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Abstract: The present paper demonstrates that inundation levels in the Mekong Delta’s largest
city, Can Tho, are predominantly determined by ocean tides, sea-level rise, and land subsidence.
Our analysis of inundation patterns projects that the duration of inundation at an important road
in the city will continue to rise from the current total of 72 inundated days per year to 270 days by
2030 and 365 days by 2050. This is attributed to the combined influence of sea-level rise and land
subsidence, which causes relative water level rises at a rate of 22.3 mm-yr’l. People in the Mekong
Delta have traditionally lived with floods, and thus there is certain resilience among residents in
coping with small floods. At present, daily maximum inundation depth, which is generally shallower
than 10 cm on the road, seems to be still manageable; however, our analysis indicates that this
will start drastically increasing in the coming decades and reach an average depth of 70 cm by
2050. Effective and well-planned actions to mitigate the effects of land subsidence and sea-level
rise are urgently required, otherwise, local inhabitants will encounter an unmanageable increase in
inundation depth and duration in the coming decades. This study, which considers both sea-level
rise and land subsidence, suggests that inundation depth and duration are projected to rise much
faster than those indicated by previous studies, which only consider sea-level rise.

Keywords: sea-level rise (SLR); land subsidence; Mekong Delta; flood; tide; river discharge

1. Introduction

The Mekong Delta, which extends over the vast area of southern Vietnam, is considered one of the
world’s most sensitive areas to climate change [1]. Because of its low-lying characteristics (see Figure 1)
this region is very vulnerable to the influence of sea-level rise (SLR). Currently, about 1.7 million ha of
the delta are flooded every year, affecting about 9 million people in the inland regions [2].

A number of researchers have made various predictions of the effects of SLR on this region and
calculated the number of people affected and the area flooded, employing a variety of methodologies
and SLR scenarios. It was predicted that one in ten people in the Mekong Delta may face displacement
due to flooding and other climate effects [3]. The proportion of the delta potentially affected by SLR
will vary from 68.7% to 91.4% under 20 cm SLR and from 86.2% to almost 100% under 45 cm SLR.
Inundation as a result of a 1 m SLR would affect 6 million people [4]. Six of the Mekong Delta’s
12 provinces would see over 30% of their populations affected [5].

Aside from this constant and on-going increase in sea levels due to the effects of climate change,
interdecadal or interannual sea surface oscillations are also likely to increase the risk of floods
along low-lying coasts. One such decadal variation is the El Nifio Southern Oscillation (ENSO).
Historical records indicate that there is a correlation between strong El Nifio events and marked
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increases in mean sea level (MSL) in the Eastern Pacific, and decreases in the Western Pacific. During the
1997-1998 ENSO event, a rise and subsequent fall of mean sea level was observed in the Eastern
Pacific [6,7]. More extreme climate events, such as typhoons, are another predicted consequence of
climate change. The number of typhoons that approach the coasts of southern Vietnam is only one
half to one third of those that approach the northern and central parts [8]. However, these typhoons
would cause more severe storm damage if SLR continues. The possible increase in wind damage
would increase throughout Vietnam due to climate change, which causes significant damage to houses,
infrastructure and rice productions [9-11].

Chau Doc

Can Tho City
CanTho »

/

Hau River:

Figure 1. Can Tho is located in the southern Vietnam. Three tide stations, at Dinh An, Can Tho, and
Chau Dog, are located along the Hau River. The location of the station operated by MRC is indicated
on the enlarged map. The authors investigate how inundation will be exacerbated in the near future,
focusing on one location in the city center.

The Mekong Delta is also facing another critical issue, land subsidence, which inevitably exacerbates
the damages due to floods or saline water intrusions over the vast area of the region. The land of
the Mekong Delta is a complicated sedimentary environment that extends over a low-lying area,
and which is mainly composed of silt and clay carried by river flow. The present morphology of
the Mekong Delta has been developed over the last 6000 years, during which time the delta has
advanced around 200 km towards the sea [12]. Land subsidence is a gradual settling of the ground
owing to the subsurface movement of unconsolidated sediments. The Mekong Delta as a “deltas in
peril”, where reductions in aggradation and accelerated compaction will overwhelm rates of global
sea-level rise. Groundwater exploitation could be a major cause of land subsidence [13]. Time-series
data from monitoring wells indicates that the average rate of hydraulic head decline is 0.3 m-yr—1,
which indicates land subsidence at an average rate of 16 mm-yr~! [14]. However, because of the lack of
data, the question remains as to exactly how much of the subsidence in the delta is due to groundwater
extraction [15,16].

The Mekong Delta is home to some 20 million people and also produces a significant proportion
of the world’s rice [17,18]. Thus, climate change and land subsidence impacts on this region will have
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far-reaching economic and public health consequences, not only for Vietnam, but for the wider world.
Saline water intrusions further inland are also projected to become more severe due not only to SLR
but also to the impacts of population growth, urbanisation, industrialisation, and the construction of
new water-control structures in the upstream sections of the Mekong River, threatening agriculture
and local inhabitants” daily life [19,20].

Although the vulnerability of the delta to SLR and subsidence has been widely acknowledged,
the actual impact on urban areas in the Mekong has still not been quantitatively investigated.
The present paper, focusing on Can Tho City, attempts to project possible impacts caused by a
combination of SLR and land subsidence in the near future.

2. Methodologies

2.1. Target City and Site

The authors chose Can Tho as the target city because the city has the highest population in the
Mekong Delta (1.2 million people). The city is surrounded by the Hau River (Figure 1), one of the
main branches of the Mekong River. Can Tho is located in an estuary, which is a transitional area
between a river and the sea. Although Can Tho is situated approximately 80 km from the river
mouth, whose water levels are significantly influenced by the ocean tides in addition to seasonal
high river discharge and consequent inundations (Figure 2a—e). The daily tidal range in the city
exceeds 1.7 m [21]. Tides propagate further upstream to towns close to the Cambodia’s border near
Chau Doc (Figure 1, situated about 190 km inland from the river mouth), and disappear afterwards
(Mekong River Commission, 2005) [22]. In general, the fluvial inundation including the tidal influence
is dominant in the downtown Can Tho, although the pluvial inundation plays a role even in places
where no fluvial inundation occurs [23].

(c) downtown area

Figure 2. Cont.
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(e) downtown area (f) main road

Figure 2. River water frequently intrudes across the riverbank (a,b), or through the sewage system
(c,d), and inundates roads, not receding for hours. An improvised flood protection board in front of a
residential house is shown in (e). The main road runs across the central district (Ninh Kiu District).
A precise ground elevation survey was carried out by the authors with the static GPS method (f).
Photos taken in Can Tho on March 2012 (f), August 2014 (a—c,e), and November 2014 (d) by the authors.

We conducted a series of field surveys to reveal the extent of inundation in the Mekong Delta,
including Can Tho and neighbouring provinces, in the period of January 2012-March 2015
(totally 5 trips). Figure 2f shows a situation during the field survey at a point in the city centre
of Can Tho, about 300 m inland from the river. Using the static GPS method with a base receiver
located at the point indicated on Figure Al, the elevation of this area could be accurately measured
(error would be less than a few centimetres). In this study, detailed inundation depths are estimated
using this location as a target site.

2.2. Water Level Monitoring Stations and Data

The Hau River has three water level monitoring stations: Dinh An, Can Tho, and Chau Doc
(see Figure 1), all of which are operated by the Mekong River Commission (MRC) and the Vietnamese
government (Southern Regional Hydro-Meteorological Center). Water surface elevation at Dinh An,
which faces the sea, is considered to be relatively independent of river flow, while water levels at
Chau Doc, 190 km inland from the river mouth, are predominantly determined by river discharge and
less influenced by ocean tides [24].

The authors obtained hourly tidal data from 2009 to the present. However, because substantial
data gaps were found in the records, particularly in the Dinh An data series, this study’s authors
limited their analysis to one year-long tidal record at each of these stations for the period July 2009 to
June 2010.

The authors used the water levels monitored at these stations to conduct a series of analyses
to make sure the connection between water levels at Can Tho and external factors such as SLR,
land subsidence, and upstream water level. Inundation depths are then estimated based on future
scenarios at the city centre (Figure 2f), where a precise topographical survey was conducted by
the authors.

2.3. Tidal Harmonic Analysis

Ocean tides propagate as far as an upstream location such as Can Tho, which is located 80 km
inland from the river mouth, and whose water levels are predominantly determined by semidiurnal,
diurnal, and annual cycles (Figure 3) [21]. Since the Dinh An station is located nearby the sea,
water elevation at this location appears to be mostly dependent on oceanic tides, relatively independent
of river discharge. It should be noted that the annual water level cycle at Can Tho is determined by an
oscillation forced by both tides (i.e., the constituent of Sa) and river discharge (flood-dry season cycle),
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and that contributions from each factor are of the same order [21]. A model analysis indicates that the
difference in tidal amplitude between a connecting tributary in Can Tho and the Hau River is small,

whereas the flow velocity largely varies depending on the location [25].
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Figure 3. Water level amplitudes at Dinh An and Can Tho estimated by the Fourier analysis [21].

The present study re-analysed the data from Takagi et al. [25], and derived a total of 60 tidal
constituents by harmonic analysis, as represented by the major five components in Table 1. As described
later, tide predictions with these constituents were used to detect how much water levels differ from

predicted tides.
Table 1. Five principal tidal constituents at Can Tho Station: Amplitude (cm) and phase (degree).
M2 N2 S2 K1 01
Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase
51.9 152.4 9.7 118.7 17.7 198.0 35.1 18.2 21.3 324.3
3. Results

3.1. Yearly Rate of Water Level Rise and Land Subsidence

In order to be conservative when deriving future scenarios, it is worth looking at past data in
order to make projections. The TOPEX/POSEIDON satellite has observed variations in global mean
sea level with a precision of 4 mm at 10-day intervals since late 1992. The satellite’s data show a rise
in Vietnamese sea levels of about 5.2 mm-yr~—! between 1992 and 2015 (Figure 4). This rate seems to
be similar to the projections by the Viethamese government that assumed three emission scenarios
(B1: low emissions, B2: medium, and A1FI: high) and projected that sea level will rise by 28 cm to 33 cm
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by 2050, relative to the baseline period of 1980-1999 [26,27]. However, this rate is not necessarily in line
with global average increases, as it is estimated that global sea level has been rising by approximately
3.2 [2.8 to 3.6] mm-yr~! between 1993 and 2012 [28].

(a) off Vietnam sea level (10-day interval) and rate (5.2mm yr'")
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Figure 4. Water levels off the coast of Vietnam (orange on (a)), at Can Tho (blue on (a)), and at
Chau Doc (b). Measurements of sea levels off the coast of Vietnam taken from the TOPEX and Jason
series of satellite radar altimeters (reproduced using the Regional Sea Level Data of the University of
Colorado). Yearly maximum water levels at Can Tho Monitoring Station (80 km inland) and Chau Doc
Monitoring Station (190 km inland) were derived from the MRC data. The grey line on (a) shows the
result of harmonic analysis of 60 tidal constituents at Can Tho, showing the yearly maximum water

levels and rate of change.

Shifting surface winds, the expansion of warming ocean water, and the addition of melting
ice can alter ocean currents which, in turn, lead to changes in sea level that vary from place to
place. Towards the end of the 21st century, regional patterns in sea level will progressively emerge
and eventually dominate over natural variability [28]. Recent studies claim that SLR over the next
100 years projected by the Intergovernmental Panel on Climate Change could be too low by almost
a factor of two, considering the additional mass loss from the Greenland and Antarctic ice sheets
that is projected (e.g., [29,30]). Therefore, the assumption of this study that SLR will continue at the
current rate of 5.2 mm-yr~! assumed in this study needs to be considered as a conservative estimation.
Given accelerated SLR, future floods could be more serious than those presented in this study.

Aside from the constant increase in sea levels found in Figure 4, interannual sea surface
oscillations are also likely to increase the risk of floods along low-lying coasts. Sea levels could
become unexpectedly high due to ENSO or other oceanic mechanisms. Abnormal high tides induced
by such mechanisms have been investigated on various coasts across the world. For instance, Shoji [31]
demonstrated, using the data from 22 tidal stations in Japan, that the daily mean sea levels move along
the coast. Such traveling means waters could be separated into two types of waves, namely internal
Kelvin-type waves and continental shelf waves [32]. An abnormal high tide with a maximum
amplitude of 60 cm that caused inundation over a wide area of Yokohama Port in October 2006
is likely to have been generated by a shelf wave [33]. The extensive coastal floods that occurred on
November 2007 in Jakarta are considered to have been induced by an abnormal tidal component up to
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about 20 cm, which were likely caused by a La Nifia event, the 18.6 year lunar nodal high-tide cycle,
and other abnormal tide mechanisms that simultaneously took place [34].

Therefore, it is expected that this type of regional sea level fluctuations could temporarily bring
a few cm to a few tens of cm of abnormal high tides in Mekong Delta. Analyses considering these
uncertainties are important to incorporate into flood projections and thus should be the objective
subject of future research. However, in this study the authors simply assumed that SLR around Vietnam
will linearly progress at the rate of 5.2 mm-yr~!, neglecting interannual or interdecadal variations.

Although it is not clearly understood how SLR will cause changes in water level at an upstream
location from the river mouth, it can be assumed that the mean water level at Can Tho will show
a similar increasing trend with SLR [21]. This can be corroborated by the fact that the amplitudes
corresponding to the semi-annual cycle are of approximately the same magnitude between Dinh An
and Can Tho [21]. Thus, the authors assume that a constant increase in sea level could result in a water
level rise of the same magnitude in Can Tho.

Figure 4 shows that for the 1992 and 2013 data series the yearly maximum water levels at Can Tho
varied from a minimum of 1.62 m in 1993 to a maximum of 2.16 m in 2011, demonstrating that the
yearly maximum water levels have been steadily increasing at a rate of 22.3 mm-yr~! on average.
On the other hand, the predicted maximum water levels derived from the tidal harmonic analysis
during this period were stable, showing no increase, as can also be seen in Figure 4. This discrepancy
demonstrates that astronomical tidal fluctuation is not related to the increase in maximum water level
over the last two decades.

Runoff from the upstream Mekong might be thought to be responsible for this trend of increasing
maximum water levels at Can Tho. However, it is interesting that water levels between Can Tho and
Chau Doc appear not to strongly correlate with each other (Figure 4), indicating that changes in runoff
may not have influenced the steady increase in water levels at Can Tho. The reason for this is not fully
understood, but it can be partially explained because unlike Can Tho, farther downstream at Chau Doc,
water losses due to floodwaters overflowing their banks at Chao Doc exceed gains from rising sea
level. This observation is consistent with the conclusions of Fujihara et al. and Delgado et al. [23,35].
They demonstrate that the relationship between upstream discharge and downstream water levels has
followed a negative trend for 70 years in the Mekong Delta. This indicates that inflow from upstream
has little impact on rising maximum water levels in the lower Mekong Delta. Maximum water levels at
Can Tho are not necessarily determined by those at Chau Doc because water floods over the upstream
floodplain before Can Tho is submerged, as pointed out by Be et al. [36], which indicates that water
levels higher than 3.5 m at Chau Doc cause widespread uncontrollable floods over a wide area of
the delta.

Given these findings, the author considers that the contribution of land subsidence to inundation
can be estimated by subtracting the rate of SLR (5.2 mm-yr~!) from yearly maximum water levels
increasing at a rate of 22.3 mm‘yr_l, which results in 17.1 mm-yr‘l. This estimation, which is very
close to the average rate of 16 mm-yr~! estimated by Erban et al. [14], clearly demonstrates that land
subsidence will be the predominant factor leading to more serious floods over the low-lying city in
the coming decades. Nevertheless, further study needs to be conducted to identify mechanisms and
causes of land subsidence, which have not yet been fully understood.

3.2. Inundation Frequency and Depth in the Near Future

The potential inundation depth in the central district of Can Tho (Figure 2) can be obtained by
using the MRC water level data and the measured ground elevation [21]. Using water level data,
the relative water level in the city from the base point situated on the riverbank (see Figure 2a and
Figure Al) could be obtained by vertically shifting the original MRC data down 1.5 m (because a
water level of +1.5 m coincides with the ground surface of the riverbank) [21]. The present research
extends their methodology [21] to investigate how seriously inundation may increase as a result of the
changing environment. Figure 5 indicates that the ground around this city centre area is estimated
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to have experienced floods for a total of 72 days between 2009 and 2010. Therefore, in the first place,
it needs to be recognised that inundation has already become a significant issue over the region, as also
verified by many previous researchers [15,21,37].
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Figure 5. Distribution of the days when the main road in downtown Can Tho (Ninh Kieu District) is
potentially inundated under present and future SLR—Land Subsidence scenarios. Vertical bars indicate
the days the ground would be flooded. The analysis was made using the GPS ground elevations and
the MRC water levels. Note that it was assumed that water levels appeared for the period between
2009 and 2010 will simply repeat in the future, while SLR and subsidence progress with the passage of
time. Inundated frequency counted according to each month is listed in Table Al.

Figure 5 also indicates how inundation would become more common in the near future, caused
by SLR of 5.2 mm-yr~! along with land subsidence at a rate of 17.1 mm-yr~!. The authors attempted
to project flood situations in the close future, in order to provide an image of the situation that local
habitants will most likely face. The main scenario is that both SLR and land subsidence will start from
2010 (considered the present condition) and continue until 2050 at the estimated rates. Another scenario
is the case that land subsidence stops at 2030, while SLR will further continue until 2050.

The duration of flood in the city will be significantly prolonged from the present total days of
72 days per year, to 270 days per year in the period between 2029 and 2030 and 365 days per year
between 2049 and 2050. Furthermore, according to the distribution shown in Figure 5, the ground
will be inundated during all seasons of the year, whereas presently inundation is limited to the flood
season (particularly, October and November. See Table Al).

Inundation depths will also become more significant with the increase in SLR and subsidence as
shown in Figure 6 (see also Figure A2 for other locations in the city). Under the present conditions,
daily maximum inundation depth is generally shallower than 10 cm, whereas if no effective action is
taken to curb the effects of SLR and subsidence, maximum inundation depth will drastically increase
in the next 10-20 years, reaching up to 70 cm on average by 2050.
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Figure 6. Histogram of the counted days when inundations take place on one of the main roads in
Can Tho for future scenarios and present conditions: (a) 2009-2010 (present); (b) 2029-2030 period
under current projections for land subsidence and SLR; (c) 20492050 period under current projections
for land subsidence and SLR; (d) 20492050 period, hypothesising that land subsidence stops at 2030,
while SLR continues until 2050.

4. Discussion

The present inundation level at Can Tho City, which is predominantly lower than 10 cm, seems to
be manageable for a population familiar with regular seasonal floods. Local inhabitants try to mitigate
inundation damages on their properties by temporal countermeasures such as the flood protection
wall shown in Figure 2e. These attempts seem to be effective in limiting the risk for now.

However, Figures 5 and 6 demonstrate that the area will inevitably experience serious and
persistent inundation in the coming decades, having a significant influence on many types of economic
activities and crippling the daily lives of many.
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This paper has only considered the effects of increased flooding from ongoing sea level rise
combined with land subsidence, largely caused by excess groundwater withdrawal. With increasing
CO; emissions, significant additional SLR is inevitable and thus it is not expected to be possible
to eliminate its effects in the short term. On the other hand, land subsidence can be halted by
implementing reasonable countermeasures, as proven by a handful of successful cases in the other
cities such as Tokyo [38]. Figure 5 shows that ending land subsidence by 2030 will contribute to
decreasing the duration of inundation by about 50 days compared to the 2050 scenario with continued
subsidence. The reason of that 2030 was selected as an end date for land subsidence in this scenario
is that land subsidence appears not to stop immediately, but continues for a long period even after
mitigation plans are taken. For example, Tokyo took about 15 years to stop land subsidence after legal
regulations such as the Industrial Water Act were put in place [38].

Given the consequences caused by SLR and subsidence, some kind of structural measures need
to be implemented by responsible agencies: these may include constructing dykes and raising roads.
If these countermeasures fail to enable local populations to continue their lives normally, many local
inhabitants will be faced with environmental displacement as warned by some researchers (e.g., [3,39]).

However, it should be noted that if these structural measures are not implemented as part
of well-considered plans and designs, it would create more serious consequences in some areas,
while substantially eliminating the risks in others. Since the rate of subsidence varies from place to
place because of differences in the composition of the subsurface, degree of extraction of groundwater,
or loads of buildings, floodwaters tend to concentrate in particular spots which are substantially lower
in elevation than their surroundings. Public health can be threatened by stagnant or reverse water
from sewer systems. Thus, well-considered management plans for coping with these immediate and
future threats must be developed first and foremost.

The present study assumed that the pattern of water levels observed in the period between
July 2009 and June 2010 will repeat in the future. This means that future water levels were given
as a prerequisite and treated deterministically in this study, neglecting interannual or interdecadal
variations. However, this simplification will inevitably bring about some amount of error in flood
projection. For instance, Figure 7 shows that water levels are clearly changing in response to seasonal
tidal patterns in addition to predominant semi-diurnal or diurnal tidal fluctuations. In two of the
plots shown in the figure, predicted water levels derived by the tidal harmonic analysis do not show
substantial differences from year to year with respect to both annual highest and lowest water levels.
On the other hand, annual highest water level in the recorded water levels appears to be changing
year by year (e.g., about 30 cm between October 2009 and October 2011). This was likely caused by a
difference in year-by-year variation of discharge from the upstream river. The hydrological statistics
compiled by MONRE (2011) [40] also shows that for the 2000 and 2010 data series, the yearly maximum
water levels at Can Tho varied from a minimum of 1.79 m in 2000 to a maximum of 2.03 m in 2007,
demonstrating that maximum water levels are fundamentally fluctuating over many years. In this
sense, the maximum level of 1.93 m recorded in the period between July 2009 and June 2010 can be
considered to represent a typical value of maximum high water levels in recent years. Figure 7 also
appends the statistics of observed data for two intervals, July 2009-June 2010 and July 2009-June 2012,
in order to show that the standard deviation of water levels does not significantly change according to
the period. Although the maximum and mean water level could be both increasing as time passes due
to the combined influences of SLR and land subsidence, the short-period water-level fluctuation that
could be represented by the standard deviation is relatively stable. This observation further supports
that the one-year-period data between July 2009 and June 2010 could be recognized as water levels
measured in a typical one-year in terms of water level characteristics.
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Statistics for observation data
Period n mean| S.D. max

July 2009-June 2010 8760 044m| 061m|[ 191m
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Figure 7. Observed and predicted water levels at a one-hour interval from January 2009 to June
2012. The rectangle indicates the one-year period in which the authors used the data as a baseline for
representing the present water levels (see Figures 5 and 6).

5. Conclusions

People in the Mekong Delta have traditionally lived with floods, and thus there is certain resilience
among residents in coping with small floods. Inundation is mostly limited to the flood season at
present. In the near future, however, it may occur during any season of the year due to the combined
impact of SLR and land subsidence, posing a significant threat to these low-lying communities.
It is important to note that inundation could become more persistent and frequent, even without
extreme SLR scenarios. Such floods can have a great impact on the daily life of local inhabitants in the
Mekong Delta. Thus, particular attention should be paid to this problem to promote measures to cope
with potential extensive floods in the immediate future.
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Figure A1. Relative ground levels (meter), which are shown in yellow, were measured from the height

at the base point on the riverbank of Can Tho, Vietnam, using the Static GPS. Locations: (a) the main

road crossing the city center, discussed in the main text (see Figure 2f); (b) a road raised by about a

half meter; (c) a market street closed to the river; (d) a reclaimed area around a low-lying swamp;

and (e) the road in front of Can Tho University.
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Figure A2. Histogram of the counted days when inundations take place in the four locations shown in
Figure A1 for future scenarios and present conditions, derived from one year-long tidal record between
July 2009 and June 2010.

Table Al. Inundated days in each month for the scenarios (recompilation of Figure 5).

2009-2010 2029-2030 2049-2050 2049-2050 Subsidence Stops at 2030
January 6 28 31 30
February 2 17 28 20
March 0 24 31 27
April 0 18 30 22
May 0 15 31 18
June 0 8 30 21
July 3 17 31 26
August 8 25 31 28
September 8 26 30 28
October 21 31 31 31
November 19 30 30 30
December 5 31 31 31
Total 72 270 365 312
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