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Abstract: Freshwater resources make an essential contribution to the livelihoods of millions of local
people in the coastal estuaries of the Vietnamese Mekong Delta (VMD). However, coastal freshwaters
currently face numerous threats, not least (i) changing tidal dynamics due to sea level rise and (ii)
changes in river regimes due to dam construction upstream. This research explores the evolution
of freshwater regimes in these coastal estuaries. Using process diagrams, freshwater distributions
are mapped and analyzed. Application of statistical methods provides insight into freshwater flow
cycles and variations in water regimes upstream at various measurement points within the estuaries.
A previously calibrated and validated hydraulic model is used to simulate drought-year scenarios
and spatial changes in freshwaters over time. Findings indicate decreasing river discharges in the
flood season, but increasing discharges in the dry season, due to the impacts of hydropower dams.
In addition, the driest months are shifting earlier. From this data, we derive rules of thumb regarding
freshwater distributions in the coastal estuaries of the VMD. These relate to (i) the boundary beyond
which freshwater is always found; (ii) the boundary where freshwater appears daily; (iii) the start of
the freshwater season; (iii) the boundary where freshwater appears until February and until April;
(iv) the end of the flood season; and (v) the number of days without freshwater per year. The trends
discerned will help local freshwater users and decision makers formulate forward-looking, flexible
strategies for freshwater exploitation, while also providing avenues for further research.
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1. Introduction

Coastal estuaries are among the world’s most productive environments for aquaculture, agriculture
and industry, while also being very densely populated [1,2]. More than half of the world’s mega-cities
lie within 50 km of the coast, and population densities here are 2.6 times greater than inland. This
raises critical issues of water security in coastal areas [3,4]. Indeed, a key concern of our times is the
efficient dist8ribution and use of freshwater resources in coastal areas, to conserve and restore brackish
ecosystem services while also providing for the socio-economic needs of residents and economic
activity [5].
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Freshwater inflows are fundamental to the functioning of estuarine processes [6]. However, the
spatial and temporal distribution of freshwater is undergoing major change in many coastal estuaries,
due to a combination of issues such as sea level rise and changes in hydrological flow regimes caused
by development of reservoir systems upstream, alongside local exploitation of freshwater [4,7–9].

The salinity of estuary waters is a result of an interaction between freshwater fluxes from upstream
and saltwater from the sea, with salinity levels varying both vertically and horizontally [10]. Several
studies indicate that under the influence of sea level rise tidal dynamics will become an even greater
determinant of the temporal and spatial distribution of freshwater in coastal estuaries [2,11–14]. Tide
is the main driving force pushing seawater into rivers, causing fluctuations of estuary salinity. From
the upstream side, river flows push against tidal currents, resisting salinity intrusion while creating a
brackish zone in the middle area. In the dry season, seawater usually makes its way farther inland
throughout the estuaries, due to the lower river flows typically measured in this period. When river
flows increase, floodwaters flush saline water back downstream in a process that provides various
benefits to aquatic habitats [15].

The balance maintained by this cycle is very relevant to the Vietnamese Mekong Delta (VMD),
though freshwater flows in this delta’s estuaries have also been strongly influenced by changes both in
flow regimes upstream and in downstream tidal movements. Upstream, flow patterns have become
abnormally varied due to the construction of numerous dams [9,14,16,17]. The main streams of the
Mekong River are now blocked by six mega-reservoirs, and 40 smaller reservoirs regulate flows on
tributaries [18,19]. Moreover, that number of upstream reservoirs is set to double by 2030, according to
the Ministry of Natural Resources and Environment of Vietnam. This will affect some 100 billion m3 of
Mekong River waters, accounting for 18% of the total annual flow. From the seaward direction, mean
sea levels are rising at a rate of 3.18 mm per year, with a total rise of 120 mm predicted by 2030 [20].

Dams developed upstream have significant effects on flow regimes downstream. Impacts have
been documented, for instance, from two mega-reservoirs in southwest China: the Xiaowan (constructed
in 2010) and Nuozhadu (constructed in 2014) with a total capacity of 39,800 million m3 [21]. These dams
may divert water away from the main streams into local waterways without consideration for the effects
downstream [22]. Upstream dams and reservoirs have reduced the amount of freshwater flowing to the
coastal estuaries of the VMD. Having less freshwater for agriculture and domestic uses has motivated
coastal inhabitants to exploit alternative freshwater resources, for example, groundwater [23–25].
Increased groundwater exploitation, combined with the influences of sea level rise and upstream dams
and reservoirs, is changing freshwater distribution both temporally and spatially across the VMD.

Against this backdrop, this study posed two principal research questions: (i) How is the freshwater
distributed in the coastal area of the VMD? (ii) How strong is the influence of the hydrological dynamics
of upstream flows on the freshwater distribution downstream? These questions have not been fully
answered in previous studies, which principally considered from analyzing the highest salinity values
to determine the highest saline intrusion boundaries in order to explore prevention or mitigation
solutions [12,16,20,26]. Previous studies, therefore, have not explicitly identified the boundaries of
freshwater availability in months of the dry season for potential exploitation in the VMD coastal areas
as well as have not investigated the influences of flow dynamics in the upstream delta on freshwater
appearance downstream.

The current study sought to gain a deeper understanding of trends in the distribution of freshwater
in the VMD, as a first step towards finding solutions to sustain brackish ecosystems here. It also sought
to clarify how upstream flows have changed and the effects of these changes on freshwater availability
in the estuaries. Understanding these changes is essential not only to maintain sufficient freshwater
in estuary ecosystems but also to provide appropriate freshwater-exploitation alternatives instead of
groundwater over-extraction for local communities in areas affected by salinization. By analyzing
upstream flows and flows in the surrounding rivers, this study provides the first-ever mapping of
freshwater distribution in the research area. We analyzed monitoring data from a number of upstream
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and 18 coastal stations and simulated the spatial distribution of freshwater using a hydrodynamic
model in order to seek answers to the research questions.

2. Study Area

The Mekong River runs through six countries, extending from China to Myanmar, Laos, Thailand,
Cambodia and Vietnam. With an area of 40,000 km2, the VMD is located in the most downstream region
of the Mekong River basin (Figure 1). Hydraulically speaking, Kratie, Cambodia, can be considered
the basin’s upper boundary. Another boundary point, also in Cambodia, is where the Tonle Sap River
flows into the Tonle Sap Lake. River waters flow into the lake during the rising and high stage of the
annual floods, but flows are reversed during the falling stage and during the following dry season.
The Tonle Sap Lake retains about 10% of the total wet season flow volume at Kratie, reducing the
maximum discharge at Kratie by 16% [27,28].Water 2019, 11, 782 4 of 19 
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Figure 1. Location of the study area, with Kratie station and the Tonle Sap Lake at Prek Kdam, Tan Chau
in the northeast of the delta (left) and the study’s 18 monitoring stations (right).

From the Vietnam-Cambodia border, the Mekong River splits into two tributaries, called the
Mekong (or Tien) River and the Bassac (or Hau) River, before flowing to the sea via nine river mouths
in the Cuu Long region of Vietnam. This region supports a population of some 18 million and has a
diverse economy including rice-based agriculture and aquaculture [5].

In combination with the river fluxes upstream, the coastal area of the VMD has been strongly
influenced by tidal regimes. This has led to the formation of estuaries, defined as “a semi-enclosed
coastal body of water, which has a free connection with the open sea, and within which sea water is
measurably diluted with freshwater derived from land drainage” ([29], quoted in [30]: 11). As noted,
the salinity of estuary water is a product of the interaction between freshwater from upstream and
saltwater from the sea. Due to the complexity of such interactions, spatial and temporal distributions
of estuarine freshwater vary, depending on the influences of the different surrounding flows.

The following are some key features of the salinity intrusion process in the study area:
At the river mouths of the VMD, there is a complex disturbance between the freshwater flows

from the rivers upstream and the saltwater layer from the sea. The estuary is highly stratified. In the
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rainy season, freshwater flows are quite high so the flow disturbance in the coastal area is usually weak.
In this season, the flows are stratified and salinity regularly appears. In the dry season, freshwater
flows from upstream are low, and the ratio of seawater to river water increases; therefore, the mixing is
more complex.

On high tide days (the 1st–4th days or the 15th–19th days of every lunar month), the high tide
peak is high and the lowest tidal water level is low; then seawaters entering the river mouth dominate.
The mixing is strong and not stratified; hence, there is no saline wedge. On low tide days (the 7th–10th
days or the 23rd–27th days of every lunar month), the high tide peak is low and the lowest tidal water
level is high; then intrusion of seawaters into the river mouth decreases slightly. Depending on the
strength of freshwater flows from upstream to the river mouth, a moderate or weak disturbance may
occur. At these times, stratified flow can occur with the appearance of salty wedges.

3. Data Collection and Methods

Figure 2 presents the data and methodological framework used to explore the spatial distribution
of freshwater in the coastal estuaries and the influence of upstream flows on freshwater regimes.
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Our analyses used the following data: (i) Salinity measures from 1996 to 2017 from 18 monitoring
stations throughout the VMD coastal region, obtained from the Hydro-Meteorological Data Center
of Vietnam. These data were registered manually at a frequency of every 2 hour based on a specific
schedule, equivalent to 12 data points at the odd hours of each day. Data were recorded during the dry
season from February to June for the period before 2012. After 2012, data were recorded from January
to June. (ii) Salinity and water level data were recorded automatically at 20-minute intervals over
the 2015–2018 period at Tra Vinh station, located on the Co Chien River. These data were measured
using WTW-LF 196 German conductivity meters with samples in glass bottles with a cork. At each
measurement site, we collected the samples at three depths—0.2H, 0.5H and 0.8H—with H being
the depth, which varied depending on the location (The average salinity (STT) is calculated using
the following formula: STT = (S0.2h + 2 × S0.5h + S0.8h)/4 (%�)). (iii) Water levels measured at Kratie
station in the Mekong River for the period 1990–2016. This location is considered the starting point
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of the Mekong Delta. It is 215 km from Phnom Penh and 310 km from the Vietnam border along the
river. (iv) Flow monitoring data at the Tan Chau station of the Tien River for the 2001–2016 period.
The Mekong River Commission provided these upstream data.

The data from the 18 monitoring stations provided a good indication of the spatial boundaries
of salinity intrusion. The data series from 1996 to 2017 enabled us to identify the driest year as 2005.
Further, 2009 was an average dry year, and 2014 was the least dry year. Analyses using the three-year
data (2015–2018) then served to interpolate the data from the 18 stations, which helped us to identify
the salinity boundaries. We considered three boundaries: the boundary where freshwater appears
daily; the boundary where freshwater appears until February; the boundary where freshwater appears
until April.

As the objective of this study was to obtain a better understanding of the spatial distribution of
freshwater in the coastal area of the VMD, we could not use only the data measured at the 18 stations. To
predict salinity allocations along the coast we employed a numerical 1-dimensional model, calibrated
and verified using measurement data. To elaborate on the spatial distributions of the salinity boundaries
and to provide further detail on freshwater zones, hydrodynamic modelling was done in MIKE 11.
This is software developed by the Danish Hydraulic Institute [31]. We used the available MIKE 11
model, which the authors had calibrated and validated in previous studies [9], [26]. Due to the complex
flow interactions in the VMD, we applied the unsteady mode for the model simulations. We set up
the model using two modules: (i) the hydrodynamic (HD) module to simulate flow modes and (ii)
the advection-dispersion (AD) module for salinity simulation. These modelling methods have been
widely applied in studies of the Mekong Delta (see [9,12]).

Our computational network (or grid) included rivers and terrain from the lower Mekong region
to the sea with the upper boundary at Kratie (see Figure 1). The grid comprised the following key
components: (i) seven upstream flows with Kratie as the main boundary station; (ii) water levels at
68 boundary points, and salinity parameters determined from 10 coastal monitoring stations; and (iii)
rain and evaporation data from 24 meteorological stations in the basin. In addition, Manning and
dispersion coefficients were calibrated to adjust, respectively, upstream discharges and salt expansion
parameters (Table A1 in the Appendix A presents some of the calibrated coefficients). Results of the
hydraulic calculations were used to create freshwater distribution maps for the Mekong River estuaries.

Data from the Tra Vinh station were used to explore temporal distributions of freshwater in the
coastal zone. For this, we applied statistical analyses to three variables: average annual discharge,
average discharge during the flood season and average discharge during the dry season. The 2015–2018
data gave us a better idea of freshwater distribution rules in the flood season and availability of
freshwater in the dry season. In addition, we analyzed the 1996–2017 Tra Vinh data to understand the
characteristics of freshwater distribution throughout the coastal estuaries. Furthermore, we compared
hydrological data from monitoring stations at Kratie and Tan Chau in the upper delta to data from
Tra Vinh along the coast to assess the effects of water discharge from the upper delta on coastal
freshwater distribution.

Table 1 presents the spatial and temporal criteria (based on observation, experience and literature
review) applied in this study to identify freshwater distribution in the research area.

Although this study attempts to analyze freshwater boundaries over time as detailed as possible
for exploitation, we are able to analyze data of February, April, and the dry season owing to the
following reasons. First, the study only investigates the freshwater boundary from February due to the
data availability. Observation data before 2012 were only measured from February, so this study could
not analyze freshwater boundaries of the months before. Second, the freshwater boundary in April is
considered because this is the most exhausting month in the period of monitoring data, also known as
the most difficult month appearing freshwater. Finally, the boundary not having freshwater during the
dry season is used to assess the most difficult level of freshwater in the estuary. Freshwater boundaries
in March and May also have important to be analyzed. However, the freshwater boundary in March is
in the middle of the February and April boundaries whereas the freshwater availability in May in the
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estuary is higher than that in April but still lesser than in February. Hence the study does not consider
measured data in March and May.

Table 1. Spatial and temporal criteria applied to identify freshwater distribution and boundaries.

Criteria Definition

Non-salinity boundary
At this boundary, the highest salinity level is always less than or equal to 0.3%�.
While some research defines freshwater as water with less than 0.5%� saline [29],
we take the higher standard adhered to by the Vietnam Ministry of Health [32]

Daily freshwater
boundary Freshwater appears here at least once on any day

The boundary of
freshwater in February,
April and the dry season*

Freshwater appears here at least once, respectively, in February, April and the
dry season

The non-freshwater
boundary in the dry
season

There is no freshwater here between February and April

The start date of
freshwater

This is the first date on which freshwater makes its appearance at the end of the
dry season with thereafter five consecutive days of freshwater observed and the
situation remaining similar for the next 15 days.

The end date of
freshwater

This date specifies the first of five consecutive days without any freshwater at the
beginning of the dry season

The number of hours each
month with freshwater The total hours that freshwater appears within a month.

The largest number of
days without freshwater The greatest number of consecutive days of the year with no freshwater available

* This criterion was formulated based on the authors’ long experience analyzing monitoring data from the coastal
region of the Vietnamese Mekong Delta. Formulation of the criteria is clarified below.

4. Results and Discussion

4.1. Distribution of Freshwater in the Delta Estuaries

4.1.1. Temporal Distribution of Freshwater at Tra Vinh

Salinity data from Tra Vinh shows that freshwater usually did appear during the rainy season
from 2015 to 2018. During the dry seasons of 2015, 2017 and 2018, the salinity level was less than 0.3%�

on many days. From 18 December 2015 to the end of January 2016, freshwater appeared only twice
(29–30 December 2015 and 22–24 January 2016). In that season, the longest period without freshwater
was 94 days (Figure 3).

The measurement data show variation in the appearance of freshwater at Tra Vinh from 1996 to
2017 (Figure 4). Freshwater began to appear from late May to early June, with the freshwater season
usually lasting until February. There were seven years in which freshwater first appeared in May;
13 years in which freshwater first appeared in June; and one year in which freshwater first appeared
in July. In saline months, freshwater was found an average of 116.1 h, 90.9 h, 40.3 h and 106.7 h,
respectively, in February, March, April and May. The longest observed period without freshwater was
in 2005, with 110 consecutive days, followed by 2016 with 94 days.
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4.1.2. Spatial Distribution of Freshwater Based on Monitoring Data

The years 2005, 2009 and 2014 were selected to depict freshwater boundaries in the study area,
as they were statically representative of years with the lowest, average and greatest amounts of
freshwater, respectively. Figure 5 presents freshwater boundaries in February, April and daily, based
on measurement station data.
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February freshwater boundaries. Upstream flows tended to still be high in February, producing a
rather stable freshwater boundary in the estuaries (Figure 5a). In 2005, the freshwater boundary in
February was about 25 km from the sea. In 2009 and 2014, that distance was about 15 km.

Freshwater boundaries in April. The lowest upstream flows tended to be measured in April, which is
why the freshwater boundary in this month is so close to the boundary of where freshwater is always
available (Figure 5b). On the My Tho River, which is particularly sensitive to changes in upstream
flows, the freshwater boundary in April was about 60 km from the sea. [12] and [7] similarly found
salinity on the My Tho River to be sensitive to upstream flows.

Daily freshwater boundaries. In 2005, there was always freshwater on the Hau and Co Chien River,
on the Ham Luong River and on the My Tho River, respectively, some 45 km, 55 km and 65 km from
the sea (Figure 5c). In 2009, there was always freshwater on the Hau and Co Chien River at about
40 km from the sea. For the Ham Luong and My Tho rivers, these distances were, respectively, 45 km
and 47 km from the sea. In 2014, the freshwater boundary was often observed 30 km from the sea
during the dry season, and the trend was relatively stable. The boundaries fluctuated an average of
about 20 km; that is, 15 km on the Hau and Co Chien River, 25 km on the Ham Luong River and 35 km
on the My Tho River.Water 2019, 11, 782 9 of 19 
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Figure 5. Freshwater boundaries estimated for 2005, 2009 and 2014. (a) The boundary where freshwater
was always available in February moves further towards the sea; (b) the boundary where freshwater
was always available in April moves further inland; (c) the boundary where freshwater was available
every day moves further inland. Greater freshwater fluxes upstream (in 2014 and 2009 compared to the
lowest water year of 2005) correspond with more freshwater appearing downstream, flushing saltwater
to the sea.
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4.1.3. Spatial Distribution of Freshwater Based on Hydrologic Modeling

Results from MIKE 11 models indicate five types of areas: (i) where there is always freshwater
(non-saline areas), (ii) where there is freshwater daily, (iii) where there is freshwater until April,
(iv) where there is freshwater until March and (v) where there is no freshwater in the dry season
(Figure 6). The saline boundaries were found to be 80 km from the sea on the Tien River, 72 km on
the Ham Luong River, 77 km on the Co Chien River and 62 km on the Hau River. The freshwater
boundaries were 49 km (Tien River), 48 km (Ham Luong River), 38 km (Co Chien River) and 38 km
(Hau River) from the sea. The simulation results were verified by our 2005 observation data.Water 2019, 11, 782 10 of 19 
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In general, the spatial distributions of freshwater from the modelling simulations were quite a good
fit with the distributions indicated by the monitoring data (see Figure 6 compared with Figure 5, as well
as the fitness presented in Table A1 of the Appendix A). Characteristics of the freshwater regime could
thus be defined as follows: (i) The end date of the freshwater season usually occurred in February, though
that date had recently shifted to January (2015, 2017), and once even occurred in December (2016); (ii) the
starting date of the freshwater season was usually in late May or June. (iii) The longest period without
freshwater at Tra Vinh was 110 days, in 2005, followed by 94 days in 2016. (iv) The hours with freshwater
in the dry season (February, March, April and May) fluctuated sharply. The low was 46 h (2016); 60 h
(2013) and 62 h (2004) were observed; the highest was 1570 h (2007). (v) Spatial boundaries were defined
for non-saline (always freshwater) conditions, for freshwater appearing daily, for freshwater appearing
until April, freshwater appearing until February and without freshwater at all in the dry season.
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These characteristics impose the framework in which people living in the coastal zone must
ration and plan their water use. The periods when inhabitants can access freshwater depend not
only on these freshwater boundaries but also on the available storage capacity. The monthly hours of
freshwater provide an indication of the amount of freshwater that can be added. In addition to the
freshwater boundaries, the regularity and interval of freshwater availability thus determine the scale
and feasibility of alternative methods of freshwater exploitation.

4.2. Upstream Discharges and Changes Thereof

4.2.1. Upstream Discharges at Kratie

Large fluctuations were observed in total annual discharges at Kratie, with the lowest discharge
being only half the highest one. This is a disadvantage for downstream water users. Figure 7 shows
the characteristics and trends of discharges at Kratie from 1990 to 2016. The annual average discharge
was 12,214 m3 s−1 and the total annual discharge was about 385 billion m3 year−1. In the dry season,
the total discharge was some 55 billion m3, accounting for 14.3% of total annual flow. The highest and
lowest annual discharges were 16,320 m3 s−1 and 7961 m3 s−1, respectively.
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Figure 7. Trendlines of water discharges at Kratie, 1990–2016.

The trendlines in Figure 7 are divided into two periods, 1990–2016 and 2001–2016, based on the
2000 flood peak. The data in Figure 8 show an annual reduction of 243 m3 s−1 over the 2001–2016 period.
In the flood season, the decrease was larger, with a reduction of 104 m3 s−1 for the whole observed
period and 598 m3 s−1 for 2001–2016. Remarkably, the discharges in the dry season have tended to
increase slightly, by about 35.21 m3 s−1 over the whole 1990–2016 period. These changes are primarily
attributable to three factors, according to [7,9,33]: (i) the impacts of the upstream reservoir systems;
(ii) increased exploitation of freshwater resources in the river basin; (iii) the effects of transferring water
out of the catchments. The reservoirs reduce flows in the flood season and increase them in the dry
season. The two other factors reduce flows throughout the whole year.

Examining the discharges in the dry season reveals the complex influences of the three factors
(Figure 9). Although the discharges in the dry season increased slightly overall, the discharges
decreased considerably in the first months of the dry season (in January and December). While [12]
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and [7] concluded that the lowest discharges and the salt-intrusion peak were in April, our data show
the lowest discharges in the dry season have shifted from April to March or even February. This means
that saline intrusion in the Mekong Delta is coming sooner, posing a direct threat to winter-spring crops
cultivated in the coastal provinces. Recent measurement data indeed show salinity peaks occurring in
February (2013 and 2015–2017) or March (2014 and 2018).Water 2019, 11, 782 12 of 19 
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4.2.2. Water Distributions from the Upper Delta to the VMD

Figure 10 compares flows at Kratie and Tan Chau. The correlation between both time series is
quite tight. In deriving the correlation we accounted for the particularities of the flows from Cambodia.
The Tonle Sap Lake (TSL) in particular plays a central role here, as also explored by [34,35]. In the dry
season (December to April), the TSL contributes more than 20 billion m3 of water, which is about half
of the 40.3 billion m3 that flows through Kratie. As flows from the TSL are concentrated in the early
months of the dry season, we split flows from the TSL into two periods: (i) from January to the date
on which flows from the TSL at the Prek Dam station exceeded 1000 m3 s−1 and (ii) the period after
February, when the TSL discharge volume was less than 1000 m3 s−1. This produced a much closer
relationship. The first phase of the relationship was established by the formula: Q = 2.5703 x QKratie −

3439.7 (m3 s−1). The second phase was calculated as Q = 0.7035 × QKratie + 600.9 (m3 s−1).
Toan etc [9] evaluated the correlation between the flows at Tan Chau and Kratie but did not

consider the regulating effect of the Tonle Sap Lake, so the relationship they found was less tight.Water 2019, 11, 782 14 of 19 
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At the start of the dry season (in January and February), the discharges to Tan Chau are strongly
affected by the TSL, which creates water fluxes at Tan Chau that are almost double those at Kratie
(Figures 8 and 9). This relation is confirmed by the strong coefficient of determination (R2 = 0.82)
(Figure 10). However, later in the dry season (March, April and May), the contributions of the TSL are
limited; therefore, the discharges to Tan Chau are driven directly by the discharge at Kratie. In those
months, only 70% the discharge at Kratie, in the upper Mekong River, flow to Tan Chau; therefore,
the correlation is quite high (R2 = 0.95).

4.3. Impact of Upstream Flows on Freshwater Distribution

Figure 11a presents the relationship between the average flows in January at Tan Chau and flows
at the end of the freshwater season in Tra Vinh. In general, the two flows are related, but not closely
(R2 = 0.47). When the average discharge at Tan Chau drops below 4273 m3 s−1, the freshwater season
in Tra Vinh ends in early January, whereas when Q in Tan Chau reaches 5424 m3 s−1, the freshwater
season ends in early February.

Figure 11b presents the average flow for three months (Qtb) in the dry season (April, May and
June) at Tan Chau and at the beginning of the freshwater season. The relationship found here is closer
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(R2 = 0.72). Accordingly, when Qtb is higher than 5500 m3 s−1, the freshwater season starts in early
May, and when the three-month Qtb is less than 3000 m3 s−1, the freshwater season starts at the end
of June. Figure 11 also presents the relationship between Qtc and the freshwater period at Tra Vinh.
Overall the relationship is quite tight (R2 = 0.70). This correlation suggests that when Qtc is greater
than 4000 m3 s−1, freshwater is available every month at Tra Vinh, and there are at least 88 hours of
freshwater per month. According to the trendline, when Qtc reaches 7000 m3 s−1, there is always
freshwater at Tra Vinh. When Qtc is less than 2000 m3 s−1, there is no freshwater at Tra Vinh. According
to the trendline, when Qtc < 2761 m3 s−1, there is no freshwater at Tra Vinh. A month with less than
100 h of freshwater occurs only when Qtc < 4000 m3 s−1.

A relationship was found between average annual flows at Tan Chau from January to May and
the longest period (in number of days) without the freshwater in the year (Figure 11c). Our results
show that this relationship is quite tight (R2 = 0.80). Accordingly, when the average flow at Tan Chau
is less than 3200 m3 s−1, the number of successive days on which there is no freshwater at Tra Vinh
can be up to 80 days. When the five-month average flow at Tan Chau exceeds 5000 m3 s−1, there is
freshwater every day at Tra Vinh.
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Figure 11. (a) Relationship between flows at Tan Chau from January to April and the timing of the late
freshwater season at Tra Vinh. (b) The relationship between flows at Tan Chau in the three-month dry
season (from April to June) and the timing of the start of the freshwater season at Tra Vinh. (c) The
relationship between Qtc and the length of the freshwater period at Tra Vinh, the 700 value is used in the
plots to indicate freshwater always being present in the dry season. (d) The relationship between mean
annual flows at Tan Chau from January to May and the highest number of days without freshwater at
Tra Vinh.

Water salinity in the estuaries is a result of an interaction between freshwater from upstream and
saltwater intrusion from the sea. Freshwater boundaries thus fluctuate in space and time, depending
on upstream river flows and those from the sea [7,12]. As tide is the main force pushing seawater into
the rivers, salinity fluctuates with tidal rhythms [7,12]. To examine the impact of upstream flows on
freshwater distribution on the coast, we looked at the relationship between flows at Tan Chau and at
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Tra Vinh. We identified the starting and ending date of the freshwater season, the number of hours
that freshwater was available in the dry season and the number of days without freshwater in the year.

Based on the identified correlations with upstream flows, we were able to make some predictions
regarding freshwater flows in the estuaries (Figure 11d). Our findings suggest the following trends:
(i) average flows at Tan Chau in January will continue to decrease, causing the end of the freshwater
season to come sooner; (ii) flows in the three months of March, April and May will continue to increase,
leading to earlier start of the freshwater season; (iii) average flows at Tan Chau in January and February
will decrease, with average flows in March, April and May increasing, resulting in similar development
in freshwater availability in those months; and (iv) dry season flows will increase, reducing the greatest
number of days without freshwater.

5. Conclusions

This study analyzed and mapped the spatial and temporal distribution of freshwater in the
estuaries of the Mekong River. Rules were derived for freshwater distribution, based on which
appropriate freshwater exploitation regimes can be developed. Distribution details include the
boundary beyond which freshwater is always present; the boundary at which freshwater is present
on a daily basis; the boundary at which freshwater is present until April; the boundary at which
freshwater is present until February; the beginning of the freshwater season; the end of the freshwater
season; the number of days without freshwater per year; and the hours of freshwater each month.

We analyzed specifically the influences of flows at Kratie and the Tonle Sap Lake on water
distribution in the VMD estuaries. Our findings in this regard reinforce and advance results from
previous work. Our analyses indicate that under the impacts of hydropower dams and reservoirs,
discharges in the flood season will decrease, but they will increase in the dry season. Our findings
also point out that the driest period has shifted from April to March and even February. Our findings
furthermore clarify the relationship between monthly average flows at Kratie and Tan Chau. These
were found to be tightly correlated, disputing findings from previous studies that analyzed the monthly
average flow relationship between the two stations without accounting for the particularities of flows
from the Tonle Sap Lake.

This study also found a relationship between upstream flows (i.e., at Kratie and Tan Chau) and the
freshwater regime in the coastal estuaries. Rules of thumb derived from our data could enable changes
in freshwater distribution to be better predicted in the future. As such, the end of the freshwater season
will likely come sooner rather than later; and the freshwater season will likely start at an earlier date.
Furthermore, there will be fewer successive days without freshwater, and the number of hours with
freshwater in the dry months (March, April and May) will increase.

Freshwater regimes in estuarine zones are relatively moderated, without sudden changes.
Distributions depend mainly on tidal movements and flow trends in the upper delta. This study
focused only on factors impacted by upstream flows. Elements originating from the sea, especially sea
level rise due to climate change, were not considered in detail. In addition, besides meteorological
factors, the demand for water use in the estuarine zone was not evaluated, though this too directly
affects the freshwater resources in estuaries.

Finally, yet importantly, this study highlights the concern raised by [36] that it is necessary to
transform the growing amount of data collected into information for users. We also prove that recurring
and typical hydrodynamic processes of any area are possibly recognized by conveniently processing
some selected field data together with data availability.
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Appendix A

Table A1. Observed and simulated salinity concentration values at the stations of Tra Vinh, Song Doc,
My Tho and Tan An in the coastal region of the Mekong Delta (adapted from [26]).

Station Max. Salinity Concentration (%) Average Salinity Concentration (%)

Simulated Observed Difference Simulated Observed Difference

Tra Vinh
10–13 February 2005 5.8 6.2 0.4 3.5 3.7 0.2
18–21 February 2005 9.5 8.3 −1.2 5.5 6.2 0.7
26 February–1 March 2005 7 6.8 −0.2 3.9 5 1.1
11–14 March 2005 10 9 −1 5.75 6.5 0.75
29 March–1 April 2005 9 10 1 8 7.75 0.25

Song Doc
10–13 February 2005 11 10 −1 6 8 2
23–26 February 2005 11 10 −1 7.5 8.5 1
11–14 March 2005 13 16 3 12 12 0
29 March –1 April 2005 14 16 2 13.5 13 −0.5

My Tho
10–13 February 2005 1.2 0.7 −0.5 0.35 0.6 0.25
26 February–1 March 2005 1.1 1.1 0 0.6 0.75 0.15
3–8 March 2005 2.6 2.2 −0.4 1.2 1.6 0.4
17–21 March 2005 3.5 3.1 −0.4 1.95 2.2 0.25

Tan An
10–13 February 2005 5 4.5 −0.5 3 3.25 0.25
26 February–1 March 2005 6.5 6.5 0 4.8 5 0.2
11–14 March 2005 6.8 6.5 −0.3 5.25 5 0.25
19–21 March 2005 9 8 −1 6 6.5 0.5

The model network includes some 900 rivers and branches, 25,900 water level nodes, and 18,500 discharge nodes;
the Manning coefficients calibrated range from 0.022 to 0.032.

References

1. McLusky, D.S.; Elliott, M. The Estuarine Ecosystem. Ecology, Threats, and Management; Oxford University Press:
New York, NY, USA, 2004.

2. Wolanski, E.; Elliott, M. Estuarine Ecohydrology. An Introduction; Elsevier: Boston, MA, USA, 2016.
3. Montagna, P.A.; Palmer, T.A.; Beseres Pollack, J. Conceptual model of estuary ecosystems BT. In Hydrological

Changes and Estuarine Dynamics; Springer: New York, NY, USA, 2013.
4. Montagna, P.A.; Palmer, T.A.; Beseres Pollack, J. Introduction BT. In Hydrological Changes and Estuarine

Dynamics; Springer: New York, NY, USA, 2013; pp. 1–4.
5. Kingdom of the Netherlands and The Socialist Republic of Vietnam. Mekong Delta Plan; Available online:

https://www.wur.nl/upload_mm/2/c/3/b5f2e669-cb48-4ed7-afb6-682f5216fe7d_mekong.pdf (accessed on
15 April 2019).

6. Statham, P.J. Nutrients in estuaries—An overview and the potential impacts of climate change. Sci. Total
Environ. 2012, 434, 213–227. [CrossRef] [PubMed]

7. Nguyen Sinh, H. Hydrological Regimes in the Vietnamese Mekong Delta and Variability under the Impact of Climate
Change and Sea Level Rise; Agriculture Publishing House in Hanoi: Ha Noi, Vietnam, 2011; (In Vietnamese:
Chế độ nước ĐBSCL và những biến động do biến đổi khí hậu – nước biến dâng).

8. Syvitski, J.P.M.; Harvey, N.; Wolanski, E.; Burnett, W.C.; Perillo, G.M.E.; Gornitz, V.; Arthurton, R.K.;
Bokuniewicz, H.; Campbell, J.W.; Cooper, L.; et al. Dynamics of the Coastal Zone BT-Coastal Fluxes in the
Anthropocene: The Land-Ocean Interactions in the Coastal Zone Project of the International Geosphere-Biosphere
Programme; Crossland, C.J., Kremer, H.H., Lindeboom, H.J., Marshall Crossland, J.I., Le Tissier, M.D.A., Eds.;
Springer: Berlin/Heidelberg, Germany, 2005; pp. 39–94. [CrossRef]

9. Toan, T.Q.; Thang, T.D.; Thuan, P.K. Analysis on the impacts of hydropower reservoirs upstream on flood
peak in the Vietnamese Mekong Delta (In Vietnamese: Phân tích ảnh hưởng của các hồ đập thượng lưu đến
thay đổi đỉnh lũ ở đồng bằng sông Cửu Long). Sci. Technol. Environ. 2016, 52, 37–43.

https://www.wur.nl/upload_mm/2/c/3/b5f2e669-cb48-4ed7-afb6-682f5216fe7d_mekong.pdf
http://dx.doi.org/10.1016/j.scitotenv.2011.09.088
http://www.ncbi.nlm.nih.gov/pubmed/22119025
http://dx.doi.org/10.1007/3-540-27851-6_2


Water 2019, 11, 782 16 of 17

10. Wolanski, E.; Elliott, M. Estuarine Ecohydrology. 2-Estuarine Water Circulation; Wolanski, E., Elliott, M.B.T.-E.E.,
Second, E., Eds.; Elsevier: Boston, MA, USA, 2016; pp. 35–76. [CrossRef]

11. Hong, B.; Shen, J. Responses of estuarine salinity and transport processes to potential future sea-level rise in
the Chesapeake Bay. Estuar. Coast. Shelf Sci. 2012, 104–105, 33–45. [CrossRef]

12. Le, S. Research on Salinity Intrusion for Socio-Economic Development in the Vietnamese Mekong Delta
(In Vietnamese: Nghiên cứu xâm nhập mặn phục vụ phát triển kinh tế xã hội ĐBSCL). Ho Chi Minh City,
Vietnam. 2004. Available online: http://www.vncold.vn/Web/Content.aspx?distid=768 (accessed on 15
April 2019).

13. Rice, K.C.; Hong, B.; Shen, J. Assessment of salinity intrusion in the James and Chickahominy Rivers as a
result of simulated sea-level rise in Chesapeake Bay, East Coast, USA. J. Environ. Manag. 2012, 111, 61–69.
[CrossRef] [PubMed]

14. Wassmann, R.; Hien, N.; Hoanh, C.; Tuong, T.P. Sea Level Rise Affecting the Vietnamese Mekong Delta:
Water Elevation in the Flood Season and Implications for Rice Production. Clim. Chang. 2004, 66, 89–107.
[CrossRef]

15. Healy, T.R. Estuaries BT-Encyclopedia of Coastal Science; Schwartz, M.L., Ed.; Springer: Dordrecht, The Netherlands,
2005; pp. 436–439. [CrossRef]

16. Dang Hoa, V.; Pham Thi Bich, T. Saline water on the Co Chien River and measures in exploiting freshwater
for domestic in Tra Vinh Province. Vietnam J. Earth Sci. 2012, 34, 1, (In Vietnamese: Nước mặn trên sông cổ
chiên và giải pháp khai thác nước ngọt phục vụ cung cấp nước sinh hoạt cho thành phố Trà Vinh).

17. Khang, N.D.; Kotera, A.; Sakamoto, T.; Yokozawa, M. Sensitivity of Salinity Intrusion to Sea Level Rise
and River Flow Change in Vietnamese Mekong Delta-Impacts on Availability of Irrigation Water for Rice
Cropping. J. Agric. Meteorol. 2008, 64, 167–176. [CrossRef]

18. Lauri, H.; de Moel, H.; Ward, P.J.; Räsänen, T.A.; Keskinen, M.; Kummu, M. Future changes in Mekong River
hydrology: Impact of climate change and reservoir operation on discharge. Hydrol. Earth Syst. Sci. 2012, 16,
4603–4619. [CrossRef]

19. Li, X.; Liu, J.P.; Saito, Y.; Nguyen, V.L. Recent evolution of the Mekong Delta and the impacts of dams.
Earth-Sci. Rev. 2017. [CrossRef]

20. Ministry of Natural Resources and Environment of Vietnam. Kịch bản biến đổi khí hậu và nước biển dâng cho
Việt Nam (Scenarios of Climate Change and Sea Level Rise in Vietnam); Viet Nam Publishing House of Natural
Resources, Environment and Cartography: Ha Noi, Vietnam, 2016.

21. Li, D.; Long, D.; Zhao, J.; Lu, H.; Hong, Y. Observed changes in flow regimes in the Mekong River basin.
J. Hydrol. 2017, 551, 217–232. [CrossRef]

22. Gleick, P.H. Global Freshwater Resources: Soft-Path Solutions for the 21st Century. Science 2003, 302,
1524–1528. [CrossRef] [PubMed]

23. Fredrik, F. Impacts of Dams on Lowland Agriculture in the Mekong River Catchment; Lund University: Lund,
Sweden, 2011.

24. Kuenzer, C.; Campbell, I.; Roch, M.; Leinenkugel, P.; Tuan, V.Q.; Dech, S. Understanding the impact of
hydropower developments in the context of upstream–downstream relations in the Mekong river basin.
Sustain. Sci. 2013, 8, 565–584. [CrossRef]

25. Van Wesenbeeck, B.K.; Mulder, J.P.M.; Marchand, M.; Reed, D.J.; de Vries, M.B.; de Vriend, H.J.; Herman, P.M.J.
Damming deltas: A practice of the past? Towards nature-based flood defenses. Estuar. Coast. Shelf Sci. 2014,
140, 1–6. [CrossRef]

26. Nguyen, A.L.; Dang, V.H.; Bosma, R.H.; Verreth, J.A.J.; Leemans, R.; De Silva, S.S. Simulated Impacts of
Climate Change on Current Farming Locations of Striped Catfish (Pangasianodon hypophthalmus; Sauvage) in
the Mekong Delta, Vietnam. Ambio 2014, 43, 1059–1068. [CrossRef] [PubMed]

27. Van Manh, N.; Dung, N.V.; Hung, N.N.; Kummu, M.; Merz, B.; Apel, H. Future sediment dynamics in
the Mekong Delta floodplains: Impacts of hydropower development, climate change and sea level rise.
Glob. Planet. Chang. 2015, 127, 22–33. [CrossRef]

28. Manh, N.V.; Dung, N.V.; Hung, N.N.; Merz, B.; Apel, H. Large-scale suspended sediment transport and
sediment deposition in the Mekong Delta. Hydrol. Earth Syst. Sci. 2014, 18, 3033–3053. [CrossRef]

29. Pritchard, D.W. What Is an Estuary: Physical Viewpoint II; 1967; Available online: https://tamug-ir.tdl.org/

handle/1969.3/24383 (accessed on 15 April 2019).

http://dx.doi.org/10.1016/B978-0-444-63398-9.00002-7
http://dx.doi.org/10.1016/j.ecss.2012.03.014
http://www.vncold.vn/Web/Content.aspx?distid=768
http://dx.doi.org/10.1016/j.jenvman.2012.06.036
http://www.ncbi.nlm.nih.gov/pubmed/22820747
http://dx.doi.org/10.1023/B:CLIM.0000043144.69736.b7
http://dx.doi.org/10.1007/1-4020-3880-1_141
http://dx.doi.org/10.2480/agrmet.64.3.4
http://dx.doi.org/10.5194/hess-16-4603-2012
http://dx.doi.org/10.1016/j.earscirev.2017.10.008
http://dx.doi.org/10.1016/j.jhydrol.2017.05.061
http://dx.doi.org/10.1126/science.1089967
http://www.ncbi.nlm.nih.gov/pubmed/14645837
http://dx.doi.org/10.1007/s11625-012-0195-z
http://dx.doi.org/10.1016/j.ecss.2013.12.031
http://dx.doi.org/10.1007/s13280-014-0519-6
http://www.ncbi.nlm.nih.gov/pubmed/24715387
http://dx.doi.org/10.1016/j.gloplacha.2015.01.001
http://dx.doi.org/10.5194/hess-18-3033-2014
https://tamug-ir.tdl.org/handle/1969.3/24383
https://tamug-ir.tdl.org/handle/1969.3/24383


Water 2019, 11, 782 17 of 17

30. Scanes, P.; Ferguson, A.; Potts, J. Estuary Form and Function: Implications for Palaeoecological Studies
BT-Applications of Paleoenvironmental Techniques in Estuarine Studies; Weckström, K., Saunders, K.M., Gell, P.A.,
Skilbeck, C.G., Eds.; Springer: Dordrecht, The Netherlands, 2017; pp. 9–44. [CrossRef]

31. Danish Hydraulic Institute (DHI). MIKE 11—A modelling system for Rivers and Channels. Available online: https:
//www.tu-braunschweig.de/Medien-DB/geooekologie/mike11usersmanual.pdf (accessed on 15 April 2019).

32. Ministry of Health Vietnam. Quy chuẩn Quốc gia về Chất lượng nước cho ăn uống QCVN 01:2009/BYT
(English-National Standard on domestic water quality QCVN 01:2009/BYT); Ha Noi, Vietnam; 2009. Available
online: https://emas.tdtu.edu.vn/sites/emas/files/EMAS/V%C4%83n%20b%E1%BA%A3n%20ph%C3%A1p%
20lu%E1%BA%ADt/14.%20QCVN%2001-2009-%20BYT.pdf (accessed on 15 April 2019).

33. Danish Hydraulic Institute (DHI) & Ministry of Natural Resources and Environment (MONRE). Study on the
Impacts of Mainstream Hydropower on the Mekong River (In Vietnamese: Nghiên cứu tác động của các công trình
thủy điện trên dòng chính sông MeKong); National Report; 2015. Available online: https://mekongeye.com/wp-
content/uploads/sites/2/2016/04/MDS-Final-Project-Report-Eng.pdf (accessed on 15 April 2019).

34. Kummu, M.; Tes, S.; Yin, S.; Adamson, P.; Józsa, J.; Koponen, J.; Richey, J.; Sarkkula, J. Water balance analysis
for the Tonle Sap Lake–floodplain system. Hydrol. Process. 2014, 28, 1722–1733. [CrossRef]

35. Lu, X.; Kummu, M.; Oeurng, C. Reappraisal of sediment dynamics in the Lower Mekong River, Cambodia.
Earth Surf. Process. Landforms 2014, 39, 1855–1865. [CrossRef]

36. Armenio, E.; De Serio, F.; Mossa, M. Analysis of data characterizing tide and current fluxes in coastal basins.
Hydrol. Earth Syst. Sci. 2017, 21, 3441–3454. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/978-94-024-0990-1_2
https://www.tu-braunschweig.de/Medien-DB/geooekologie/mike11usersmanual.pdf
https://www.tu-braunschweig.de/Medien-DB/geooekologie/mike11usersmanual.pdf
https://emas.tdtu.edu.vn/sites/emas/files/EMAS/V%C4%83n%20b%E1%BA%A3n%20ph%C3%A1p%20lu%E1%BA%ADt/14.%20QCVN%2001-2009-%20BYT.pdf
https://emas.tdtu.edu.vn/sites/emas/files/EMAS/V%C4%83n%20b%E1%BA%A3n%20ph%C3%A1p%20lu%E1%BA%ADt/14.%20QCVN%2001-2009-%20BYT.pdf
https://mekongeye.com/wp-content/uploads/sites/2/2016/04/MDS-Final-Project-Report-Eng.pdf
https://mekongeye.com/wp-content/uploads/sites/2/2016/04/MDS-Final-Project-Report-Eng.pdf
http://dx.doi.org/10.1002/hyp.9718
http://dx.doi.org/10.1002/esp.3573
http://dx.doi.org/10.5194/hess-21-3441-2017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Area 
	Data Collection and Methods 
	Results and Discussion 
	Distribution of Freshwater in the Delta Estuaries 
	Temporal Distribution of Freshwater at Tra Vinh 
	Spatial Distribution of Freshwater Based on Monitoring Data 
	Spatial Distribution of Freshwater Based on Hydrologic Modeling 

	Upstream Discharges and Changes Thereof 
	Upstream Discharges at Kratie 
	Water Distributions from the Upper Delta to the VMD 

	Impact of Upstream Flows on Freshwater Distribution 

	Conclusions 
	
	References

