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Field studies in the DinhAn branch of the Hau River, belonging to the Vietnam Mekong Delta, were 

conducted at spring tides (4 March 2018 and 21 to 22 April 2019) to examine the vertical and longitudinal 
salinity distribution along the DinhAn branch as well as the vertical salinity distribution at two typical 
cross-sections. The measured data were used to classify mixing and stratification of the DinhAn estuary 
during a tidal cycle. The results indicate that along the Hau River (1) the salinity intrusion length at flood tide 
is 15 km longer than that at ebb tide and (2) the maximum salinity appears at the river mouth and irregularly 
reduces toward upstream during flood tide. Moreover, at the cross-section far from the river mouth 22km, 
(3) the peak of salinity lags one hour after the peak of water level and (4) the maximum salinity during one 
tidal cycle occurs at ebb tide. Finally, all three stratification parameters, including Pritchard, Froude, and 
Richarson numbers show that the partial mixing and moderate stratification condition prevailed in the 
DinhAn branch during a tidal cycle. These results are useful in operating the salinity control gates in terms of 
timing and duration. 
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1. INTRODUCTION 
 
The Mekong River (MR) has a basin area of 

795,000 km2 and a mainstream length of about 4,800 
km from the Tibetan Plateau. The MR is divided into 
two branches as Tien River and Hau River in Viet-
namese territory. Firstly, major flow (85%) is carried 
by the Tien River but later transfers to the Hau River 
through Vam Nao linking channel. The Tien and Hau 
Rivers flow into the East Sea of Vietnam through 
eight estuaries. This research concentrates on the 
Hau River which contributes 41.8%1) of the fresh-
water discharge among all rivers in Vietnamese 
Mekong Delta (VMD). The Hau River splits into 

DinhAn and TranDe distributaries, starting from the 
CuLaoDung Island before flowing into the ocean 
(Fig.1). Nowadays, the VMD is facing with so many 
problems such as flooding, subsidence, river and 
coastal erosion, climate change, and salinity intru-
sion. Especially, salinity intrusion causes serious 
impacts on the environment, water supply and 
economy. For instance, during the dry season 2016, 
the salinity of 4.0 intruded up to 60 km and 65 km into 
the Hau and Tien Rivers, respectively. That affected 
52.7% area of the VMD with a total economic loss of 
approximately US$360 million2).  

Salinity intrusion process is a natural phenomena 
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Fig.1 Study area 

 
occurring in the lands, estuaries, and aquifers adja-
cent to the sea3). These processes are controlled by 
river discharges, tides, sea level rise, flow currents, 
winds and geomorphology factors (topography, ba-
thymetry). The difference of these controlling factors 
is used to define and delineate the type of mixing and 
stratification of salinity intrusion in estuaries. For 
instance, salt wedge conditions were observed only 
in the lowermost of the DinhAn channel at high 
discharges while at low discharges, the Hau River is 
partially mixed estuarine4). Additionally, Mekong 
estuaries are meso-tidal (the tidal amplitude from 2 
m to 4 m)1). Recent studies have examined the impact 
of sea level rise (SLR) and upstream inflow changes 
on salinity intrusion in the VMD and their results 
showed serious consequences for water supplies and 
agriculture production. For instance, Mai et al.2) 
found that 12% reduction of the upstream discharge 
would increase the maximum salinity (Smax) from 
14% to 23%  at all of 30 km points from the estuaries. 
Other authors revealed that a combination of 20 cm 
SLR and 15% upstream flow reduction may increase 
salinity intrusion length by 10 km in the main stream 
and 20 km in the paddy field5). 

These studies, however, have not yet paid partic-
ular attention to vertical and longitudinal distribution 
of salinity intrusion in Mekong estuaries under the 
impact of tidal regime. The tide is a powerful source 
of mixing between fresh and saltwater and thus plays 
an important role in saltwater intrusion processes. 
Because, the tidal amplitude of the semi-diurnal tidal 
in the VMD has increased over the past 27 years such 
as: change of the yearly maximum sea level was 
3.2mm/year along the East Sea6). The maximum 
amplitudes at the mouth increases from 3.2m7) to 
3.8m8). That is a cause of intrusion length increasing.  

Therefore, different hydraulic engineering 
measures were constructed to mitigate the adverse 
impacts of seawater intrusion into the rivers. For 

instance, earth embankment along the river bank and 
many sluice gates which were located along the river 
bank and the intake of small channels were con-
structed to collect freshwater. During the dry season, 
most of sluice gates are closed to control the salt-
water intrusion. Theoretically, the stratification of 
saltwater may have freshwater or slightly saline 
water in the surface that can be collected by sluice 
gate operation. The aims of this research are (1) to 
examine the spatial and temporal salinity distribution 
and (2) to classify mixing and stratification of the 
DinhAn estuary. The results of such analyses are 
meaningful in operations of sluice gates for irrigation 
and salinity intrusion management. 
 
 
2. METHODOLOGY 
 
(1) Theoretical approach 
     There are three types of vertical mixing and 
stratification of water revealed in the zone of river 
and sea water mixing: type I is complete mixing and 
weak stratification; type II is partial mixing and 
moderate stratification; type III is weak mixing and 
strong stratification, saltwater wedge8).  

Stratification parameter n (Pritchard’s number) is 
used for such classification and is calculated as: 
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where ΔS is the vertical gradient of water salinity, Sm 
is depth averaged water salinity, Sbot and Ssurf are 
saline water at the bottom and on the surface, re-
spectively. 

The second parameter is densimetric Froude 
number9,10) which is used in hydromechanics of 
stratified flow and calculated by:  
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where V is mean river flow velocity11), Δρ is the 
density difference between sea ρs and river ρriv water, 
ρm= 0.5(ρs+ ρriv), h is flow depth. 

The third parameter is Richardson’s number 
RiL

9,10) which is computed as: 
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 The ranges of n, Fr, and RiL are shown in Table 1.  
 
(2) Field survey 
Two field surveys were conducted during spring tide. 
The first field survey was to measure salinity along 
the Hau River from the DinhAn river mouth on 
March 4, 2018 by four instruments. Which have 
namely (i) Infinity- ACTW – USB-0628, (ii) Pro30, 
(iii) ProDSS of YSI Professional Series  
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Table 1 Quantitative criteria of different types of vertical mixing, 
stratification of salinity intrusion into river mouth9,10) 

 

Type of 
Seawater 
intrusion

Character of 
vertical mixing 

Character of 
stratification 

n Fr RiL

I Well mixing Weak 0  to 0.1 > 0.7 < 2

II Partial mixing Moderate 0.1 to 1.0 0.71 to 0.22 2 to 20

III Weak mixing Strong ( Salt Wedge) 1.0 to 2.0 < 0.22 > 20  
 
instrument (these three instruments can measure at a 
fixed point) and (iv) CastAway – CTD version 1.5 
made by SonTek/YSI Inc which can record vertical 
data. The first three instruments were mounted on a 
side boat and set up at 1.35m below the surface. 
Salinity concentrations along the DinhAn river were 
measured twice, once during the low tide started 
from 10:49 at the CauQuan station (30 km from the 
river mouth) toward ebb tide, heading downstream. 
The other during the high tide started from 15:24 at 
the river mouth, the boat returned to the upstream 
during flood tide. 

The second field survey was to measure salinity 
concentration, discharge, and velocity at 2 
cross-sections. The cross-section1 (at 22 km from the 
river mouth) was hourly measured from 9:15 to 
21:25 on April 21, 2019. The cross-section2 (at 3km) 
was conducted from 9:10 to 21:00 on  April 22, 2019. 
Each cross-section was measured at 8 to 10 vertical 
profiles; each vertical profile was measured 12 times 
during 12 hours (one tidal cycle) by CastAway – 
CTD and GPS-equipped Acoustic Doppler Current 
Profiler (ADCP). The ADCP was mounted securely 
on a side boat, connected to a computer for in-situ 
measurement. 

 
 

3. RESULTS AND DISCUSSIONS 
 
(1) Longitudinal salinity distribution 

Fig.2 shown the longitudinal salinity distribution 
in the DinhAn branch. The timing of the returning 
way was 2 hours before the flood tide reached its 
peak at the DinhAn estuary so the maximum salinity 
was not so high. The salinity values at 1.35m deep 
recorded by four instruments are good matching 
(Fig.2), indicating that the recorded data are reliable. 
Only Pro30 data are slightly lower than the others 
because the sensor was set up 0.1 m higher.  

The blue line in Fig.2 showed that maximum sa-
linity (Smax) at the bottom increased from 0.43 at a 
location of 30 km from the river mouth to 8.92 at the 
river mouth during ebb tide. During flood tide, the 
red line (Fig.2) indicated that Smax irregularly re-
duced from 20.2 at the estuary 

 
Fig.2 Longitudinal Salinity distribution in the DinhAn branch 

 

 
Fig.3 The vertical and longitudinal distribution of salinity in the 

DinhAn branch 
 

to 0.4 at a location of 45 km from the river mouth. 
Hence, the intrusion length during flood tide was 
about 15 km longer than that during ebb tide. Salinity 
difference (S) between the bottom and the surface 
was 0.05-2 at low tide and 0.4-8.8 at high tide. 
Maximum difference of salinity value at high tide 
appeared at the river mouth while maximum differ-
ence of salinity value at low tide occurred in between 
5 km and 22 km from the river mouth. Additionally, 
vertical salinity distribution indicated partial mixing 
and moderate stratification because the Pritchard’s 
number, n, ranging from 0.11 to 0.68 was in the range 
of 0.1-1. Along the left bank of DinhAn branch, six 
sluice gates have been constructed before 2007, after 
the drought 2016, two more sluice gates have pro-
posed12) to be implemented because the intrusion 
length of 4concentration line in 2016 at Hau River 
was 60 km from the river mouth2). The bottom ele-
vation of gates from -6.5m to -3.0m. These gates can 
open when the salinity is less than 2because that 
concentration can be accepted for rice crop and fruit 
trees. Fig.3 shows that all gates located far from the 
estuary 22 km can open in ebb tide but the question is 
how long the gates should be open?  So the next 
section will analyze and discuss the impact of tidal 
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regime on salinity distribution at 2 cross-sections 
during 12 hours (one tidal cycle). 

 
(2) The spatial and temporal salinity distribution 
in two surveyed cross-sections 

Fig.4 shows the measurement results at every 
two hours. From 9:15 to 13:00, the tide receded; as a 
result, salinity concentrations reduced from 0.89 to 
0.14 g/l. The salinity was at its minimum value at 
13:00 during the low water of -0.97 m (Fig.4). Then 
water level rose up from -0.97 m to its maximum 
level (WLmax) of 1.67 m at 18:00, leading to salinity 
concentrations increasing from 0.14 to 1.69 g/l. Smax 
in the surface of 1.04 occurred at 18:00 (Fig.4). 
While Fig.5 indicates that Smax at the bottom of 1.74 
was at 19:00 and Smax at the bottom is observed in 
case of slack water when velocity changes from 
flood tide to ebb tide and close to the high water. 
That means that Smax at the surface coincided with 
WLmax and Smax at the bottom lagged one hour after 
WLmax at a location of 22 km from the river mouth 
(cross-section 1) (Fig.4 and 5). A similar observa-
tion was revealed by Fischer et al.13). Fig.5 also in-
dicates that Smin occurs when ebb tidal velocity 
changes from flood tide and close to low water. The 
value of mean velocity during one tidal cycle at 
cross-section 1 was used for calculating the stratifi-
cation parameters. 

Beside, Fig.4 also shows that reductions in the 
salinity in the left bank were faster than the right 
bank during 9:15-13:00, indicating that the reversal 
flow velocity (seaward) in the left bank was faster 
than that in the right bank. On the other hand, in-
creasing of salinity during  

 

 

Fig.4 The vertical distribution of salinity at cross-section 1 
during one tidal cycle. 

flood tide from 15:00 to 18:00 in the right bank was 
faster than the left bank as a result of high flow ve-
locity (riverward) in the right bank compared to that 
in the left bank. Then at 18:00, the flow velocity 
direction shifted from the middle of the river to the 
left bank. Thus, the flow ran toward downstream on 
the left bank and the Smax occurred at the bottom of 
the left bank. 

Fig.4 also indicates that the duration to open the 
sluice gates near the cross-section1 to take water 
with Smax less than 2 is 9 hours during one tidal cycle 
from 9:00 to 17:00. 

 
Fig.5 The water level, mean velocity, and maximum salinity 

(Smax) at cross-section 1 during a tidal cycle 
 
Fig.6 represents a schematic that summaries 

step-by-step salinity intrusion processes, describing 
the special features of dynamics in the river mouth by 
the relationship between the tide, the freshwater and 
velocity and illustrates the changing of intrusion 
length during one tidal cycle. 

 

 
Fig.6 The salinity intrusion processes along the river during the 

half of a tidal cycle on 21, April 2019 
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Table 2 Stratification parameters for Hau River (S = Strong stratification, M = Partially mixing or Moderate stratification, W= Weak 
stratification) 

 

Approach method 
Cross-section1 Cross-section2 

Middle point Deepest point  Middle point Deepest point  

Pritchard’s number: n 0.11 to 0.61 0.18 to 0.66 0.16 to 0.89 0.53 to 1.57 

Froude number: Frr 0.45 0.41 0.51 0.42 

Richardson's number: RiL 4.9 6.0 3.9 5.6 

Classification (n, Fr, Ri) (M, M, M) (M, M, M) (M, M, M) (W, M, M) 
 

Fig.7 The vertical distribution of salinity at cross-section 2 
during one tidal cycle. 

 

 
Fig.8 The water level and mean velocity at cross-section 2 during 

12 hours in 22, April 2019 
 
At cross-section 2 (3km from the estuary), the sa-

linity value also depends on the tidal regime with 
2.77m of amplitude tide at measurement time. Be-
cause salinity also gradually decreases and increases 
following the flood and ebb tide respectively. For 
instance in Fig.7, salinity reduces 1.54 (61%) during 
low tide (from 9:10 to 12:00) and increases 3.89 
(32%) during food tide (12:00 to 17:00). The Smax in 
the surface occurs at the same time with WLmax at 
17:00 as shown in Fig.7 and Fig.8, while the Smax at 
the bottom appears at 19:00, two hours lag compares 
with the time of WLmax (Fig.8). Moreover, Smax at the 
bottom occurs in ebb tide when velocity changes 
from flood tide to ebb tide and close to the high water 
while Smin appears at low water. 

Last but not least, the salinity values near the bank 

and at the middle point of the river are quite differ-
ent. The salinity near the bank is smaller than that at 
the middle point or at the deepest one and has only a 
slight change from the surface to the bottom. 

On the contrary, at the middle point and at the 
deepest one, the different value between the surface 
and the bottom (S) is high, for instance, at a 
cross-section 2, S at the deepest point is 7.22 to 9.8 
at the ebb tide and at the flood tide respectively. In 
practice, salinity measurement stations are located 
permanently near river banks, thus the data collected 
cannot represent for all cross-sections but we can 
refer those data for the operation of the sluice gates 
located along the river banks. 
 
(3) The mixing and stratification at cross-section 

The mixing and stratification were controlled by 
the wind, the tide and the river flow, but influenced 
by the wind is only significant in the shallow river. 
Thus, in this case, only the effects of the river flow 
and the tide are considered. 

We consider the different of salinity at one 
cross-section during ebb tide at one elevation during 
ebb tide (9:00 to 13:00) as shown in Fig.4. Salinity 
different between two river banks at the same depth 
(at -4m elevation) is less than 0.1 while at flood tide 
(15:00 to 18:00) it is from 0.1 to 0.4. That means at 
cross-section 1, the advection was more influenced 
by tide than river flow. Whereas, the changes in river 
flow at ebb tide have more control over the advection 
at cross-section 2 as shown in Fig.7 indicating that at 
-4m elevation, the salinity values at ebb tide are more 
fluctuating than that in flood tide.  

The results in Table 2 indicate that the mixing 
and stratification in both cross-sections reveal partial 
mixing and moderate stratification with the value of 
n, Fr, RiL parameters being always in the range of 
type II of salinity intrusion in Table 1. However, at 
the deepest point of cross-section 2, the S between 
surface and bottom in the ebb tide becomes so high 
with Pritchard’s number over 1. Thus, this location 
occurs salt wedge during 6 hours of ebb tide in the 
right bank at the deepest point. Further researches in 
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the future need to take into account the effects of 
river morphology on estuarine mixing and stratifi-
cation. 
 
 
4. CONCLUSION 
 

Along the Hau River, the intrusion length in flood 
tide is about 15km longer than ebb tide on 2, April 
2019. The CastAway data indicate the partial mixing 
and moderate stratification condition with 
Pritchard’s number, n = 0.11-0.68. 

In one tidal cycle, Smax at the bottom occurred at 
the transition from flood tide to ebb tide and close to 
the high water while Smin were observed when ebb 
tidal currents change to flood tide and close to low 
water. The peak of water level came 1 hour and 2 
hours sooner than the peak of salinity at cross-section 
1 and 2, respectively.  

At a cross-section, among the water columns, Smax 
appears at the bottom of the deepest one. This value 
is much higher than that near the bank. Thus, the 
salinity data collected at fixed salinity stations along 
the bank cannot represent for salinity of the wide and 
deep rivers like the Hau River.  

The rising speed of flood tide in the right bank is 
higher than that in the left bank and vice versa, the 
reducing speed during ebb tide in the left bank is 
faster than the speed in the right bank. 

The Pritchard’s number (n), Froude number (Fr 
and Richarson’s number (RiL) also indicate that the 
partial mixing and moderate stratification condition 
prevailed at two cross-sections during one tidal cycle. 
Sometimes in the ebb tide, the salt wedge occurred in 
the lowermost of the DinhAn branch. That results 
suggest all the gates which are located from 22km far 
from the estuary can open during 9 hours to take 
water for irrigation. 

Salinity distribution in an estuary depends on the 
estuarine response to river discharge, wind and tidal 
mixing over time scales ranging from days (flood – 
ebb tide) to weeks (spring-neap tide) and months 
(seasonal river discharge change). In this paper we 
consider only the day time scales, therefore, the fu-
ture research, we need considering the salinity mix-
ing and stratification in fortnightly, month time 
scales and changing of estuary morphology. 

  
ACKNOWLEDGMENT: This research is funded 
by Japan-ASEAN Science, Technology and Innova-
tion Platform (JASTIP) and JSPS RONPAKU 
(Dissertation Ph.D.) Program. The authors would like 
to thank Group Researchers of KC08.25/16-20 Project 
for their kindly help in the site.  

REFERENCES 
1) Nguyen, A.D, Savenije, H., Pham, D., Tang, D.: Using salt 

intrusion measurements to determine the freshwater dis-
charge distribution over the branches of a multi-channel 
estuary: the Mekong Delta case, Estuar. Coast. Shelf Sci. 77, 
433–445, 2008. 

2) Mai, N.P., Kantoush, S., Sumi, T. S., Thang, T.D., Binh, 
D.V.,  and Trung, L.V.: Assessing and adapting the impacts 
of dams operation and sea level rising on saltwater intru-
sions into the Vietnamese Mekong Delta, Journal of Japan 
Society of Civil Engineers, Ser. B1 (Hydraulic Eng.) Vol. 74, 
No. 5, pp. 373-378, 2018. 

3) Duong, T.A, Long, P.H, Minh, D.B  Peter, R. (2018). 
Simulating future flows and Salinity Intrusion using com-
bined One and Two Dimensional Hydrodynamic model – 
the case of Hau River, Vietnamese Mekong Delta. Water, 10, 
897; doi:10.3390/w10070897. 

4) Nowacki, D.J., Ogston, A.S., Nittrouer, C.A., Fricke, A.T., 
Van, P.D.T.: Sediment dynamics in the lower Mekong River 
a transition from tidal river to estuary. J.Geophys. Res. C 
Ocean 120, 6363–6383, 2015 

5) Khang, D.K., Kotera, A., Sakamoto, T., Yokozawa, M.: 
Sensitivity of Salinity Intrusion to Sea Level Rise 
and River Flow Change in Vietnamese Mekong Del-
ta-Impacts on Availability of Irrigation Water for Rice 
Cropping,  J. Agric. Meteorol. 64, 167–176, 2008. 

6) Nhan, N.H.: Tidal regime deformation by sea level rise 
along the coast of the Mekong Delta, Estuarine Coastal and 
Shelf Science. Volume 183, part B, 382-391, 2016. 

7) Wolanski, E., Ngoc Huan, N., Trong Dao, L., Huu Nhan, N., 
Ngoc Thuy, N.: Fine sediment dynamics in the Mekong 
River estuary, Vietnam, Estuar. Coast. Shelf Sci. 43, 
565–582, 1996. 

8) Marcello, G., Yoshiki, S., Lap, N. V., Oanh, T. T.K., Rei, N., 
Toru, T., Katsuto, U. and Seiichiro, Y.: Process regime, sa-
linity, morphological, and sedimentary trends along the 
aluvial to marine transition zone of the mixed-energy Me-
kong River Delta, Vietnam, Continental Shelf Research, 
2017. 

9) Guidelines on the study of seawater intrusion into rivers, 
Studies and Reports in Hydrology, Paris: UNESCO, 1951, 
no. 50. 

10) Mikhailova, M.V.: Processes of seawater intrusion into river 
mouths, Water Resources, Vol. 40, No. 5, pp. 483–498, 
2013. 

11) Mueller, D.S., and Wagner, C.R.:  Measuring discharge with 
acoustic Doppler current profilers from a 
moving boat,  U.S. Geological Survey Techniques and 
Methods, 2009, 3A–22, 72 p. (available online 
at http://pubs.water.usgs.gov/tm3a22) 

12) JICA report: Climate Change Adaptation for Sustainable 
Agriculture and Rural Development in The Coastal Mekong 
Delta, Ministry of Agriculture and Rural Development Vi-
etnam, pp. 1-252, 2013. 

13) Fischer, H.B., Imberger, J., John List, E., Koh, R. C.Y., 
Brooks, N.H.: The book of Mixing in the Inland and Coastal 
Waters, Academic Press, INC, pp1- 483, 1979. 

 
  (Received May 31, 2019) 
(Accepted August 7, 2019) 

 
 

I_756

http://pubs.water.usgs.gov/tm3a22?fbclid=IwAR0KJaH1dY8IrSDePn4b0FaAQsBMAF6sRfxxonYrCOfPuZzlgpUnpnbkDk8

