on and to 

merge several research disciplines, such as geoenvironment engineering, water 

resources management, coastal engineering and city planning for the advance-

ment of lowlands.

The first International Symposium on Lowland Technology (ISLT) was held 

in 1998 and since then these international symposia have been held every two 

years. Earlier ten ISLT series were conducted in Japan [1998, 2000, 2002, 2006, 

2010, 2014], Bangkok (Thailand) [2004], Busan (Korea) [2008], Bali (Indonesia) 

[2012], Mangalore (India) 2016. The 11th series ISLT 2018 with theme “working 

globally, acting locally” was held at Thuyloi University, Vietnam, during 26-28th, 

September, 2018.

The main objective of the Symposium is to bring together researchers and en-

gineers working in lowland regions, from a broad range of disciplines, in order to 

present their research results, exchange information, facilitate networking, and to 

promote and advance technologies related to lowland development. 

This printed abstracts book and eProceedings of ISLT 2018 provide a written re-

cord of the synergy that already exists between these research disciplines. Selected 

papers of the Symposium will be published in the journal of Lowland Technology 

International (ISSN: 1344-9656) indexed in Elsevier Geobase, Compendex® & Ei 

Backfile and Scopus. 

        Editor Team

How to Cite

Author, A., Author, B. & Author, C. (2018). Title of paper. In: Nguyen Canh Thai &  

      Nguyen Cao Don (Eds), Proceedings of the International Symposium on Low  

        land Technology  2018, Hanoi, Vietnam. Construction Publishing House.
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ABSTRACT: Flash flood is one of the world’s deadliest natural disasters, usually as a result of intensive rainfall in 

mountainous river basins with steep slopes and poor soil structure. Flash flood and landslide warnings are still a big 

challenge even in developed countries. In recent years, the National Centre for Hydro-Meteorological Forecasting has 

applied the Flash Flood Guidance System (FFGs) for flash flood warning in Vietnam. This system has been developed 

by the Hydrologic Research Center (HRC) through the development project between the World Meteorological 

Organization (WMO) and the Mekong River Commission (MRC). The FFGs calculates the possibility of flash floods 

on small areas-based observation of rainfall, satellite rainfall estimates, soil moisture and other basin characteristics. 

The products of the FFGs have been used in flash flood warning in the Northern Mountainous Region and provided 

positive outcomes for disaster prevention and mitigation. 
 

SUB-THEME: Disaster Risk Management. 

 

KEYWORDS: Flash flood, heavy rain, natural disaster, FFGs, warning. 

 

 

INTRODUCTION 

 

The WMO defines that flash flood is “A flood of 

short duration with a relatively high peak discharge” 

(generally less than 6 hours). According to WMO (2008), 

105 out of 139 countries worldwide state that flash flood 

are one of the most important hazards. Flash flood is 

considered as one of the world’s deadliest natural 

disasters, because, on average these events kill 

approximately 5,000 people throughout the world, with 

the highest mortality rate (Jonkman 2005). However, 

flash floods are unpredictable natural phenomena which 

only could be warned and influenced by many factors. 

Flash flood often occurs in mountainous river basins 

which having favorable characteristics for formation 

such as heavy rain in short period of time, divided terrain, 

slope of basins and slope of rivers are high, especially in 

basins having steep slopes and the stability of the topsoil 

is weak due to strong weathering and low vegetation (Du 

et al. 2000). 

Flash floods often occur in the Northern 

Mountainous provinces, Vietnam. In recent decades, 

flash floods have occurred in small rivers with higher 

frequency. Particularly, in the last 2 years 2016-2017, 

many severe flash floods occurred in Lao Cai, Yen Bai, 

Son La provinces in July and August. This article 

presents some advantages when using the MRCFFG 

system for early risk warning in Mountainous Region of 

Northern Vietnam. 

 

CAUSES AND GENERATION MECHANISM OF 

FLASH FLOODS 

 

Causes of Flash Floods 
 

Floods are formed by combined effects of many 

factors. Important natural causes of flash flood include 

intense rainfall, mountainous terrain, soil saturation and 

so on (Konstantine et al. 2013). In general, the formation 

of flash flood are closely related to climatic conditions, 

rainfall intensity, terrain characteristics, human activities 

as well as drainage conditions: 

- Surface condition is favorable for erosion, and 

landslide (Du et al. 2000): In mountainous areas, river 
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networks are dense but having steep slopes greater than 

20% with short rivers, narrow valleys, and thin 

vegetation. At the beginning of rainy season or after a 

long time having no rain, ground is strongly weathered, 

and then when heavy rainfall occurs, the ground surface 

is susceptible to erosion, wash away which creates 

conditions for flash floods happening. 

- Heavy rain occurs in a short period of time: this is a 

direct reason, causing rapid impacts to floods, flash 

floods. Flash floods often occur in some places having 

strongly divided terrain, steep slopes and weak surface 

which is easy to erosion, collapse (Loganatham 1993). 

When heavy rain occurs or rain happens for several days 

in a small catchment, soil moisture will reach saturation 

level which is unlikely to absorb and combine with other 

adverse conditions such as steep slopes and weak 

vegetation due to the devastating effect, it facilitates the 

formation of surface runoff. The more water accumulates, 

the higher potential energy is. This creates high 

possibility for flash floods occurring. 

- Due to human activities in river basins: forest 

exploitation and deforestation causes a reduction of 

vegetation, lead to declining surface water storage 

capacity, thus creating good conditions for formation of 

large surface flows in a short period of time.  To be 

specific, people build urban areas, riverside 

constructions, which narrow down flood drainage 

capacity of river basins and obstruct flood flow. When 

heavy rain occurs, water level rises dramatically, the 

drainage capacity of the basins are poor, flows are 

blocked and flash floods occur. 

Generation Mechanism of Flash Floods 

Flash floods occur and mix solids. Flash floods 

happen and end very quickly. Due to big changes of 

surface associated with a large amount of rainfall occur 

in a short period of time, flood is formed when runoff 

excess permeability. Surface runoff is formed from 

rainfall after ground is saturated which is no longer to 

store any water. Runoff carries solids and flows downhill 

with rapid erosion and sedimentation. Gradually, floods 

is transformed into flash floods rapidly, create torrents 

with great kinetic energy. Due to negligible loss, total 

surface runoff and peak flood increases dramatically. 

Solid-liquid flow slide on the steep slope with a 

particularly high velocity which differ from normal flood 

in rivers and streams, causing strong noises when 

concentrating flood and having mass destruction. This 

leads to serious damage to downstream regions and 

destruction of basin surface. According to spatial extent, 

these areas arise, form and subject to flash floods can be 

classified as follows: 

- Floodplain areas: is in upstream of rivers having steep 

slopes, usually occupying 2/3 of catchment area. In here, 

processes of forming surface runoff, erosion, and soil 

erosion occur rapidly. Flooding occurs simultaneously 

but not yet strong. 

 

- Flood flash prone areas: in here, there are processes of 

erosion, landslide, swept away trees, flow obstruction. 

These areas cover a part of foot of slopes, foot of 

upstream river mountain, central of basins where slope 

of conductors are very large, confluence of many rivers 

and streams before flood flowing into valley or 

downstream. 

- Flash flood areas: is the strongest place of "sweeping" 

processes; erosion and landslides continue with high 

intensity at the head of valleys, deposition occurs 

strongly at the end of valleys before flash floods entering 

mainstreams. 

 

 

EARLY RISK WARNING IN MOUNTAINOUS 

REGIONS OF NORTHERN VIETNAM USING 

FLASH FLOOD GUIDANCE SYSTEM (FFGs) 

 

Introduction of Flash Flood Guidance System (FFGs) 

 

Flash flood warning based on Flash Flood Guidance 

value (from Flash Flood Guidance System-FFGs) has 

been designed and developed by the Hydrologic 

Research Center (HRC), San Diego, California, the 

United States. The FFGs was used worldwide. The main 

purposes of the FFGs are to provide real time 

information, amount of rainfall is needed for flash floods 

occurring in regards to flash flood threat in one specific 

area for forecasters and disaster management agencies. 

The FFGs provides a wide range of products to support 

the development for flash flood system by using rainfall 

from distant measurement such as from radar and 

satellite (IMHEN 2017). 

This system has been developed by the Hydrologic 

Research Center (HRC) through the development project 

between the World Meteorological Organization (WMO) 

and the Mekong River Commission (MRC). The 

MRCFFG system provides products needed to support 

flash flood warning through the usage of estimated 

rainfall from satellite imagery, radar and the Weather 

and Research Forecast model (WRF model). Products of 

the system that provides as a diagnostic tool for 

analyzing weather-related events could lead to flash 

floods (such as heavy rainfall and soil moisture), quick 

assessment of the potential for the occurrence of flash 

floods in somewhere in the period of 1, 3, 6 hours. Sub-
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basins in the MRCFFS System are divided ranging from 

100-300 km2 (Konstantine et al. 2013). 

 

 
Fig. 1 Mekong River Commission Flash Flood Guidance 

System interface (MRCFFGS) 

 

Some concepts used directly for flash flood warning 

in the MRCFFG including: 

 

Flash Flood Guidance (FFG) is the amount of 

rainfall of a given duration over a small stream basin 

needed to create minor flooding (bankfull) conditions at 

the outlet of the stream basin. Flash flood guidance then 

is an index that indicates how much rainfall is needed to 

overcome soil and channel storage capacities and to 

cause minimal flooding in a basin. 

Average Soil Moisture (ASM): The text and images 

provide soil water saturation fraction for the upper zone 

(about 20-30 cm depth) of the Sacramento Soil Moisture 

Accounting Model for each of sub-basins. The products 

are updated at 00, 06, 12 and 24 UTC (respectively 7am, 

1pm, 7 pm and 1am Vietnam time)  

Flash Flood Threat (FFT) is the amount of rainfall 

of a given duration in excess of the corresponding Flash 

Flood Guidance value.  Flash Flood Guidance System 

technical components. 

Bankfull discharge (Bankfull discharge - Qbf) is the 

flow discharge when the river is just about to spill onto 

its floodplain. The best way to measure bankfull 

discharge is from a stage-discharge relation.  Bankfull 

discharge is often estimated in terms of a flood of a 

given recurrence frequency. 

FFR (Flash Flood Risk): This is a measure of the 

forecast flash flood occurrence frequency. It is noted that 

the quality of this product depends on the reliability of 

rainfall forecast throughout the lead time interval. 

Method to approach the MRCFFG to develop flash 

flood warnings is based on a comparison between 

observed rainfall or forecast rainfall over a given time 

period in a specific catchment with amount of rainfall 

lead to bankfull discharge-Qbf (FFG value). 

 
 

Fig. 2 Modeling components and data of the flash flood 

guidance system (Konstantine et al. 2013) 

 

The application of MRCFFG system in Flash Flood 

warning 

 

Flash flood events in Bat Xat and Sa Pa districts (Lao 

Cai province) on 05th August 2016 

 

Analyzing accumulated rainfall map within 24 hours 

- MAP (Figs. 3, 4, and 6) at 1am 5th August 2016: Due to 

the impact of depression from Typhoon 2, heavy rainfall 

occurred in some mountainous provinces in the Northern 

Vietnam. Lao Cai province had heavy and extreme 

rainfall from 04th to 05th August with amount of rainfall 

from 150 mm to 250 mm. The highest precipitation 

intensity was in the night of 04th to the morning of 05th 

August and concentrated in Bat Xat district, Sa Pa 

district and Lao Cai city (Lao Cai province) (Fig. 3). 
 

 
 

Fig. 3 Cumulative rainfall in Bat Xat and adjacent places 

in Lao Cai province. 
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Fig. 4 Accumulated rainfall within 24 hours in the 

Northern Region (MAP) 
 

Fig. 5 ASM map 

at 1 am 5th 

August 2016 

Fig. 6 
Accumulated 
rainfall map 

(MAP) at 1 am 
5th August 2016 

Fig. 7 FFG 
map at 1 am 5th 

August 2016 

Source: MRCFFG 

 

Analyzing Average Soil Moisture map (ASM) of the 

MRCFFG system (Figs. 6 and 8) on 5th August: soil 

moisture in catchments are expressed in different levels 

of soil water saturation fraction for the upper zone 

(approximately 20-30 cm depth). At 1 am 5th August 

2016, several river basins in the Northern Mountainous 

Region having soil moisture is nearly saturated, the soil 

moiture varies from 0.85 to 0.95. In Bat Xat district (Lao 

Cai province), the soil moisture reaches to the highest 

level of 0.95-1 (considered as saturated level), basin 

surface is not able to absorb any water when rain occurs, 

surface runoff will be occurred immidiately. These areas 

where soil moisture is saturated or nearly saturated, the 

possibility of flash floods and landslides are very high if 

heavy rainfall continues occurring. 

Analyzing Flash Flood Guidance map (FFG) (Figs. 

7 and 9) at 1 am 5th August 2016: The map provided 

information relating total volume of rainfall over the 

given duration which is required to cause bankfull flow 

at the outlet of the draining stream. The volume of 

rainfall are ranked following color scale, areas in light 

colors such as purple or red having higher high potential 

for flash food occurring. If rainfall forecast for next 6 

hours from National Centre for Hydro-Meteorological 

Forecasting (with support from KC.08.06/16-20 project) 

is greater than or equal to the amount of rainfall required 

to cause bankfull flow at the draining stream outlet, these 

areas will have high possibility concerning flash flood. 

Bat Xat district (Lao Cai province) has a FFG value of 0-

30mm. It means that only amount of rainfall less than or 

equal to 30mm/6 hours in Bat Xat district, can lead to 

bankfull flow and then flash floods is likely to occur. 
 

Fig. 8 ASM map in the Northern Region at 1 am 5th 

August 2016. 

 
Fig. 9 FFG map in the Northern Region at 1 am 5th 

August 2016. 

 

Analyzing three maps including: ASM, MAP and 

FFG maps combined with observed rainfall analysis, 

from 1 to 7 am 5th August, heavy rainfall with amount 

rainfall from 50-150mm/6 hours occurred in Lao Cai city 

and Bat Xat district (Lao Cai province). Heavy rainfall 

were concentrated in a short period time, exceeding the 

FFG value and consequently flash flood and landslide 

are occurred in Tong Sanh, Phin Ngan and Quang Kim 

commune (Bat Xat District); Trung Chai commune (Sa 

Pa District) ) and Lao Cai city. 

 

Flash flood event in Xin Man districts (Ha Giang 

province) on 20th July 2017 

Analyzing 24-hour cumulative rainfall map (MAP) 

(Figs. 10, 11, and 13) at 1 am 20th July: Due to the 

influence of troughs oriented in a southeast to northwest 

direction combined with the western edge of sub-tropical 

high pressure, Ha Giang province had moderate rain, 
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heavy rain to very heavy rain from 19th to 20th July with 

a total rainfall of 70 to 100mm, rainfall concentrated in 

Xin Man and Bac Quang district (Ha Giang province). 

 

 
 Fig. 10 Cumulative rainfall in Xin Man and Ha Giang 

district (Ha Giang province) 

 
Fig. 11 Accumulated rainfall within 24 hours in the 

Northern Region (MAP) at 1 am 20th July 2017 

 

   

Fig. 12 Average 

Soil Moisture 

map (ASM) at 1 

am 20th July 

2017 

Fig. 13 
Accumulated 
rainfall within 
24 hour (MAP) 

at 1 am 20th 
July 2017 

Fig. 14 Flash 
Flood 

Guidance map 
(FFG) at 1 am 
20th July 2017 

Analyzing the Average Soil Moisture map (ASM) 

(Figs. 12 and 15) at 1 am 20th July: The Northern 

Mountainous areas including Xin Man district (Ha Giang 

province), Ha Quang district (Cao Bang province) have 

soil moisture was saturated or at a high level, from 0.85-

0.95. These areas where soil moisture is likely to reach 

saturation level are more likely to be exposed to flash 

floods than other places when heavy rainfall continuing. 

 

 

Fig. 15 ASM map in the Northern Region at 1 am 20th 

July 2017. 

 

Analyzing Flash Flood Guidance map (FFG) (Figs. 

14 and 16) at 1 am 20th July: Lai Chau, Dien Bien, Lao 

Cai, Ha Giang and Cao Bang are likely to have high 

potential to occur flash flood in the next 6 hours. With 

amount of rainfall from 30-60mm/ next 6 hours, these 

districts including Phong Tho, Muong Te and Than 

Uyen district (Lai Chau province); Bat Xat, Muong 

Khuong and Bac Ha district (Lao Cai province), Thong 

Nong district (Cao Bang) have enormous potential for 

flash flood happening. With amount of rainfall from 60-

100mm/ next 6 hours over areas including Xin Man, 

Hoang Su Phi, Quan Ba, Yen Minh district (Ha Giang 

province); Trung Khanh, Nguyen Binh, Ha Quang 

district (Cao Bang province), bankfull flow could occur 

and then flash flood would happen. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16 Flash Flood Guidance map (FFG) at 1 am 20th 

July 

 

Analyzing three maps including ASM, MAP and 

FFG maps combined with observed rainfall analysis, 

from 1am-7am 20th July 2017, heavy rain occurred in Ha 

Giang, rainfall concentrated in Xin Man district and Ha 

Giang city with amount of rainfall from 60-120 mm/6h, 
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which is 2 times higher than FFG value in these areas. In 

fact, extreme flash flood occurred in Xin Man district, 

Ha Giang province on 20th July. 

Compare two flash flood events in Lao Cai (2016) and in 

Ha Giang (2017) 

 

Table 1 Comparing two flash flood events in 2016 and 

2017 

FFGS index 

Flash flood 

event in Bat Xat 

district (Lao Cai 

province) on 

05th August 

2016 

Flash flood 

event in Xin 

Man district (Ha 

Giang province) 

 ngày 20th July 

2017 

Average Soil 

Moisture (ASM) 
0.95-1.00 0.85-0.95 

Accumulated 

rainfall in 24 

hours (MAP) 

150-250mm 70-100mm 

Flash Flood 

Guidance (FFG)  
0-30mm/6h 

 

60-100mm/6h 

 
Observed rainfall 
in 6 hours during 
flash flood 
occurred 
 

50-150mm 60-120mm 

 

ASM index in two catchments including Bat Xat 

and Xin Man are saturated or nearly saturated. The 

observed rainfall in the period of 6 hours during flash 

flood happened was higher than FFG value. Both flash 

flood events in Lao Cai (2016) and Ha Giang (2017) 

were detected and early warned based on the MRCFFG 

system. 

 

CONCLUSION AND RECOMMENDATIONS 

 

Flash flood warnings are still a difficult issue and 

contain several challenges even in developed countries 

(like the United States, Japan). Flash flood operation 

requires analyses of multiple knowledge concerning 

geology, vegetation, meteorology, hydrology and 

interaction among these elements in order to issue 

warning likely to reality. 

The MRCFFGS system has been approached to the 

mordernest methodology and technology in flash flood 

warning. Based on concepts of FFG, Qbf, combined with 

satellite-based rainfall, observed rainfall and rainfall 

forecast from Numerical Weather Prediction models 

(NWP), the MRCFFG system gives the system of FFG 

and FFT maps detailed for each sub-basins, supports 

effective flash flood warning. 

However, ability of this system relating to the 

potential occurency of flash flood based on the 

relationship among amount of rainfall and basin status. 

In order to have an effective flash flood warning, users 

need to have multiple knowlege about basin 

characteristics, rainfall prediction models; weather 

forecast, quantitative rainfall for small areas; 

hydrological models as well as the products of MRCFFG 

system for making decision to select regions for proper 

warning. 

From 20th to 23rd November 2017 in Ha Noi, 

through the sponsorship of the World Meteorological 

Organization (WMO), the National Hydro-

Meteorological Service organized Initial Planning 

Meeting of the System Southeast Asia Flash Flood 

Guidance. Participating countries in the meeting 

included Laos, Vietnam, Cambodia, Thailand, WMO 

representatives, the US Hydrologic Research Center 

(HRC) exchanged information relating to establishment 

of the Southeast Asia Flash Flood Warning System 

(SEAFFGS). 

In the period 2018-2020, through support of the 

World Meteorological Organization (WMO), the 

Hydrologic Research Center (HRC), the Vietnam 

Meteorological and Hydrological Administration express 

the willingness to host the Regional Centre. Then, 

Vietnam will be the country that the Southeast Asia 

Flash Flood Guidance System (SEAFFGS) located. With 

the effective applications of the FFG system in recent 

years combined with modern technology and calculation 

techniques, SEAFFGS would be an effective tool in 

supporting flash flood warning for Vietnam. 
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Preface

The Association of Vietnamese Scientists and Experts (AVSE Global) have plan-

ned to organise the Vietnam Symposium on Advances in Offshore Engineering

(VSOE) every two years in collaboration with universities, research institutions and

industrial partners worldwide and in Vietnam.

The first symposium, VSOE2018, was held in Hanoi, Vietnam, from 1 to 3

November 2018 and was co-organised by the National University of Civil

Engineering under the auspices of two specialist Technical Committees TC-308 and

TC-209 of the International Society for Soil Mechanics and Geotechnical

Engineering (ISSMGE). The symposium focused on “Energy and Geotechnics” in

recognition of the important role that geotechnical engineering holds within the

offshore renewable energy and oil and gas industries. The symposium also covered

broader topics that are relate specifically to the development of offshore renewable

energy industry as well as the transition away from the offshore oil and gas

industry.

VSOE2018 was held with the objective of creating a platform where policy-

makers, practitioners and entrepreneurs could promote policy changes that support

the development of renewable energy in Vietnam as well as to generate business

opportunities within the energy sector.

In response to our invitation, we received a tremendous amount of support from

a large and diverse group of participants from around the world. More than 160

abstracts were submitted in the first step, and 120 full papers were submitted in the

second step. Despite our rigorous review process in which each paper was reviewed

by at least two relevant experts, over 86 papers were accepted and are compiled in

this volume.

We would like to acknowledge the wonderful support of the scientific committee

and the invited experts, who have all spent their valuable time and made a

tremendous contribution in reviewing the papers.

We believe that the symposium proceedings will provide readers with valuable

up to date knowledge from experts on a broad range of topics that include offshore

engineering and technology innovations, cost-effective and safer foundation and
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structural solutions, environmental protection, hazards, vulnerability and risk

management.

M. F. Randolph

Anh Minh Tang

Hong Doan

Van Nguyen Dinh

Man Bui
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Sponsors

Gold

Having established for just more than a decade, FECON is now one of the leading

companies specializing in foundation engineering and underground construction in

Vietnam. The company provides state-of-the-practice services in foundation works

such as piling, foundation and ground improvement, and underground construction

(TBM tunneling and pipe jacking). After gaining firm credit for the services

onshore, the company now starts providing construction services near shore and

offshore as well. Besides the services in construction sector, the company’s busi-

ness has been recently expanded to investment sector in transport infrastructure,

energy infrastructure, and urban infrastructure. The expansion is aimed to make

FECON also one of the leading company in infrastructure engineering in the

country in the next decade.

Besides providing excellent services in construction and implementing strategic

investments, the company also promotes R&D and international collaboration

activities. For example, FECON has been the host of a series of well-known

international conferences named GEOTEC HANOI, of which the 4th conference

will be held in November 2019. In addition, the company also actively participates

in and sponsors many national and international conferences in civil engineering in

Vietnam annually. The company is a strategic partner of many international

organizations such as Asian Institute of Technology (AIT), the International

Geosynthetics Society (IGS), and the International Tunnelling and Underground

Space Association (ITA).

Address and contact info of FECON:

15th Floor, CEO Tower, Lot HH2-1, Pham Hung Street, Me Tri Ha Ward, Nam Tu

Liem District, Hanoi, Vietnam.

Tel: +84 (024) 4 6269 0481

Email: info@fecon.com.vn

Website: https://fecon.com.vn/en/
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Silver

Cathie Associates is a leading international geoscience and geotechnical engi-

neering consultancy providing bespoke and objective solutions to the offshore,

nearshore and onshore oil, gas and renewable energy industries.

Cathie Associates brings an independent and focussed technical engineering

expertise and practical construction support to the clients, ensuring seamless service

and a range of practical, cost-effective and low risk solutions. Our services include

foundation engineering analysis and design; specification, supervision and project

management for offshore geotechnical surveys; construction support including

cable burial and equipment selection; and pile driving assessment and monitoring.

Cathie Associates has been operating for over ten years and has developed an

impressive track record in a vast range of offshore and near-shore geotechnical

services and solutions. With a highly experienced team of technical experts and

proprietary methodologies, we offer robust solutions for infrastructure design

development and risk management.

Cathie Associates has worked in over two-thirds of all European offshore wind

farms including London Array, Le Tréport and Borselle and have over 40GW of

experience in offshore wind farm projects worldwide.

As a highly specialised consultancy, Cathie Associates has over 40 technical

experts operating from offices across Europe (Belgium, France, UK, Germany and

Italy) and the USA (Boston and Houston).

Korea Institute of Civil Engineering and Building Technology (KICT) (President:

Dr. Seung Heon Han) marks its 35th anniversary in 2018, or 70 years if one counts

its former body, the National Construction Laboratory Institute. The primary mis-

sion of the institute is to contribute its achievements to the development of the

Korean construction industry and to improve life quality of the citizens of the
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country by performing cutting-edge researches and promoting original technologies

in the fields of land, infrastructure and construction. Especially, the institute now

focuses on new convergent technologies centered on the Fourth Industrial

Revolution, such as smart cities, intelligent construction robots, and virtual

architecture.

Besides performing cutting-edge researches and promoting original technolo-

gies, KICT has also actively involved in international collaborations with many

prestigious research institutes and industrial firms around the world. Such collab-

orations are to exchange research and training activities as well as to contribute

construction technologies and related know-hows of the institute to the develop-

ment of other countries.

Bronze

Lam Pham Construction Company Limited (Lam Pham Construction, or LPC) was

established on 22 August 2007, is an enterprise specializing in design consultation,

project planning and management, civil and industrial construction implementation

in France and Vietnam. LPC is one of the leading construction companies which

transfer and apply technology solutions from Europe on building and implementing

construction in Vietnam, typically as Deltabeam – a product of Peikko Group from

Findland, lighweight flooring solution – Ubot (Uboot Beton) from Italia.

From 2012, LPC has signed an exclusive contract to transfer, market and sell

technology products of Daliform Group (Italia) and Peikko Group (Findland). With

these new-generation technological solutions, LPC has brought Vietnam’s Real

Estate and Construction market new solutions which significantly reduce the cost

and time, as well as solve limitations of traditional way of building, opening up new

options for investors in Vietnam construction.
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Sarathy Geotech and Engineering Services Pvt Ltd was established in the year 2007

to provide Geo-Technical Engineering Services for Offshore and Onland con-

structions for the following sectors: Oil & Gas industry; Renewable Energy (Solar,

Wind); Ports and Harbours; Refineries; Mining.

We also provide Integrated Survey Services for Offshore projects. Instrumenting

offshore piles to monitor for driving performance, pile/soil response and to measure

the mobilized compressive capacity has been one of SGES’s core competences. We

have consistently exceeded customer expectations by our solutions. This has been

possible by the excellent staff and consultants that have diverse expertise and

experience working on several National and International projects.

VISION STATEMENT: To be a leading player and service provider of choice in

the fields of Geo-physics and Geo-technique for both offshore and onshore markets.

MISSION STATEMENT: As an innovative Geo-technical and Geo-Physical

company, driven by values, we provide top class solutions with value addition to

customers that are backed by best practices.
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for the Dyke Erosion in Trieu Do Commune

on Thach Han River Basin in Vietnam
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Abstract. Application of numerical modeling to carry out research on the

calculation of the flow rate of water and the amounts of sediments transported

has become widespread and effective recently. In this paper, the hydraulic model

MIKE 21 was applied to calculate and simulate by using the data of two great

floods in 1999 and 2005. The calibrated and validated results of Thach Han

station and Dong Ha station are relatively similar in terms of phases and

amplitude fluctuations of water level with the high value of Nash coefficient,

RMSE-observations standard deviation ratio (RSR) and Percent bias (PBIAS).

The modeling of hydraulic and sediment transport of MIKE 21 gave an overall

assessment of the erosion process on the Thach Han River Basin and its river

bottom before and after the construction of the dikes and embankments. The

construction, accordingly, has proven its significant effects on alleviating the

development of increasing erosion on parts of the river flowing through Trieu

Do commune, Quang Tri province, Vietnam.

Keywords: Erosion � Trieu Do - Thach Han �MIKE 21

1 Introduction

Erosion has been identified as a natural process, and it has occurred constantly on rivers

around the world. Erosion is caused by the interactions of water and soil. The changes

in a river can be observed in terms of dimension, shape, components of river bottom,

river slope, shapes on the surface, etc. The critical issue, however, is to understand the

mechanism of erosion, sediment transportation and deposition. Flows in open channels

are described by a set of partial differential equations for computer simulation of hydro-

dynamic and sediment processes [2, 9]. Therefore, these equations are solved using

numerical methods. Mathematically represented simulations are an efficient way to

estimate the time and space-dependent sediment processes [12]. There are numerous

mathematical models available to simulate sediment transport and depositions in one-

dimension (1D) [3], two-dimension (2D), and three-dimension (3D) [1, 8]. Nowadays,

different mathematical models with the support of computers allow people to describe

events in the past as well as to forecast the future phenomena in unpredictable
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conditions. Many research programs have been devoted to the studies of the sediment

transport in channels [7, 11, 13]. Yallin [13] developed a bed load equation incorpo-

rating reasoning that is similar to that of Einstein (1950) [5], but with a number of

refinements and additions. Central Vietnam has been adversely affected by storms,

tropical depression and floods which cause damage to numerous dykes, embankments

and salinity intrusion in farming crops due to storm surge. Especially in the coastal

areas of Quang Tri province, the typhoons numbers 8, 9, and 10 in 1999; number 4 in

2000; numbers 5, 6, 7, and 8 in 2005 destroyed many dykes and embankments. Every

year, due to the detrimental effects of typhoons, floods, and sea wave, erosion has been

occurred at many points along rivers and coastal areas, especially in Trieu Do Com-

mune on Thach Han River. Therefore, the application of MIKE 21 (HD and ST) has a

significant role in the simulation and calculation of dyke erosion on Thach Han River

before and after the construction of dykes and embankments. In this study, the com-

bination of hydraulic and sediment transport modules of MIKE 21 is used to carry out

research on the calculation of erosion in the case study.

2 Material and Method

2.1 Data Collection

In order to perform the calibration and validation of the hydraulic model for Thach Han

River basin - Quang Tri province, input data are collected according to the following

criteria: (i) Topography data: surface topography (topographic maps, DEM data),

rivers’ cross section and river schemes (irrigation works, transportation systems,

bridges and so on): (1) Topographic map of Quang Tri Province and Hue City with the

scale of 1/50000 which was converted into digital format; (2) 25 topographic maps of

Quang Tri Province with the scale of 1/25000; (3) National Atlas in 2000 (paper form).

In addition, data of river network was collected as follows: (1) parameters of dykes and

embankments of Quang Tri province; (2) basic technical parameters of the system of

Southern Thach Han; (3) Disaster risk management plan of Quang Tri Province until

2020 and Disaster risk management projects in Quang Tri. (ii) Hydro-meteorological

data: rainfall, evaporation, water level, discharges at meteorological and hydrological

stations belong to the Viet Nam Meteorological and Hydrological Administration,

Ministry of Natural Resources and Environment (Table 1).

Table 1. List of hydro-meteorological stations

Name of stations Name of river Years of collection

Dong Ha Cam Lo 1976–2009

1983, 1990, 1995, 1998, 1999, 2004–2009

Thach Han Thach Han 1977–2009
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2.2 Description of Model

In this study, the combination of hydraulic and sediment transport modules of MIKE

21 was used to carry out research on the calculation of erosion in the case study. MIKE

21 is commercial software in simulating the 2D flow, wave, sediment transport,

morphological and environmental processes. The Saint-Venant equations were used

with one continuity equation and two momentum equations [4]. MIKE 21 (ST) can

simulate the process of sediment transport based on data of water flow or based on the

combined data of water flow and wave. It can simulate in a large region, including

natural areas such as tidal zone, estuary and coastal line, and man-made constructions

like bridges, harbors, so on. The total sediment transport volume qt is equivalent the

total volume of sediment transport in the river bed qb and volume of suspended

sediment transport qs (qt ¼ qb þ qs) [6]. The formulas were developed based on the

data obtained from experiments of grain size from the bottom [6]. Therefore, the

sediment from the bottom is used as an input for the deposition model in the appro-

priate range of particle size.

2.3 Mesh Establishment

In order to evaluate the effectiveness of dyke and embankment system on the erosion

along Thach Han River (the section flowing through Trieu Do commune), the simu-

lation is conducted as two scenarios: (1) Scenario 1: Simulation of sediment transport

before the construction of dyke and the improvement of embankment system (Fig. 1a);

(2) Scenario 2: Simulation of sediment transport after the construction of dyke and the

improvement of embankment system. After simulating current scenario 1, the scenario

with the construction is calculated using the same input data and simulation of a 1.5 km

of dyke system and updated data of a 2.7 km of embankment system (Fig. 1b). The

hydraulic module and sediment module in MIKE 21 are incorporated to simulate the

process of sediment transport in Trieu Do commune in two scenarios.

3 Results and Discussion

3.1 Calibration and Validation

The calibration and validation of 2D model are calculated based on two great floods.

The first flood occurred from 1.00am on 5th October, 2005 to 11.00 pm on 13th

October, 2005 was used to calibrate the model, and the second flood event from 1.00am

on 01st November, 1999 to 11.00 pm on 11th November, 1999 was used to validate the

model. The input data included rainfall data collected at Thach Han station (1999,

2005), Dong Ha station (2005), and Cua Viet station (2005), and the tide level collected

at Cua Viet station and other stations in the estuaries. The validation data are the

observed water level at Thach Han station (1999, 2005) and Dong Ha (1999, 2005).

The process of calibration was applied to the historic flood event on 06–12 October,

2005. The maximum amount of rainfall per hour reached 96 mm on the Ben Hai River

and the total amount of rainfall within 12 hours was 408 mm of rainfall. The com-

parative results between simulated and observed water level at Thach Han and Dong

588 H. T. Tran and Q. T. Doan
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Ha stations are shown in Fig. 2a–d. The calculated and measured water level at two

stations Thach Han and Dong Ha demonstrated that the model was relatively qualified

to the measurement with optimal Nash results (0.94 to 0.97) (Fig. 2a–d). The RSR

value varied from 0.02 to 0.13 < 0.5 (qualified) during both calibration and validation

of the model. PBIAS value ranges from −6.22% to −5.33% after calibration and from

−6.79% to −5.05% after validation (Fig. 2a–d). The simulation value of average water

flow is considered good enough (PBIAS < ±10) for both calibration and validation of

the model [10]. Nash, RSR and PBIAS are all proven qualified. Based on the results of

calibration a set of parameters will be used to validate the model. The data after

calibration and validation of the model later are used to simulate the scenario with the

construction.

3.2 Scenario Development

Hydraulic and sediment transport models in 2D model are applied to evaluate the

effectiveness of the construction. Non-parametric mesh terrain is used for both sce-

narios. The model is simulated with the most unfavorable condition and marginal

condition set by water level in flooding season. Based on the statistical data in many

years, October is observed to have the highest water level and discharge, and the data in

October 2007 was applied to simulate and calculate the effectiveness of construction on

sediment regime on Thach Han River. The year 2007 is chosen as it had the biggest

flood event on Thach Han River. Besides, the flood flow acts a vital part when sim-

ulating the development of sediment regime. The results in two scenarios are: (1) Flow

velocity in the river section through Trieu Do commune is small (Fig. 3a–b); (2) The

changes in bed load illustrate serious erosion (Fig. 3c–d); (3) The total sediment

transported are large (Fig. 3e–f). Figure 3 represents the scenarios before and after the

construction. Due to the weakness of geological structure of the river and unregulated

exploitation of sand river bank seriously eroded in flooding season and experienced

Fig. 1. The 2D visualization mesh in case study: (a) Scenario 1; (b) Scenario 2.
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Fig. 2. The calibration and validation of simulated and measured water level at: (a, b) Dong Ha;

(c, d) Thach Han stations in 1999 and 2005.

Fig. 3. (a, b) Flow velocity components in the x- and y-direction; The changes in bed load and

total sediment transported: (c, e) current scenario; (d, f) construction scenario.
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considerable changes in the river bed. The bed river was widened so that water velocity

was small. River erosion could lead to increased sediment in the river, resulting in a

large amount of sediment transported and sediment concentrated in the estuaries,

affecting flood drainage.

4 Conclusion

It is true that the construction of dykes and embankment plays a crucial role in study

site. The results have shown that because of the construction, flow speed has increased

and significant changes in river bed has been slow down which resulted in the rein-

forcement of geographical infrastructure along the river, reducing the possibility of

landside in flood seasons. The results using sediment transport model of MIKE 21

present an overall on the development of erosion along the river bank and at the river

bed before and after constructing the dykes and embankments. Based on the above

results, the construction has a significant contribution to reduce the increasingly serious

erosion on the part of the river flowing through Trieu Do commune. Consequently, the

construction has been proven its usefulness and necessity.
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and act proactively and, by doing so, turning these into opportunities to transform our 

sector.
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hIW 2-5: WATER FORECASTINg ANd EARLY WARNINg SOLUTIONS

■ Background and Objectives

Water Forecasting and early warning solutions allow disaster control managers to predict 

and deal with, a high degree of accuracy, when it is likely to take place. Nummerical model 

is not a new tool but it is known now as one of the most popular and effective way to make 

forecasting and early warning for disaster relate to water.

This session aim to introduce you a general picture what worldwide scientist are dealing 

with water forecasting problem. Base on some of presentations on list, you could have a 

thorough understanding of the state-of-the-art of real-time water forecasting and early 

warning systems and how they help authorities disseminate timely and reliable warnings to 

the public.

■ Moderators

Dr. Marcel Marchand, Email: Marcel.Marchand@deltares.nl

Deltares, The Netherlands

Dr. Nguyen Thi Ha, Email: haqtdbtnn@gmail.com

Director, CEWAFO, Vietnam

■ Date & Venue

120 mins 3:30pm - 5:30pm, Mar 23

PinkDiamond Room, ALMAZ 1st Floor
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■ Agenda

Session 
plan in 
details

Order Presentation / Discussion topic Confirmed Speakers

1
Keynote: Floody early warning in Vietnam - an 
intergrated approach

Marcel Marchand,
Deltares – “Enabling Delta Life”, 

VIETNAM

2 Water resources Warning and Forecasting in Vietnam
Đặng Trần Trung
CEWAFO, VIETNAM

3
Software system for data integration and weather 
forecasting support, System design and implementation 
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Abstract 

In the present paper, the interaction of surge, wave and tide on the north coast of Vietnamis assessed using a coupled model of 

surge, wave and tide. A series of storm surge simulations for Typhoons Frankie (1996) andWashi (2005) are carried out, 

considering the effects of the tide and the wave that combines a wave dependent drag and wave-induced radiation stress to find 

out a predominant factor in the storm surge generation. Typhoon Frankieis landfalled at the low tide while TyphoonWashi 

landfalled at the high tide. The results indicate that the effect of the wave is crucial to the storm surge simulation. In particular, 

the wave induced-surge improves the accuracy of the storm surge level up to 30 %. It also shows that the surge induced by wave 

radiation stress is dependant on the space resolution, and the finest resolution is improved and in close agreement with the 

observation. On the other hand, the influence of the tide is ignorable for the case of Typhoon Frankie and considerable in the case 

of Typhoon Washi. 

© 2017 The Authors. Published by Elsevier B.V. 

Peer-review under responsibility of organizing committee of the IUTAM Symposium on Storm Surge Modelling and 

Forecasting. 

Keywords: Typhoon; storm surge; a coupled model of surge; wave and tide; interaction of surge 
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I. Introduction 

To assess storm surges, there are two conventional types of physics-based numerical models: a decoupled model 

of storm surge, and a coupled model of surge, wave and tide. In the last three decades, coupled models have been 

paid attention to, especially focusing on the interaction of surge, wave and tide. Several studies have introduced 

wind stress as a function of waves (Janssen1,2). Since then, a number of studies that examined wave-induced stress 

that is directly obtained in coupled models of surge and wave showed the significant improvements of the model 

results while comparing with observation data (e.g., Funakoshi, Hagen, and Bacopoulos3; Kim, Yasuda, and Mase4; 

Zhang and Li5). Wave setup driven by a force of the divergence of radiation stress in the nearshore has also been 

studied with coupled models of surge and wave (e.g., Bertin et al.6; Kim, Yasuda, and Mase7; Mastenbroek, 

Burgers, and Janssen8). It was found that the wave setup induced by the force of the radiation stress is substantial in 

the peak surge level during Typhoon Anita 1970 (e.g., Kim, Yasuda, and Mase7). It was investigated that the tide-

surge interaction is not negligible when estimating local surge levels (e.g., Chen, Wang, and Zhao9; Choi, Eum, and 

Woo10; Kim, Yasuda, and Mase4). Besides the interaction of tide, wave and surge, topographic characteristics (e.g., 

bed slope) also plays an important role in the increase or decrease of wave setup, runup and wind driven surge (e.g., 

Dietrich et al.11; Kennedy et al.12). 

For several decades, climate change impact studies have focused on storm surge studies in Vietnam (e.g., Ninh13; 

Sao14; Thuy15). Conventional ways of two (or three) dimensional nonlinear shallow water equations have been used. 

In other words, in those studies other factors such as tides and waves were not taken into account in the storm surge 

model. Recently, the effect of waves on storm surge has been investigated in Vietnam. Hien et al.16 showed that the 

wave setup induced by the force of the divergence of radiation stress is significant in the storm surge on the coast of 

Haiphong using empirical formula. Thuy et al.17 found that the Typhoon Kalmaegi (2014) surge was significantly 

influenced by the waves on the Haiphong coast in Vietnam, obtained from numerical simulations using a coupled 

model of surge, wave and tide.  

In the present study, the primary factors affecting storm surge on the north coast of Vietnam are quantitatively 

investigated using a coupled model of surge, wave and tide. In the study area, the tidal cycles are diurnal and the 

maximum tidal range is up to 3.6 m. Therefore, the tide is also taken into account in the simulation. The study 

highlights that coupling processes between surge and wave are critical to the prediction of storm surge on the north 

coast of Vietnam and only using a coupled model of surge, wave and tide (e.g., SuWAT developed by Kim et al. 4) 

is able to accurately estimate storm surges. A series of storm surge simulations are conducted for Frankie (1996) and 

Washi (2005) that consider the interaction of surge, wave and tide.  

II. Method 

To analyze the storm surge in the study area, the coupled model of surge, wave and tide (called SuWAT), 

developed by Kim, Yasuda, and Mase4 was used. SuWAT is capable of doing parallel computations for an arbitrary 

number of domains using the Message Passing Interface (MPI). In the present study, three modules of surge, wave 

and tide are integrated into SuWAT as shown in Figure 1 that reveals the information of the flow among the 

modules and the domains. The tidal module provides only boundary conditions to the surge modules in the 

outermost domain. Coupling parameters include open boundary values, internal exchange among modules and 

domains in a machine. The calculations are sequentially carried out from the higher level domain to the lower level; 

the rest of the lower level domains wait for the completion of the higher level domain at a time step. This modeling 

system has been implemented and verified in other studies (e.g., Kim, Yasuda, and Mase7; Kim et al.18,19; Mase et 

al.20). 

2.1. Surge module 

     The surge module solves the depth averaged nonlinear shallow water equations using the staggered Arakawa C 
grid in space and the leap frog scheme in time. The explicit finite difference scheme is used with the upwind 
method: 
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డఎడ௧ + డெడ௫ + డேడ௬                    (1) 

 

డெడ௧ + డడ௫ ቀெమௗ ቁ+ డడ௬ ቀெேௗ ቁ+ ݃݀ డఎడ௫ = ݂ܰ − ଵఘೢ ݀ డడ௫ + ଵఘೢ (߬ௌ௫ − ߬௫ − (௫ܨ + ܣ ቀడమெడ௫మ + డమெడ௬మቁ                          (2) 

డேడ௧ + డడ௬ ቀேమௗ ቁ+ డడ௫ ቀேௌ ቁ+ ݃݀ డఎడ௬ = −ܯ݂− ଵఘೢ ݀ డడ௬ + ଵఘೢ ൫߬ௌ௬ − ߬௬ − +௬൯ܨ ܣ ቀడమேడ௫మ + డమேడ௬మቁ           (3) 

Where η is the sea surface level, M and N are the components of depth-integrated velocity in the horizontal and 

vertical directions, P is the atmospheric pressure, f is the Coriolis parameter, g is the gravitational acceleration, d is 

the total water depth (η + h), Ah is the horizontal eddy diffusions, w is the density of water, and Fx and Fy represent 

the components of wave force which correspond to the gradients of wave-induced radiation stress:  ܨ௫ = ିడௌೣೣడ௫ − డௌೣడ௬                     (4) 

௬ܨ = ିడௌೣడ௫ − డௌడ௬                    (5) 

Where the wave radiation stresses are expressed by: ܵ௫௫ = ∬݃ߩ ቂ ߠ²ݏܿ +  − ଵଶቃ ௫௬ܵ (6)                 ߠ݀ߪ݀ܧ = ܵ௬௫ = ௬௬ܵ (7)                               ߠ݀ߪ݀ܧ[ߠ݊݅ݏߠݏܿ]∬݃ߩ = ቂ∬݃ߩ ߠ²݊݅ݏ +  − ଵଶቃ  (8)                               ߠ݀ߪ݀ܧ

Where C and Cg are the wave velocity and the group velocity,   and  are the angular frequency and the wave 

direction, and E is the energy, density, and spectrum respectively. A conventional quadratic law is applied to the sea 

surface and bottom boundary layers. The bottom stress is computed by: 

߬ = ௪݃݊ଶߩ ொሬ⃗ หொሬ⃗ หௗళ య⁄                                                                           (9) 

In which 	 ሬܳ⃗ 	 is the depth-integrated velocity vector, and n is the Manning number (0.025) in all the domains, as 

determined by Chien21. The wind stress is usually estimated by the following equation: ߬ௌ = ܥߩ ሬܷሬ⃗ ଵห ሬܷሬ⃗ ଵห                                            (10) 

Where a is the density of air, CD is the drag coefficient and ሬܷሬ⃗ ଵ is the wind speed at 10 m height. In a series of 

storm surge simulations, two CDs are used. One is the conventional CD (Honda and Mitsuyasu22):    

ܥ = ൜(1.290− 0.024ܹ) × 10ିଷ(ܹ ≤ 8݉ ⁄ݏ )
(0.58 + 0.063ܹ) × 10ିଷ(ܹ > 8݉ ⁄ݏ )

                            (11) 

The other is the wave dependent CD (Janssen 1,2). In SuWAT, Mastenbroek, Burgers, and Janssen's8 iteration for 

Janssen's formulation of the exponential wave growth term in wave modules, (given in the section of Wave module), 

is used to estimate the wave dependent CD. Following his assumption, waves influence the boundary layer: = w+t, 

where w is the wave-induced stress,   the turbulent stress and  the total stress. The wind profile is given by: 

781



4 Author name / Procedia IUTAM 00 (2017) 000–000 ܷ(ݖ) = ௨∗ ݈݊ ቀ௭ା௭ା௭బ௭ ቁ                                            (12) 

Where U(z) is the wind speed at height, ze is the effective roughness, z0 is the roughness length, z is the height and 

= 0.4 is the von Kármán constant. The turbulent stress is parameterized with a mixing-length hypothesis: 

߬௧ = ଶ(ݖߢ)ߩ ቀడడ௭ቁଶ                 (13) 

Where a is the air density. If the wind profile (12) is differentiated, squared and compared with the form (13), an 

expression for ze for z = z0 (Mastenbroek, Burgers, and Janssen8) can be found: ݖ = ௭బඥଵିఛೢିఛ                                             (14) 

Where:w = w(z0). To parameterize the roughness length z0, Janssen assumes that a Charnock-like relation ݖ = ∗ݑ ଶ/g is valid with the values for∗ݑߙ = ඥ߬/ߩ and ߙ  (=0.0081), the Charnock parameter. With the effective 

roughness (ze), the wave dependent CD is finally obtained by Equation (15): 

ܥ = 	 ଶ∗ݑ 	 / 	 ଶ(ݖ)ܷ = ቂߢ	 / 	 ݈݊ ቀ௭ା௭ି௭బ௭ ቁቃଶ               (15) 

In this study, Equation (15) is used to estimate the wind stress in Equation (10) instead of the conventional CD in 

Equation (11). The effect of levelling off at wind speeds of 22-33 m/s on CD is not taken into account (Donelan et al 
23; Kim et al19). 

The solid boundary condition is adopted at land boundaries for no inundation conditions. The radiation condition 

along open boundaries is given by following Flather’s method24 in all the domains. The current and sea surface level 

in the coarse grid domain are transferred to the nested open boundaries in the fine grid domain at each time step of 4 

s. The time step is 4 s for the surge model. 

2.2. Tidal module 

The astronomical tide in SuWAT is imposed by a global ocean tide model (Matsumoto, Takanezawa, and Ooe25) 

that predicts tidal levels for sixteen constituents of M2, S2, K1, O1, N2, P1, K2, Q1, M1, J1, OO1, 2N2, Mu2, Nu2, 

L2 and T2. At every time step, the tidal level is imposed on open boundaries in only the outermost domain. Along 

the open boundary, the sea surface level is given by: ߟ = ௧ௗߟ + ௦௨ߟ                  (16)  

Where ߟ௧ௗ is the tidal level and ߟ௦௨  is the surge level. 

2.3. Wave module 

The wave model of Simulating WAvesNearshore (SWAN; Booij, Ris, and Holthuijsen26) integrated in the wave 

module solves the spectral action balance equation to estimate a wave spectrum (Booij, Ris, and Holthuijsen26). The 

wave in SuWAT is estimated by time varying currents and sea surface levels calculated from the surge module. The 

updated parameters of the wave dependent drag and the radiation stress in the wave module are returned to the surge 

module to calculate the current and sea surface level. The SWAN version 40.41 has been integrated into SuWAT as 

the wave module (Kim, Yasuda, and Mase4).  

As done in Kim et al.19, in the present simulation, the default values of parameters for the physics are used: 

Cavaleri and Malanotte-Rizzoli27 for linear wave growth, Janssen 1,2 for exponential wave growth, Janssen2 for 

white-capping, Hasselmann et al.28 for quadruplet interaction, Battjes and Janssen29 for depth-induced breaking and 
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Madsen, Poon, and Graber30 for bottom friction. The diffraction is adapted in the wave calculation. An Ursell 

number of 10 is used for the limit of the quadruplet interaction with a factor of 1.0 for the fraction of breaking 

waves. The following discretizations were used: the direction resolution is 10° and the frequency range is 0.05 to 

1.00 Hz. In the outermost domain, the wave spectrum along open boundaries is estimated by the JONSWAP 

spectrum with the peak enhancement parameter of 3.3, the peak period and the directional width of 10°. The wave 

spectrum in the coarse grid domain is transferred to the open boundaries in the fine grid domain at each time step of 

900 s. The time step is 900 s for the wave model. 

 

 

Fig. 1. Framework of SuWAT for three level domains that shows the information flow between surge and wave modules in each domain. 

2.4. Parametric wind and pressure model 

A parametric wind and pressure model implemented in the SuWAT model is used to estimate typhoon wind and 

pressure fields. Schloemer’s formula31 is used for the pressure:  =  + ݎ−)ݔ݁∆ ⁄ݎ )                                            (17) 

Where p is the atmospheric pressure at a distance r from the center, pc is the central atmospheric pressure, p is 

the difference between p and pc, and r0 is the radius to the maximum wind. 

Fujii and Mitsuta’s formula32 for the surface wind is written as follows: 

ܸ = ௧ݎ ቆටమସ + బ∆ఘೌమ 	ݔ݁ ݎ−) ⁄ݎ ) − ଶቇ               (18) 

Where Vgr is the geostrophic wind and rt is the following relation, 

௧ݎ = ݎ ൬1+ భబೝ ൰ൗߚ݊݅ݏ                  (19) 

In Equation (19) Vgr and U10 are at the previous time step.   is the degree between the typhoon moving direction 

and the direction to r in the anti clockwise direction. U10 is calculated by multiplying Vgr by G(x) as follows: 
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ଵܷ = ܸ(21)                           (ݔ)ܩ 

     Where: x= r/r0, k = 2.5, xp= 0.5, G(xp) = 1.2 and G() = 0.667 are given by Fujii and Mitsuta32. In the wind 

model, the geostrophic wind is reduced by a factor of G(). Finally, the wind at 10 m height is obtained from the 

vector sum of the wind at 10 m height calculated by Equation (21) and the typhoon moving speed. In the present 

model, deformation of the core structure in the typhoon is not considered. 

2.5. Bathymetry 

For numerical simulations, the complexity of the geophysical features was taken into account using the three 

level grid system, where the outermost domain, D1, (Figure 2 (a)) covers the whole East Sea and the domain, D2, 

(Figure 2 (b)) is set to cover the northern coast of Vietnam. The innermost domain, D3 (Figure 2 (c)), is focused on 

stations of Hondau. General Bathymetry Chart of the Ocean (GEBCO) of British Ocean Data Center was used to 

extract bathymetry for the domains of D1 and D2. On the other hand, coastal topography maps with scales of 

1/100,000 published from the Vietnam Administration of Seas and Islands were used for the domain D3. The space 

resolutions for D1, D2 and D3 in both X and Y direction is 7400m, 1850m, and 825m. 
 

  

  

Fig. 2. Geophysical domains of the study area with three levels. (a) 

shows the outermost domain of the Vietnam coast. (b) shows the 

intermediate domain. (c) focuses on the innermost domain with 

Hondau station. 

 

 

(a) (b) 

(c) 
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3. Results 

To examine a critical factor to the generation of storm surge in the north coast of Vietnam, the representative 

historical typhoons of Frankie (1996) and Washi (2005) were selected. These typhoon tracks are provided in Figure 

3. In which, Typhoon Frankie landfalled at the low tide while Typhoon Washi landfalled at high tide as the time 

profile of total water leve observation, tide predict and storm surge at Hondau station in both typhoon cases showed 

in figure 4. 
 

 

(a) 

 

(b) 

Fig. 3. (a) Track of Typhoon Frankie (1996), (b) Washi (2005) 

 
(a) 

 
(b) 

Fig.4. Time serial of total water level (observation), predicted tide and storm surge at Hondau station during Typhoon Frankie (a) and Washi (b) 

 

3.1. Impact of the tide on the storm surge 

In order to investigate how the tide influences the storm surge in the study area, a series of simulations were 

conducted using SuWAT that the surge and tide interaction was taken into account to calculate the Typhoon Frankie 

and Washi surge. In the storm surge simulation, the conventional CD (Honda and Mitsuyasu22) was used to estimate 

the wind stress. First, the surge simulation was carried out with the tide. Then, only the tide simulation was 

conducted to extract the surge level taking into account the surge and tide interaction. Finally, only the surge 

simulation without the tide was executed on mean sea level. With two surge levels, the effect of the tide on the 

storm surge is examined as shown in Figure 5(a) and (b) that show a comparison of observations and calculations at 

Hondau. From the results of simulation, the effect of tide on storm surge in the case of Typhoon Frankie is very 

small, with a difference of about 3%. In the case of Typhoon Washi, the case considering the tide effect giving the 

pick surge is lower than the case without considering the tide effect with a difference of about 13%. This is due to 

Typhoon Washi landfalled at the high tide that the water deep is higher in the mean sea level. In addition, it 

indicates that the use of the conventional CD in both cases is not enough to simulate the observations, regardless of 
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the consideration of the surge and tide interaction. As a result, it was found that the tidal effect is significant in the 

surge level on the coast of study area when typhoon lanfalled is at the high tide. 
 

 
(a) 

 
(a) 

Fig.5. Comparisons of the observations and calculations with and without the tide in the surge simulations of Typhoon Frankie (a) and Whashi at 

Hondau station. 

3.2. Impact of the wave on the storm surge 

The effect of wave on storm surge was discussed for the case of the storm surge simulation running coupled and 

uncoupled surge and wave. This case was calculated using both of the wave dependent drag and the radiation stress 

on mean sea level, and then compared with that obtained from the run using only the conventional drag on mean sea 

level, as shown in Figure 6 (a) and (b). From the results, it is seen that the peak surge level calculated with the wave 

effect is in close agreement with the observation at Hondau in both cases. The difference between them is about 0.3 

m in both typhoon cases. Thus, it can be said that the surge and wave interaction apparently improves the surge 

level.  

Figure 7(a) and (b) show the spatial distribution of the peak surge levels in the case of uncoupled surge with 

wave (a) and coupled surge with wave (b). It could be found that, in the case of the coupled surge with wave, the 

maximum surge level is higher and the area of storm surge is extended, in comparison with the case uncoupled with 

wave. 

The effect of wave induced radiation stress (wave setup) is however depended on the space resolution. Although 

the space resolution used in the above figures is fine (925m) for conventional storm surge simulation, the result of 

peak surge is still underestimated in both typhoon cases. It may be due to the underestimation of wave setup 

estimated on the coarse resolutions. To concrete our finding, the additional simulations of the Typhoons Frankie 

surges were conducted for five cases of space resolution (450m (D4), 150m (D5)). It can be seen that, the peak surge 

is increased as the space resolution is increased, and is in close agreement with the observation data (Figure 8). 

Hence, further studies should be done on higher resolutions of less than 1 km grid size when planning and managing 

coastal facilities and structures. 
 

 
(a) 

 
(b) 

Fig. 6. Comparisons of the observations and calculations with and without the wave effect in the surge simulations of Typhoon Frankie (a) and 

Whashi (2005) at Hondau station. 
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(a) 

 
(b) 

Fig.7. Spatial distributions of the peak surge levels due to Typhoon Washi for the case uncoupled (a) and coupled with wave (result in domain 

D2). 

 

Fig. 8.Time serial of storm surge at Hondau station due to Typhoon Washi (2005) in six cases of space resolution. 

 

IV. Conclusions 

The interaction of surge and tide is investigated during Typhoon Frankie (1996) and Washi (2005) landfalled at 

the north coast of Vietnam, where the maximum tidal range is up to 1.8 m. It indicates that the effect of the tide on 

the surge is ignorable for the case of Typhoon Frankie landfalled at low tide, and it is significant in the case of 

Typhoon Washi landfalled at the high tide with a difference of 13 % between the surge levels with and without the 

tide. For the surge and wave interaction, two factors of the wave dependent drag and the wave-induced radiation 

stress are focused in the surge simulation. It is shown that, the wave and surge interaction combining the wave 

dependent drag and the radiation stress contributes 30% of the total surge level and is crucial to simulating the storm 

surge. It also shows that, the surge induced by wave radiation stress is dependent on the space resolution, and the 

finest resolution is improved and in close agreement with the observation. Hence, further studies should be done on 

higher resolutions of less than 1 km grid size when planning and managing coastal facilities and structures. 
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