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Abstract Vietnam Mekong Delta (VMD), the country’s
most important food basket, is constantly threatened by
drought-infused salinity intrusion (SI). The SI disaster of
2020 is recognized as the worst in recent decades, hence
inspiring this perspective article. The authors’ viewpoints
on the disaster’s impacts and causes are presented. The
arguments presented are mainly drawn from (i) up-to-date
publications that report on the recent SI intensification in
the VMD and (ii) the power spectral analysis results using
water level data. We verified the intensifying SI in the
VMD both in its frequency and magnitude and remarked
on four of the key SI drivers: (i) upstream hydropower
dams, (ii) land subsidence, (iii) the relative sea-level rise,
and (iv) riverbed sand mining. Also, a non-exhaustive yet
list of recommendable management implications to
mitigate the negative effects of the SI is contributed. The
mitigation measures must be realized at multiple scales,
ranging from pursuing transboundary water diplomacy
efforts to managing internal pressures via developing early
warnings, restricting illegal sand mining activities,
alleviating pressures on groundwater resources, and
diversifying agriculture.

Keywords Mekong delta - Riverbed incision -
Salinity intrusion - Sea-level rise - Upstream dams

INTRODUCTION

Originating from the Chinese Tibetan-Qinghai Plateau, the
Mekong River (MR) runs across six countries, feeding the
four million-hectare Vietnamese Mekong Delta (VMD),
which is often referred to as the country’s most important
food basket. Not only does VMD play the key role in
safeguarding national food security, but it also contributes
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approximately 15% of the country’s GDP in terms of
agricultural product exports (Dung et al. 2019; Piesse
2019). Similar to many large rivers’ deltas, the VMD has a
long history of Anthropocene footprints (Nguyen et al.
2016; Arias et al. 2019; Minderhoud et al. 2020, among
others), thus constantly being threatened by several pres-
sures, e.g., land subsidence (LS) (Erban et al. 2014), floods,
(Tri et al. 2013; Triet et al. 2017), droughts and salinity
intrusion (SI) (Eslami et al. 2019), and riverbed mining
(Brunier et al. 2014; Park et al. 2020). The intrusion of
saline water is usually overlooked due to its relatively
slower impacts compared to the other environmental
pressures. However, approximately two million hectares of
agricultural land of the VMD are prone to the SI risks
annually, incurring millions USD in economic loss every
year (Toan 2014; Smajgl et al. 2015).

The Mekong River splits into two main tributaries,
namely the Mekong and Bassac Rivers near Phnom Penh,
Cambodia. When entering the VMD, these two tributaries
are locally known as the Tien and Hau rivers before dis-
charging into the East Sea (also known as the South China
Sea) via eight sub-branches (from North to South are Tieu,
Dai, Ba Lai, Ham Luong, Co Chien, Cung Hau, Dinh An,
and Tran De) as illustrated in Fig. la. Carew-Reid 2007
observed that, for a standard hydrological year, saline
water can be detected up to 60 km upstream from the
estuaries of the VMD along the Ham Luong branch, and is
associated with the surface water measurement. Carew-
Reid’s report also remarks that the SI length in other
branches (i.e., Co Chien, Cung Hau, and Dinh An) reaches
up to 40 km from the river mouths. Such a relatively higher
SI length in the Ham Luong branch than other branches is
substantially in line with the results from our study, as
shown in Fig. la. However, in 2016, reinforced by the
severe drought, the saline water had penetrated up to 93 km
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Fig. 1 a Areas affected by SI in different years. Salinity isolines of four drought years: 1998, 2010, 2016, and 2020 (data from the Southern
Institute of Water Resources Research). Some part of the map has been reproduced from Fig. 1 in Loc et al. (2021a). b The increasing trend of SI
(mean annual series calculated from 2-hourly series) between the same period detected from three stations: Cau Quan (Hau river), Son Doc, and
Huong My (Tien river). The survey data were collected by Eslami et al. (2019). ¢ The water levels of Chiang Saen and Kratie in Cambodia,
upstream of the VMD (data were obtained from the Mekong River Commission (MRC))

in land, making it, by then, the worst-ever intrusion of
seawater ever recorded (Kantoush et al. 2017; Toan 2017).
Hydrological year, or water year is a term commonly used
in hydrology to describe the surface water resources supply
within a period of 12 months. In the VMD contexts,
hydrological years are usually from April 1st for any given
year through March 30th of the following year.

In the dry season of 2019-2020, the VMD witnessed a
drought so severe, that substantially surpasses the one in
2016 in all hydrological accounts (Fig. la, b). The saline
water intruded up to 110 km in land, approximately 10 km
deeper than the historical average and in many locations
surpassing the highest levels reported in 2015-2016 at the
same time of the year. For instance, the SI was 71 km on
the Ham Luong River in February 2019, exceeding the
respective record in 2016 by 11 km. Typically the SI
emerges from December and lasts until May of the fol-
lowing year, during the dry season. During the 2019-2020
disaster, the seawater was detected in the VMD from
November 2019, which was 2.5—3.5 months earlier than
the annual average (10-20 days earlier than 2015-2016)
while lasting approximately 30 days longer. As of early
February, it was reported that nearly 40,000 households
suffered from the shortage of fresh water, mostly in the
coastal provinces (United Nations 2020). Concerning
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agricultural production, the disaster has potentially dam-
aged 30,000 hectares of paddy rice in Ca Mau, and about
20,000 hectares of fruit trees and 6500 hectares of veg-
etables in Ben Tre. These numbers are likely to increase
when the associated official statistics become available in
the coming months. SI is an annual phenomenon in the
VMD because of the inter-intra-annual interactions
between the fluvial upstream flows the tidal regimes
(Pritchard 1952; Savenije 2012). However, SI has
increasingly intensified (Loc et al. 2021a) caused by tidal
amplification, riverbed incision, upstream dam operations,
and land subsidence (Mai et al. 2018; Minderhoud et al.
2018; Eslami et al. 2019; Binh et al. 2021). Notably, SI is
even more severe in drought years e.g., in droughts
2015-2016 and 2019-2020 than in standard hydrological
years (without an extreme event) as some comparable
values indicated above.

This paper seeks to report some viewpoints on a recent
disastrous saline water intrusion disaster in the Mekong
Delta in terms of impacts and causes. The discussions later
expand to some recommendable management implications
for the delta. The arguments presented in this paper are
firstly fueled by some key findings recently published in
the relevant topics, i.e., SI and drought of the VMD in the
last decade. Given that this paper, in all regards, should not
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be considered as an exhaustive review of literature, it
strived to identify, analyze and report some notable peer-
reviewed published results based on the authors’ knowl-
edge within the scope of the topic matters. The literature-
based discussions are further backed by our own analysis of
gauged water level data of two major riverine systems of
the VMD. More specifically, we hypothesized that a
compound effect of riverbed incision and sea-level rise
might have created considerable shifts in the tidal signals,
such that the in-land tidal signals have grown stronger
leading to the intensification of SI over the years. To
clarify, we employed the Fast Fourier Transform (FFT) to
the hourly water level series to reveal the spectral peaks at
different temporal oscillations by changing the original
time-domain series to frequency-domain data. In doing so,
periodicities of each temporal domain (as inverse fre-
quency) have been quantitatively estimated. Despite
potentially opinionated to some extent, our synthesis of
previously published findings combined with the primary
analysis of gauged data could serve as a meaningful
communication of not only the specific SI disaster in 2020
but also relevant implications on one of the most critical
recurrent human-induced adverse phenomena of the VMD.
The paper, as such, can essentially stimulate full-scale
research and investigations in the future.

DATA AND METHODS

We structure this work as a Perspective article to quickly
disseminate our preliminary findings to the scientific
community. Our arguments are inferred from two sources
of evidence: (i) up-to-date reports of relevant findings in
the topic matters, i.e., recent intensification of SI in the
VMD, and (ii) power spectral analysis water level data.

Brief review of the literature

In this paper, we strived to gather the results from some of
the relevant scientific findings investigating the SI in the
VMD, the majority of which are peer-reviewed journal
articles or book chapters. We subsequently classify the
collected literatures based on their conclusions of the roles
of different environmental pressures on the ever-intensi-
fying SI of the VMD: upstream dams, riverbed mining,
land subsidence, and sea-level rise. This paper is not a
review paper; hence our collection might have been non-
exhaustive and potentially opinionated. We nevertheless
remark that the quick communication of these information
is critical for any recent natural disasters such as the his-
torical drought reported herewith. We strongly believe that
our work could have inspired more investigations and
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discussions so that deeper insights can be created by the
scientific community.

Power spectral analysis of the water level data

We performed a rapid investigation of the water level time
series data for two representative riverine stations of the
VMD to contribute a novel perspective into understanding
how SI has intensified over the years. In this paper, we
employed the Fast Fourier Transform (FFT) to the hourly
water level series to reveal the spectral peaks at different
temporal oscillations by changing the original time-domain
series to frequency-domain data (Welch 1967; Torrence
and Compo 1998). FFT is a widely used technique to assess
time series hydrological variables containing non-station-
arities that decompose different frequencies and provide a
time-scale localization of a signal (e.g., Lima et al. 2003;
Restrepo et al. 2016; Loc et al. 2021a). Since the hourly
water level series at river stations close to the coast con-
tains multiple frequencies from the river (e.g., basin-scale
hydrological seasonality), sea (e.g., tidal effect) and
regional climate (e.g., ENSO), FFT is used to estimate the
periodicities of each domain (as inverse frequency), intra-
annual and inter-annual variability patterns in terms of
power spectral density (in dB as square of FFT magnitude).
The chosen stations are My Thuan and Dai Ngai repre-
senting the in-land and coastal conditions, respectively.
FFT is applied to two different time periods (before and
after 2000) to investigate how the power spectral density of
each cyclic effect has changed recently.

RESULTS

Under pristine conditions, salinity is the outcome of the tug
of war between upstream fluvial discharges and down-
stream tidal mixing forces (Pritchard 1952; Savenije 2012).
In the VMD, salinity is determined by the water level
dynamics between river and sea. Relative lowering of the
riverbed (and thus the water level) is caused mainly by the
upstream dams, riverbed mining and land subsidence,
while increased sea level in the coastal area has been
amplifying tidal signals in the VMD over the past two
decades. Among them, the first one has been considered the
most important (Eslami et al. 2019). In tracing the root
causes of the 2019-2020 disaster, this section sought to re-
evaluate the relative importance of these drivers.

The hydropower dams
Between 1993 and 2008 when the total storage capacity of

the hydropower dams in the upper MRB was still “small”,
Darby et al. (2016) observed that the flow regimes were
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mainly driven by climatic conditions, mainly a shift in
tropical cyclones. In the following period, with six major
dams on the main channel and more than 50 on the tribu-
taries, discharges in the dry season had increased signifi-
cantly (Binh et al. 2020b). It should be noted that the total
capacity of these dam reservoirs has reached over 80 km?,
equivalent to 97% of the annual discharge at Chiang Saen.
Therefore, even though the dry season precipitation
decreased, the monthly discharges still increased by 39%
(Chiang Saen), 62% (Kratie), 38% (Tan Chau), and 67%
(Chau Doc), verifying the significant roles of the upstream
dams in reshaping the hydrology of Lower Mekong
Region. Thus, the upstream dams were considered to
contribute to mitigating the SI during the dry periods, yet
Binh et al. (2021) showed otherwise. Evidently in 2016 and
2020, even though the lower MRB discharges were still
substantially higher than the long-term averages, the VMD
still suffered from the two most severe droughts in history.
This “hydrological paradox” is caused because although
the higher discharge due to the dams, several key stations
along with the Lower Mekong Region (e.g., Chiang Saen,
Kratie and Prek Kdam) reported the record-low water
levels in January 2020 (Fig. 1¢), mainly due to the riverbed
incision.

Riverbed incisions

As mentioned above, the increased discharges during the
dry spells caused by the dams were expected to mitigate
saline water intrusion in the VMD. However, these mega
structures also have an opposite effect — sediment trapping
that implicitly contributes to the riverbed incision, hence
promoting the intrusion of saline water in the long term.
Kummu and Varis, (2007) remarked that the major dams
on the mainstream MR could have trapped up to 94% of the
total volume generated in the upper MRB. As a result, the
sediment loads at Chiang Saen, Nong Khai, and the VMD
have, respectively, decreased by 90%, 81%, and 74%
comparing the two periods: 2012-2015 and 1980-1992,
during which the Jiuzhou hydropower dams in the upper
MRB were constructed. Similarly, Binh et al. (2020a)
found that 40% out of 74% of the sediment load reduction
in the VMD is directly caused by these dams in the upper
MRB. It is therefore commonly understood that the con-
struction of these dams has effectively prevented the sed-
iments from being deposited on the VMD. This has caused
the gradual drops of the depositional rates on the riverbeds
over time. The correlation between the reduction of sedi-
ment loads in the upstream and riverbed incision in the
downstream, however, remains unquantified. Besides
receiving substantially fewer sediment loads, the VMD
rivers are aggressively dredged by the local mining activ-
ities, leading to accelerated bed incisions (Fig. 2). In fact,
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the excavation rates of the riverbed sands have increased
from 7.75 Mm*/year in 2012 (Bravard et al. 2013) to 29.3
Mm?/year in 2018 (Jordan et al. 2018). Comparing the sand
mining volume in the entire VMD with the riverbed inci-
sion volume in the Tien River (from Tan Chau to My
Thuan) and the Vam Nao channel, it is speculated that the
contribution of sand mining to riverbed incision has risen
from approximately 15% in 2012 (Binh et al. 2020a) to
56% in 2018 in the VMD. This signifies the relative
importance of the local mining compared to the upstream
dams on the riverbed incisions, that may have substantially
facilitated intrusion of saline water.

Relative sea-level rise

In this paper, relative SLR refers to the net impact resulting
from interactions between the absolute changes of the
ocean levels and delta-wide LS. While the former is a
climate change-induced global phenomenon, the latter is
the direct consequence of excessive groundwater extraction
and natural soil compaction (Minderhoud et al. 2017).
According to [PCC Fourth Assessment report, a 0.3 m SLR
by 2050 is predicted along the coast of southern Vietnam,
affecting nearly 1.8 million ha of the VMD, of which
approximately 1.3 million ha is affected by saline water
above 5 g/L (Carew-Reid 2007; Smajgl et al. 2015). As for
the LS, Erban et al. (2014) remarked on the widespread
declines of groundwater levels and concluded that the
VMD has been sinking with an average rate of 1 to 4 cm
every year. They also predicted that by 2020, the delta
should have sunk by 0.88 m if the groundwater pumping
rates remain unchanged. Likewise, Minderhoud et al.
(2017)’s results revealed that since the 1990s, the VMD
had sunk 18 cm in total, which translates to an average rate
of 1.1 cm annually. They predicted that the relative SLR
that the VMD will likely experience is approximately 1 m
(0.42-1.54 m) in 30years. The Mekong delta is now
merely above sea level (mean elevation of ~ 0.8 m). With
estimated sinking rates faster than our expectation, the
VMD is becoming more vulnerable to saline water
intrusion.

Amplified tidal signals

Eslami et al. (2019) noted that annually, while offshore
tidal amplitude increases by 1.2-2 mm due to sea-level rise
(SLR), the respective change within the delta is around
20 mm, thus increasing the salinity in the channels by
0.2—-0.5 PSU. Our result shows similar results, in which the
12-h frequency semi-diurnal amplitude (i.e., tidal effect
from the sea) at My Thuan had increased by 66% (— 9.6
to — 3.3 dB), substantially higher than the 20% increase
(— 7.46 to — 6 dB) at Dai Ngai (Fig. 3). Even though tidal
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authors’ field survey results
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Fig. 3 Tidal Power spectrum analysis for the two representative stations along Tien and Hau Rivers close to the coastal areas of the Mekong: My
Thuan and Dai Ngai. a and ¢ power spectrum of the pre-2000 period. b and d power spectrum of the post-2000 period. e, f The summarized shifts
of different temporal cycles (periodicity). Some part of the graph has been adapted from Loc et al. (2021a)

signals’ land-ward amplification is a known geomorpho- shifts of tidal amplification between the two analyzes sta-
logical and hydrological phenomenon as tide transmits  tions could have been further exacerbated by the riverbed
through the narrower upstream channels, the imbalanced incision and the relative sea-level rise. In essence, the tidal
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effect in the water level recorded at My Thuan has more
significant increase from 1990 to 2010 than Dai Ngai,
which could have been related to the larger drop in water
levels since the 1990s (Eslami et al. 2019; Binh et al.
2020a), leading to a stronger backwater effect, intensified
tidal amplitude, and thus extended saline water intrusion in
VMD.

RECOMMENDABLE MANAGEMENT OUTLOOKS

The historical record indicates that the interval between the
drought events has decreased by at least two years (the
recent drought years reported 1992, 1998, 2005, 2010,
2016, and 2020). At present, the VMD is expected to
experience at least one drought event every four years with
intensifying severity; the difference in magnitude between
the drought of 2020 and 2016 serves as a grave example. It
is therefore remarkable that the drought-reinforced SI has
become a recurrent natural disaster in the VMD (Binh et al.
2021; Loc et al. 2021a). As a response, we shared the view
of notable scholars, including Apel et al. 2020 or Smajgl
et al. (2015) in that reliable forecast models of SI are of
critical necessity to mitigate the saline water’s negative
effects on agricultural production and people’s livelihoods.
The dissemination of forecasts and early warnings as such
can contribute practical guidelines for timely adaptation
and mitigation planning (Smajgl et al. 2015; Apel et al.
2020). Although a simple statistical seasonal forecast
model to forecast a short to medium term of SI has been
reported with positive implications (Apel et al. 2020), we
expect that more advanced techniques, such as machine
learning can support in producing longer-term forecasting
of not only SI but also multiple environmental pressures,
especially with respect to timing and severity to facilitate
better mitigation measures (Le et al. 2019; Loc et al.
2020a, b).

Within the scope of this paper, four key drivers of the
ever-intensifying intrusion of saline water within the VMD
are reported, including (i) upstream hydropower dams, (ii)
land subsidence, (iii) the relative sea-level rise, and (iv)
riverbed sand mining. However, it should be noted that our
list is far from exhaustion. For instance, there are multiple
global-scale factors such as Climate change, climatic
extremes, and ENSO events that play a significant role
towards in intensifying various disasters across the VMD,
including SI and droughts, however, are not discussed
within the scope of this perspective paper. The El Nifio, for
example, even though does not contribute directly to SI; an
extreme El Nifio event could significantly reduce the
rainfall volume and trigger the drought, and ultimately
stimulating salinity intrusion. (CGIAR 2016). Therefore, it
would be meaningful for future research to investigate how
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these global-scale factors could have contributed to the
existing problems of drought and SI of the VMD. In the
following sections, we briefly discuss some recommend-
able management implications to cope with the situation.

Transboundary water diplomacy

The first and arguably most challenging barrier that the
VMD faces is how to practically negotiate the shared water
resources with the competing upstream users, those who
benefit directly/indirectly from the hydropower dams.
Theoretically, this can be done via multinational diplo-
matic platforms, namely, the Mekong River Commission
(MRC), the Greater Mekong Subregion Program, and
Association of Southeast Asian Nations (ASEAN). How-
ever, in reality, this has not been as productive as intended
due to discrepancies between the member countries in
terms of political and economic interests (Kansal et al.
2019). Plus, not all geographically related countries are
keen on multilateral dialogs. Instead, they opt for bilateral
diplomacies, making the unanimity in sharing the resources
within the MRB even harder to achieve (Kuenzer et al.
2012). Nevertheless, it is strongly recommended that the
impacts of the upstream dams should be constantly dis-
cussed at regional and international forums so that the
negative impacts of these structures on the MRB environ-
ment, including the intensified salinity can be effectively
communicated. In doing so, the VMD stakeholders can
generate support from the international community,
essential for the transboundary water diplomacy plan.

Halting the delta from sinking

The VMD is sinking (and shrinking) at a faster rate than we
have ever expected. First, the exploitation of groundwater
has evidently contributed to the delta-wide subsidence
(Minderhoud et al. 2017, 2018) while concurrently making
the aquifers more vulnerable to acidity (Ha et al. 2018),
arsenic contamination (Stuckey et al. 2016), or SI itself
(Tran et al. 2020). It is therefore urgent to identify alter-
native water resources, such as improving the rural water
supply network (Wilbers et al. 2014) or promoting infras-
tructure development such as rainwater harvesting (Ozde-
mir et al. 2011). Second, it is expected that the VMD
riverbed incision rate is likely to increase due to the
accelerating excavation activities to meet the growing
demands for construction sands from both domestic and
international markets. Consequently, bank erosions (Jordan
et al. 2019; Binh et al. 2020c; Hackney et al. 2020),
alterations of flood regimes (Tu et al. 2019; Binh et al.
2020b; Park et al. 2020) and intensification of SI (Eslami
et al. 2019) have become increasingly prevalent. These
have called for bold, nation-wide actions to decisively
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control the exports of the riverbed sediments while raising
the disciplinary actions against illegal mining to effectively
halt the sinking rate of the delta and safeguard the liveli-
hood of millions of inhabitants. For instance, Loc et al.
(2020a) remarked that sand mining is a major driver yet
predominantly underestimated. This is because the mining
volume is commonly underestimated due to illegal mining
and under-reported values from the operators to dodge the
tariffs (Bravard et al. 2013; Binh et al. 2020a, c¢). With the
growing demand for sand that stems from construction,
land reclamation and exports in the Mekong (Jordan et al.
2019; NG et al. 2021), we speculate that the VMD will
continue to bleed sand in the future. Realizing the adverse
effects of sand mining on the sustainability of the VMD,
the government of Vietnam has increasingly implemented
regulation actions to control sand mining, especially from
illegal sand miners (Binh et al. 2020d; Bravard et al. 2013).
The regulations actions have become more intensive since
2011 (Binh et al. 2020a).

Promoting sustainable agricultural practices

The VMD agriculture mainly based on rice could essen-
tially benefit from strategic reforms towards the diversifi-
cation of crops and animal livestock to reduce risks of
monoculture, thus enhancing overall resiliency. More
specifically, novel ecosystem-based agricultural models
have been increasingly adopted by local farmers, especially
in those coastal areas with limited freshwater resources.
Among these, the prawn rice rotational cropping system
constitutes a perfect example, turning the SI affected rice
fields that were once considered of little usefulness into the
favorable habitats for artisanal shrimp farming during the
dry months (Loc et al. 2017, 2018a, 2020b; Nguyen et al.,
2019; Pham et al. 2020; Van Tan et al. 2020). However, the
questionable adaptability of the farmers (financially and
technically), the potential water conflicts between different
agricultural models, or the environmental pollution
emerging from intensive farming and processing of aqua-
culture products should be carefully considered while
transforming the agricultural models (Loc et al.,
2017, 2018a, 2020b; Nguyen et al., 2019). Nevertheless,
the adoption of ecosystem-based approaches would gen-
erate more sustainable outcomes, both in terms of tangible
and intangible benefits (Loc et al. 2018b, 2020b; Yee et al.
2021).

SUMMARY AND CONCLUSION

The VMD is constantly being threatened by drought-in-
fused SI (SI), in which both its intensity and frequency are
increasing. The 2020 saline water intrusion is recognized as
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the worst in recent decades. In this paper, we first syn-
thesized Sl-related findings from the literature integrated
with our extensive field survey data of water level and
multi-temporal channel bathymetry and identified the four
key drivers of SI in the VMD as upstream hydropower
dams, riverbed mining, land subsidence, and climate
change-driven sea-level rise. Our analysis of the power
spectrum of hourly water level series at the two major
stations close to the coast (My Thuan and Dai Ngai)
revealed the recent amplification of tidal signals in the
VMD. We evaluated the relative importance of the dif-
ferent drivers in the intensifying SI and preliminarily
concluded that riverbed incision might contribute more
directly and rapidly to the SI than others. Finally, we
highlight possible management strategies to cope with the
intensifying SI at the transboundary and national scales,
including developing early warnings, restricting illegal
sand mining activities, alleviating pressures on ground-
water resources, and diversifying agriculture.
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