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Length
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meter (m) 1.094 yard (yd) 

Flow rate
millimeter per year (mm/yr) 0.03937 inch per year (in/yr) 

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8×°C)+32



Development of Sea Level Rise Scenarios for Climate 
Change Assessments of the Mekong Delta, Vietnam

By Thomas W. Doyle, Richard H. Day, and  
Thomas C. Michot 

Abstract 
Rising sea level poses critical ecological and economical 

consequences for the low-lying megadeltas of the world 
where dependent populations and agriculture are at risk. 
The Mekong Delta of Vietnam is one of many deltas that are 
especially vulnerable because much of the land surface is 
below mean sea level and because there is a lack of coastal 
barrier protection. Food security related to rice and shrimp 
farming in the Mekong Delta is currently under threat from 
saltwater intrusion, relative sea level rise, and storm surge 
potential. Understanding the degree of potential change in sea 
level under climate change is needed to undertake regional 
assessments of potential impacts and to formulate adaptation 
strategies. This report provides constructed time series 
of potential sea level rise scenarios for the Mekong Delta 
region by incorporating (1) aspects of observed intra- and 
inter-annual sea level variability from tide records and (2) 
projected estimates for different rates of regional subsidence 
and accelerated eustacy through the year 2100 corresponding 
with the Intergovernmental Panel on Climate Change (IPCC) 
climate models and emission scenarios.

Vulnerability of Global  
Megadeltas to Sea Level Rise 

The world’s coastal areas and in particular its megadeltas 
are increasingly being inundated and eroded by rising sea 
level (Ericson and others, 2006; Syvitski and others, 2009). 
Warming of our global environment threatens to speed the 
rate of current sea level rise and perhaps further amplify the 
detrimental effects of tropical storms, droughts, and record 
rainfall.  Potential effects of sea level rise include coastal 
erosion, saltwater intrusion into groundwater aquifers, and 
submergence of cultural and natural resources. Megadeltas are 
at greater risk where human-induced activities such as land-
use change for agriculture and aquaculture, damming of rivers, 
and subsurface water and hydrocarbon extraction are causing 
accelerated subsidence and flooding of the land surface. 

The latter activities—subsurface water and hydrocarbon 
extraction— are especially problematic in Asian delta regions 
where population densities and agricultural production 
are greatest and most critical for socioeconomic reasons 
(Jelgersma, 1996; Ericson and others, 2006; Woodroffe and 
others, 2006; Syvitski, 2008). In most cases, the rates of 
subsidence in deltaic environments, human-induced or even 
naturally occurring, are many times greater than the rates of 
historical or projected eustatic sea level rise expected with 
climate change (Jelgersma, 1996; Pont and others, 2002; 
Ericson and others, 2006).

The actual rate of effective or relative sea level rise 
within and among the world’s megadeltas varies with the 
specific local and regional conditions affecting sea level and 
land-surface change over time and space. Factors affecting 
the height of the sea are eustacy (the change in the global 
volume of the ocean) and annual and seasonal variation in the 
distribution of the ocean mass due to Earth’s movements and 
cycles of atmospheric heating and cooling (for example, El 
Niño and La Niña). Wind, waves, geometry of the coastline, 
and the bathymetry of the local tidal basin affect the daily 
and seasonal rhythm of local tides. Land-surface elevation 
is affected by large-scale tectonic movement of Earth’s land 
masses, as well as by the local factors of deposition, erosion, 
and subsidence caused by natural compaction, alluvial and 
marine processes, and human influences of various surface and 
subsurface activities and flood-control measures. 

The Mekong Delta is one of many megadeltas worldwide 
that are in peril because of rising sea levels that may accelerate 
under climate change (Syvitski and others, 2009). Studies of 
potential climate change or salinity impacts in the Mekong 
Delta have used only relative or arbitrary projections of static 
sea level change for conducting assessments (Kaida, 1974; 
Tong and others, 2004; Wassman and others, 2004; Hanh 
and Furukawa, 2007; Nguyen 2007; Buschmann and others, 
2008; Ninh and others, 2008). All of these investigations 
indicate that any rise in mean sea level will be expected to 
cause negative consequences in the erosion, submergence, 
or salinization of natural, agricultural, and aquacultural 
resources in the absence of mitigation or adaptation strategies. 
These same studies consider only a relative change in sea 
level and do not consider estimates of land subsidence or 
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diminished sedimentation rates that may be as important (or 
more important) in deltaic environments than is predicted 
acceleration of sea level under climate change. New 
tools, data, and models will be required to improve our 
understanding, forecasts, and planning for managing the 
Mekong and other megadeltas where coastal development, 
riverflow manipulations, subsurface withdrawals, and climate 
change threaten ecological and economical sustainability. This 
report provides constructed time series of potential sea level 
rise scenarios for the Mekong Delta region by incorporating 
(1) aspects of observed intra- and inter-annual sea level 
variability from tide records and (2) projected estimates 
for different rates of regional subsidence and accelerated 
eustacy through the year 2100 corresponding with the 
Intergovernmental Panel on Climate Change (IPCC) climate 
models and emission scenarios.

Accelerated Sea Level Rise  
with Climate Change 

Global eustacy alone has accounted for a sea level rise 
of 14–20 centimeters (cm) during the 20th century (Douglas 
1991, 1997, 2001; Mitrovica and Davis, 1995; Peltier and 
Jiang, 1997; IPCC, 2001, 2007; Holgate and Woodworth, 
2004; Church and White, 2006; Bindoff and others, 2007), 
and this rise is expected to continue and most likely accelerate 
because of human-induced global warming over the 21st 
century. The IPCC Fourth Assessment Report (AR4) is the 
most current and conservative assessment of sea level rise; 
it projects an upper estimate of a 0.59-meter (m) rise in sea 
level on the basis of the A1F1 scenario and a lower estimate 
of 0.18-m rise for the B1 emission scenario by the year 2100 
(IPCC, 2007). The family of A1 emission scenarios in the 
IPCC (2007) report (groups A1T, A1B, A1F1) is based on 
continued rapid economic growth and the higher range of 
expected temperature increase (1.4–6.4 degrees Celsius [°C]) 
and sea level rise (0.26–0.59 m). The B1 emission scenario 
represents the more conservative use of fossil fuels and global 
environmental sustainability with the lower range of projected 
temperature (1.1–2.9°C) and sea level rise (0.18–0.38 m). 
These AR4 estimates of sea level rise are used in this report 
to represent the range of accelerated sea level rise over the 
next century for constructing regionally specific scenarios of 
relative sea level rise for the Mekong Delta.

Historical Eustatic Sea Level  
Rise of the China Sea 

In addition to the potential for accelerated rates of sea 
level under climate change, the historical rate of global 
eustacy for the past century has been measured on the basis 

of analyses of long-term tide gage records at nearly 1.8 
millimeters per year (mm/yr) for tectonically stable coasts 
(Douglas 1991, 1997, 2001; Mitrovica and Davis, 1995; 
Peltier and Jiang, 1997; IPCC 2001, 2007; Holgate and 
Woodworth, 2004; Church and White, 2006; Bindoff and 
others, 2007). Tide gages in coastal areas undergoing uplift 
or subsidence can provide local and regional estimates of 
relative sea level trends as related to vertical land movement. 
While numerous tide gages are in operation worldwide and 
throughout the China Sea Basin, few provide data records long 
enough (more than 50 years) to calculate relative sea level 
trends for extracting regional rates of vertical land movement. 
Regional estimates of sea level trend in the eastern part of 
the East China Sea estimated from the Shanghai tide record 
over the period of 1945–2001 measured 1.8 ± 0.2 mm/yr, 
which is consistent with other global eustacy estimates (Yu 
and others, 2002). Comparable estimates from the Hong Kong 
tide records show a long-term rise of 1.9 to 2.3 mm/yr in sea 
level (Ding and others, 2001, 2002; Wong and others, 2003). 
Sea level analysis of more than a dozen tide gages in Japan 
and the Philippines showed rising and falling sea levels due to 
the overriding influences of tectonic forces and groundwater 
withdrawal (Yanagi and Akaki, 1994). Consequently, a rate of 
1.8 mm/yr was used in this report to represent the historical 
rate for global eustacy apart from the accelerated rate 
projected with future climate change.

Land-Surface Elevation  
Change of Deltas 

Land-surface change is a more certain and constant 
process in deltaic settings; it usually far exceeds rates of 
eustatic sea level rise (Jelgersma, 1996; Pont and others, 
2002; Ericson and others, 2006). Numerous factors and 
processes can be involved in increasing or decreasing land-
surface elevation including sedimentation, compaction, 
dewatering, erosion, and organic accretion. Increasing land-
surface elevation can occur with uplifts in tectonically active 
zones or with aggradation from high deposition of alluvial 
sedimentation. More deltas are sinking rather than building, 
however, for lack of sediment supply, which is cut off by 
upstream dams and reservoirs for hydropower and recreational 
needs or for flood-control measures involving channelization, 
levees, or dike construction (Ericson and others, 2006; 
Syvitski and others, 2009).

Natural subsidence rates in deltaic environments from 
soil compaction of sedimentary deposits are characteristically 
greater than the global average for eustatic sea level rise, 
ranging up to 10 mm/yr or more (Jelgersma, 1996; Pont and 
others, 2002; Ericson and others, 2006). Tide gage records 
and releveling surveys show that the Mississippi River 
Delta region, United States, is subsiding fourfold or greater 
than current eustatic sea level rise (Penland and Ramsey, 
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1990; Gornitz, 1995; Shingle and Dokka, 2004). Human-
caused effects of subsurface fluid withdrawal of water and 
minerals have also accounted for abrupt and accelerated 
subsidence. Other studies show that the city of Bangkok and 
the Chao Phraya Delta, Thailand, are rapidly subsiding from 
groundwater withdrawal that is employed to meet the water 
demands for a growing population and agricultural needs 
(Jelgersma and others, 1993; Ericson and others, 2006). 
Little is known, however, of the geology and actual rates 
of sedimentation and subsidence across the Mekong Delta 
region. Currently, the Mekong River is mostly unregulated 
and contributes some degree of sediment deposition across 
the flood plain and delta reaches (Ericson and others, 2006; 
Syvitski and others, 2009). Unlike the Mississippi River, the 
Mekong River is without constructed levees or flood controls 
in the delta region and annually undergoes overbank flooding. 
The difference between the rate of subsidence by compaction 
and the additive effect of sediment deposition represents 
the net effect of land-surface loss or gain or net subsidence. 
The actual rate of net subsidence is a function of the rates of 
compaction and tectonic influences offset by accretion from 
inorganic sedimentation and organic deposition. Because 
of the lack of published data and probable range of net 
subsidence rates throughout the Mekong Delta, values of 0, 
1, 3, 6, and 9 mm/yr were used to account for potential net 
subsidence in generating alternative sea level rise scenarios.

Relative Sea Level Trends  
for Coastal Vietnam 

Sea level trends from tide gage records can provide 
estimates of regional subsidence if those records are reliable 
and of sufficient length. There are 21 tide gages on the 
Vietnam coast, but only 7 stations record sea level hourly 
(Hanh and Furukawa, 2007). The longest reliable dataset is 
from the Hon Dau station in northern Vietnam. A relative sea 
level rise of 1.9 mm/yr was observed at Hon Dau during the 
period 1960–2000, which is concomitant with mean global 
eustacy (Hanh and Furukawa, 2007). Tuong (2001) calculated 
sea level trends varying from 1.75 to 2.56 mm/yr at four 
stations in Vietnam. Syvitski and others (2009) estimated a 
relative sea level rise of 6 mm/yr for the Mekong Delta based 
on data from the Vung Tau tide gage. The Vung Tau station in 
southern Vietnam is the closest tide gage to the Mekong Delta 
with readily available data; however, the tide gage at Vung Tau 
is adjacent to but not in the deltaic plain of the Mekong Delta. 
Furthermore, Hanh and Furukawa (2007) reported that the 
long-term trend of the Vung Tau gage dataset was unreliable 
because the location of the station had changed and there 
were missing data points. While problematic for estimating 
regional subsidence on the basis of location and record quality, 
the Vung Tau tide record was analyzed to add the seasonal 

and inter-annual variability of South China Sea tides for 
construction of sea level rise scenarios.

Global Tide Gage Stations  
and Records for Vietnam 

Two worldwide sea level data depositories that have 
archived data for tide gages in Vietnam supply the data 
digitally over the Internet. The Permanent Service for Mean 
Sea Level (PSMSL) has long-term historical datasets for 
five tide gages in Vietnam with at least 20 years of data: 
Hon Dau, Hon Ngu, Da Nang, Qui Nhon, and Vung Tau 
(Natural Environment Research Council [NERC], 2010; 
Woodworth and Player, 2003). Sea level records from tide 
gage stations along the Vietnam coast were downloaded from 
the PSMSL (NERC, 2010) Web site maintained at Proudman 
Oceanographic Laboratory, U.K., and contributed by the 
Marine Hydrometeorological Center of Vietnam. Most records 
from Vietnam and elsewhere in Southeast Asia around the 
South China Sea have operational data for only short periods 
and are problematic for coherency analysis among gage 
records because of high tectonic influences, groundwater 
withdrawal issues, or operational interruptions. The Vung Tau 
gage station has a long history dating back to 1918 and has 
readily available data from the PSMSL database for the period 
1979–2001 for mean monthly (fig. 1) and annual sea level. 
Online automated hourly readings were also available for 
Vung Tau from 2007 to present from the University of Hawaii 
Sea Level Center (UHSLC, 2010).

Intra- and Inter-annual Sea  
Level Variability at Vung Tau

Analysis of the Vung Tau gage record was conducted 
to extract sea level trends while retaining the intra- and 
inter-annual variability of sea level in the South China Sea 
that primarily controls flooding patterns and frequency of 
the Mekong Delta region. Flooding in the Mekong Delta 
is also coupled with tides in the Gulf of Thailand but to a 
lesser degree and with a much lower tidal range (Wassmann 
and others, 2004). South China Sea tides at the mouth of the 
Mekong Delta are irregularly semidiurnal with a range of 
1.2–3.5 m (Hanh and Furukawa, 2007). The tidal data used in 
this study are composed of mean monthly water levels, which 
capture both short-term seasonal deviations and long-term 
trends of sea level change. The mean monthly tide records 
from 1979 to 2001 (see app. 1) are interrupted by a few 
months in early 1992 when the gage station was relocated (see 
fig. 1). Linear trend analysis of the entire record showed a 
positive 6 mm/yr slope (fig. 2) that has also been reported by 
others (Syvitski and others, 2009). The pattern of inter-annual 
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variation, however, does not reflect coherency with other 
Vietnam gages and other South China Sea sites, indicating an 
apparent effect of gage relocation and rectification circa early 
1992. Linear regressions of the gage record into pre- and post-
1992 periods demonstrated a near zero (-0.62 mm/yr) slope 
or sea level trend from 1979 to 1989 and a 1.77 mm/yr slope 
from 1992 to 2001; this latter value is more consistent with 
expected intra- and inter-annual variation for the region (fig. 
3). The latter period (1992–2001) is consistent with other gage 
trends in the region, which are concomitant with expected 
global eustacy rates for the 20th century: nearly 1.8 mm/yr.

Vung Tau gage records for the split time periods prior 
to and after 1992 were readjusted to a zero slope to provide a 
continuous record for the period of record reflecting the intra- 
and inter-annual variation of sea level change for the Mekong 

Delta coastal reach of the South China Sea (fig. 4). Readjusted 
monthly values were averaged by month for all years (1979–
2001) to provide an understanding of average seasonal pattern 
and to establish proxy values for the four missing months 
in late 1991 and early 1992 (fig. 5). A continuous record of 
mean sea level variation from 1979 to 2001 was constructed 
to mimic the natural cycle of high and low tidal variation 
attributed to astronomical and meteorological causes common 
to the Mekong Delta reach of the South China Sea. This 
record of 22 years provides a little more than a tidal epoch 
of continuous monthly data. A long-term time series of sea 
level variability was constructed by repeating this detrended 
historical record for the period 2002–2100 as the base 
component of constructed sea level scenarios.

Figure 1. Mean monthly water 
level at Vung Tau, Vietnam, tide 
gage obtained from the Permanent 
Service for Mean Sea Level (PSMSL) 
database, in which archived data 
are adjusted to a revised local 
reference datum defined to be 
approximately 7,000 millimeters 
below mean sea level.
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Figure 2. Sea level trend of about 
6 millimeters per year of mean 
monthly observations for the Vung 
Tau, Vietnam, tide gage record from 
1979 to 2001.
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Figure 3. Linear regressions of 
the Vung Tau, Vietnam, tide gage 
demonstrating a near-zero slope 
or sea level trend from 1979 to 1989 
and a 1.77 millimeters per year slope 
from 1992 to 2001, which is more 
consistent with expected intra- and 
inter-annual variation for the region.

Figure 5. Seasonal variation 
of mean monthly water levels  
(± 1 standard error) for the Vung 
Tau, Vietnam, tide gage station after 
zero-slope adjustment for all years 
1979 to 2001.

Figure 4. Sea level variation of 
the Vung Tau, Vietnam, tide gage 
record after adjusting the time  
series to accomplish a zero-slope 
long-term trend.
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Rectification of the Vung Tau Sea  
Level Record 

Hourly readings of sea level at Vung Tau for 2007–9 
obtained from real-time gage monitoring by the UHSLC were 
used to determine monthly values of mean tide level (MTL), 
mean lower low water (MLLW), and mean higher high water 
(MHHW) for record rectification (fig. 6; app. 2). Rectification 
involved adjusting the relative historical record for the Vung 
Tau tide station to the current real-time gage readings and 
tide station datum. The seasonal pattern of low summer sea 
levels in contrast to high seas in late fall was consistent in the 
monthly and hourly datasets for Vung Tau. Reconstructed sea 
level scenarios were rectified to match the MHHW relation 
for the 2007–9 period because of the lack of alternate or 
available datums for sea level or land elevation. The MHHW 
condition was used to more appropriately reflect the potential 
for flood frequency at a given elevation relative to the Vung 
Tau gage station datum. The advantage of using the historical 
record includes (1) the retention of the local variability and 
seasonality of sea level heights and (2) long-term climatic 
autocorrelation.

Developing Sea Level Rise Scenarios 
for the 21st Century 

Sea level scenarios for the Mekong Delta were generated 
and rectified from historical sea level variability at the Vung 
Tau tide station augmented with future projections for different 

rates of net land subsidence, historical eustatic sea level rise, 
and accelerated global eustacy for IPCC AR4 projections 
of A1F1 and B1 emission scenarios under climate change. 
Projected scenarios of relative sea level rise (Prslr) were 
calculated as the sum of sea level variability of the Vung Tau 
gage record (VTslv), historical eustatic sea level rise (HEslr), 
net land subsidence (Nsub), and accelerated eustatic sea level 
rise (AEslr) as expressed in the following equation:

Prslr = VTslv + HEslr + Nsub + AEslr (1)

The Vung Tau sea level variability record (VTslv) was 
repeated for successive 22-year periods to the year 2100 to 
form the base zero-slope trend line for scenario construction. 
A rate of 1.8 mm/yr was used to represent the historical rate 
for global eustacy (HEslr) apart from the accelerated rate 
projected with future climate change. Estimates for net land 
subsidence (Nsub) in the Mekong Delta have been derived 
from the Vung Tau gage or by analog from other delta systems 
of similar age and history (Syvitski and others, 2009). The 
lack of long-term or reliable gage data within the Mekong 
Delta specifically precludes any single or accurate measure 
of geologic subsidence for the varied habitats and settings 
across the delta. Using the Mississippi River Delta as an 
analog delta of similar age and history, it can be assumed that 
subsidence rates could be expected to be as high as 10 mm/
yr (Penland and Ramsey, 1990; Gornitz, 1995; Shingle and 
Dokka, 2004). Sea level scenarios were derived for a range 
of linear subsidence rates (Nsub) characteristic of deltaic 
environments which herein included 0, 1, 3, 6, and 9 mm/
yr.  These values reflect probable rates for natural subsidence 
of deltaic environments and do not include accelerated 
rates or human causes of subsidence such as groundwater 
withdrawals. Projected rates for accelerated eustatic sea level 

Figure 6. Monthly values of mean 
tide level (MTL), mean lower low 
water (MLLW), and mean higher 
high water (MHHW) calculated from 
hourly sea level readings at Vung 
Tau, Vietnam, for the 2007–9 period.
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rise (AEslr) were based on IPCC AR4 projections for the best 
case (B1) emission scenario with a minimum rise of 0.18 m 
and maximum rise of 0.38 m in contrast to the worst case 
(A1F1) emission scenario with a minimum rise of 0.26 m 
and maximum rise of 0.59 m (IPCC, 2007) (fig. 7). A total of 
20 sea level scenarios were constructed on the basis of five 
subsidence and four accelerated eustacy alternatives (apps. 
3–6). A representative scenario of the monthly chronology 
for the maximum case projected relative sea level rise (Prslr) 
in the scenario set for the A1F1 high accelerated eustatic sea 
level rise (AEslr) and the highest net subsidence (Nsub) at 
9 mm/yr is contrasted with the historical eustacy condition 
(HEslr) without climate change (fig. 8).

Because these constructed scenarios are rectified to the 
station datum of the Vung Tau gage, these projections provide 

elevations that can be readily compared with known or current 
land-based elevations of roads, wetlands, rice fields, or other 
features to determine the potential for submergence over 
the next century. Table 1 provides the projected maximum 
flood elevation for the different sea level rise scenarios 
for given subsidence rates and IPCC emission scenarios. 
The actual pattern and timing of submergence for a given 
surface elevation (for example, road, wetland, or rice field) 
are incremental from the start of inundation to complete 
submergence. With an example of an arbitrary elevation of 0.5 
m above current sea level, sea level flooding is expected to 
take 30 years under the A1F1 maximum accelerated eustatic 
sea level rise (AEslr) and highest net subsidence (Nsub) (9 
mm/yr) from first flood in 2035 to complete inundation by 
2068 (fig. 9).

Figure 8. Constructed sea level 
rise scenarios under climate change 
for the maximum A1F1 emission 
case (IPCC, 2007) including net 
subsidence at 9 millimeters per year 
(mm/yr) (pink) in contrast with the 
historical eustacy condition without 
climate change (1.8 mm/yr sea level 
rise only) (blue) and rectified to the 
contemporary tide record (black).
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Figure 7. Accelerated eustatic 
sea level curves for B1 and A1F1 
emission scenarios, maximum and 
minimum estimates based on IPCC 
(2007) AR4 projections.
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Figure 9. Timing and degree of 
projected submergence (percentage 
of inundation) of a given land 
surface or feature 0.5 meter (m) 
above current sea level heights in 
relation to a constructed sea level 
scenario based on maximum A1F1 
emission projection (IPCC, 2007) 
and a net subsidence rate of 9 
millimeters per year (mm/yr).

Table 1. Maximum elevation of projected sea level heights extracted from constructed sea level rise scenarios from 2010 to 2100 
for minimum (min) and maximum (max) rates of B1 and A1F1 emission scenarios (IPCC, 2007) and different rates for net subsidence.

[mm/yr, millimeters per year] 

Net subsidence rate, in mm/yr
B1 min, 0.18 m  

by 2100, in meters
B1 max, 0.38 m  

by 2100, in meters
A1F1 min, 0.26 m  

by 2100, in meters
A1F1 max, 0.59 m  
by 2100, in meters

0 4.30 4.47 4.38 4.68

1 4.39 4.57 4.47 4.77

3 4.57 4.75 4.65 4.96

6 4.85 5.02 4.93 5.23

9 5.12 5.30 5.20 5.50
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Conclusion 
The Mekong Delta is one of many megadeltas worldwide 

that are in peril because of rising sea levels that may accelerate 
under climate change (Syvitski and others, 2009).  We provide 
in this investigation a series of sea level scenarios relating to 
the tidal characteristics and variability of the South China Sea 
and estimated rates of net land subsidence and eustacy for 
the Mekong Delta region for the 21st century. These sea level 
rise scenarios were constructed from the present (year 2010) 
to the year 2100 to assist subsequent Mekong Delta science 
studies and environmental assessments of climate change. 

This approach improves on static measures by allowing 
for a time-series analysis over seasons and years that show 
incremental rather than instantaneous submergence over time. 
Recognition of differential subsidence and sedimentation 
processes that vary over space or time within any delta 
system provides another important aspect of delta dynamics 
that are considered. Scientists, environmental planners, and 
policymakers will benefit from the more comprehensive 
perspective of potential sea level rise scenarios that include 
future changes in eustatic sea level and vertical land 
movement expected within deltaic environments and with 
changing climate.
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