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Abstract: Probabilistic flood forecasting requires flood models that are simple and fast. Many of the
modelling applications in the literature tend to be complex and slow, making them unsuitable for
probabilistic applications which require thousands of individual simulations. This article focusses on
the development of such a modelling approach to support probabilistic assessment of flood hazards,
while accounting for forcing and system uncertainty. Here, we demonstrate the feasibility of using
the open-source SWMM (Storm Water Management Model), focussing on Can Tho city, Mekong
Delta, Vietnam. SWMM is a dynamic rainfall-runoff simulation model which is generally used for
single event or long-term (continuous) simulation of runoff quantity and quality and its application
for probabilistic riverflow modelling is atypical. In this study, a detailed SWMM model of the entire
Mekong Delta was built based on an existing ISIS model containing 575 nodes and 592 links of
the same study area. The detailed SWMM model was then systematically reduced by strategically
removing nodes and links to eventually arrive at a level of detail that provides sufficiently accurate
predictions of water levels for Can Tho for the purpose of simulating urban flooding, which is
the target diagnostic of this study. After a comprehensive assessment (based on trials with the
varying levels of complexity), a much reduced SWMM model comprising 37 nodes and 40 links was
determined to be able to provide a sufficiently accurate result while being fast enough to support
probabilistic future flood forecasting and, further, to support flood risk reduction management.

Keywords: coastal cities; SWMM,; simplified model; Mekong Delta; Can Tho city

1. Introduction

Coastal cities are among the most urbanised and populated areas of the world [1-5]. Small and
Nicholls [1] estimated that, in 1990, 23% of the global population lived within 100 km of the coast
and less than 100 m above sea level. Thus, flooding can cause serious effects on human activities and
properties in coastal cities which is amply reflected by Hallegatte et al [3], who predicted that the
economic losses due to flooding alone in coastal cities are expected to be around US $1 Trillion by 2050.

This escalation of damage will be caused by a number of reasons. On the one hand, cities,
particularly in the global south, are undergoing rapid landuse change due to population growth and
migration and increasing industrialization [6-8]. On the other, the coastal and estuarine cities are
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threatened by increasing water levels due to both sea-level rise and changes in the upstream flow
patterns [9]. On top of these there is the possibility that flooding might increase due to the local
rainfall regime connected to both global climate change and the local land-use driven microclimate
changes [10].

The ability to predict the changes in the flood hazard and risk under variety of internal
(e.g., landuse) and external (e.g., climate) forcing scenarios plays an important role in flood risk
management under a rapidly changing environment. Traditional modelling applications in the domain
of flood risk management typically involved developing detailed flood models and conducting
a handful of flood simulation exercises. Such an approach works adequately under the assumption
that the forcing variables and the model conditions can be represented by such a limited repertoire of
scenarios—in other words ignoring the uncertainty of those parameters. Due to rapid and uncertain
changes in the forcing parameters, flood risk management in the modern context, is demanded
to embrace much more statistically robust approaches. In this context, probabilistic forecasts are
a fundamental requirement for quantitative flood risk assessments, which aid urban planners and
decision makers to develop informed risk reduction strategies that minimize the damage caused by
floods. This is especially important for coastal cities which are not only facing the impact of upstream
flow changes due to human interventions (upstream dam construction) and the effects of climate
change, but also climate change driven sea level rise, storm surges as well as other natural processes
such as land subsidence in deltas.

Hydraulic models that simulate river flow and flooding are needed to estimate water level
changes under various future scenarios. With the rapid development of computing facilities over the
last few decades, many different hydrodynamic models (e.g., MIKE11, MIKEFLOOD, ISIS, HEC-RAS,
SOBEK, LISFLOOD-FP, Delft 3D) have been developed to address complex real-world hydraulic
problems including flood forecasting [11,12]. Most of these developed in a direction of more and more
complex and sophisticated modelling approaches in order to achieve highly precise and (oftentimes)
spatially-explicit, results. In addition, many of these models are complex models that are proprietary
and commercial. These factors limit their appeal for wide-spread use in flood forecasting, especially
in developing countries with limited financial and technological resources. Moreover, the way in
which simulation models are applied has undergone a paradigm shift in recent years: traditionally
these were strictly limited to the domain of modelling specialists. However, with the emergence of
wider-stakeholder engagement in co-learning, co-designing and co-solving of problems and resulting
social-learning have become commonplace [13]. There is a need for simulation models which are more
accessible and versatile. There is thus a need for non-restrictively licensed (e.g., open source), simple
models for the wide-spread deployment in contemporary co-learning environments.

Probabilistic flood forecasting requires flood models that are simple and fast. Taking into account
the large uncertainties in the future forcings and different model parameters, high degree of accuracy
of models, which are sought after in deterministic applications, often become secondary to their
simplicity in use and rapidity in execution in probabilistic applications. This demands models that are
fit-for-purpose by being fast in execution and simple to be deployed in iterative contexts to realize
thousands of models runs.

This study focuses on the development of such a “fit-for-purpose” modelling approach suitable
for probabilistic flood forecasting which also accounts for forcing and system uncertainty. Herein,
we describe the application of this modelling approach to forecast flood at a selected developing
country case study: Can Tho city in Mekong Delta, Vietnam.

In the following sections, we describe the study area, followed by a review of previous modelling
studies in the Mekong Delta including an overview of the hydrodynamic models that have been used
in those studies. This is followed by the research methodology used in this study. Then we present
the results obtained and discussion. The final section of this article is main conclusions arising from
the study.
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2. Study Area

2.1. Mekong Delta

The Mekong River originates from Tibet, and flows through China, Laos, Myanmar, Thailand,
Cambodia and into the East Sea of Vietnam (Figure 1a). With a length of 4800 km and a mean annual
flow of 475 km?3, the Mekong River ranks twelfth and tenth in the world in term of length and flow,
respectively [14,15].
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Figure 1. (a) Location of the Mekong Delta (Source: Mekong River Commission, Phnom Penh,
Cambodia); (b) Detailed descriptions of the Mekong Delta include Can Tho city and 12 provinces as
well as the location of hydrological gauging stations (revised from [16]).

The Mekong Delta is the largest delta of Vietnam, and is located in the lower Mekong River Basin
(Figure 1), spanning latitudes 8°33' N and 11°01” N and longitudes 104°26 E and 106°48’ E. It includes
Can Tho city and the 12 provinces: Long An, Dong Thap, Vinh Long, Tien Giang, Tra Vinh, Ben Tre,
Hau Giang, Soc Trang, Bac Lieu, Kien Giang, An Giang, and Ca Mau, with a total land area of about
4 million ha. The Mekong Delta has a population of approximately 17.5 million, accounting for 19% of
the country’s population, while this region accounts for only 13% of the country’s area. The livelihoods
of a majority of the population (85%) in the region depend on agricultural activities [17]. The Mekong
Delta is known as the granary of the nation and is also a key area for the production of fishery, fruit and
agricultural products. Annually, it contributes about 90% of rice, 70% of fruit, and 60% of fishery
products in the national export turnover for each class. The economic growth of the region reached
7.39% in 2017, up 0.49% compared to 2016 (6.9%). The per capita income in the Mekong Delta is about
40.2 million VND (around 1770 USD). Furthermore, the Mekong Delta is also known as one of the
most biologically diverse in the world with abundant fauna and flora (e.g., fish, lizards, mammals,
etc.), including rare species such as Laotian rock rat, is thought to be extinct.

The Mekong Delta has low and flat terrain, with an average elevation of between 0.7 and 1.2 m
above mean sea level [18]. Mekong Delta is also thought to be one of areas that are globally most
sensitive to the impacts of climate change [19,20]. The most prominent reason for the climate sensitivity
of the Mekong Delta is the strongly felt influence of the sea-level rise. For example the Can Tho city
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(explained below) that is some 80 km upstream from the ocean, is still impacted by tidal variation
(and hence any changes in the sea level in the future). For example, the cities drainage system cannot
discharge water to the river during the high tide periods [9].

Besides sea level rise, climate change is likely to also affect the riverflow in the Mekong Delta,
due to projected changes in temperature and rainfall [21,22]. Future projections of the upstream flow in
the Mekong Delta presented by, among others, [23-25] indicate increases in riverflow for all IPCC RCPs.
In addition to climate change, riverflow is also affected by human activities such as land-use change,
upstream dam construction. The foreshadowed construction of new upstream hydropower dams is
expected to vary the riverflow regime [24,26], with the flow varying from year to year depending on
hydropower operations [27].

While flooding (which usually occurs between July and November) in the Mekong Delta has
many negative impacts (e.g., damage to property, infrastructure, and crops, loss of life) on inhabitants
and economic development of the area it also has some positive impacts such as washing away salt and
alum from soil, providing supplementary fertiliser for rice fields, and increasing fish resources [17,28].
The threat of flooding in future will be undoubtedly be affected by both climate change and human
interventions as described above [18,29,30].

2.2. Can Tho city

Can Tho is the largest city within the Mekong Delta, with a population of around 1.6 million as of
2016, is the city located on the south bank of the Hau River, one of two major branches of the Mekong
River in Vietnam, at a distance of about 80 km upstream of the sea (Figure 2). Can Tho has a dense
system of rivers and canals, and therefore, it is also known as “the municipality of river water region”.
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Figure 2. A map of Can Tho city. The area shown here extends much beyond the urban center.

The urban area is largely in lower right corner of the diagram, north of the Can Tho river.
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Can Tho is dynamic city that is emerging as an economic centre and is expected to play
an important role in the Mekong Delta and the adjacent international regions in future [9,31]. With its
strategic location, Can Tho city is expected to witness growth exponentially in the next several
decades [9,32]. The rapid urbanization and growth of population in Can Tho will likely lead to
a significant change in land use within and surrounding area of the city [9]. This may result in
substantial changes in the urban water cycle, increasing flood frequency and water pollution, all of
which will further increase the city’s already high risk of flooding in the coming decades.

Serious flooding is frequent in Can Tho City, which leads to significant impacts on environment,
economy and society. Flooding occurs at least 2-3 times a year during the monsoon season, with flood
water depths ranging from a few centimetres up to 20-30 cm (even up to 50 cm in some places such
as Ninh Kieu district). According to Southern Hydrometeorology Station, in 2011, the maximum
water level reached 2.15 m relative to mean sea level. Table 1 shows the water level in Can Tho city in
flooding years.

Table 1. Water level and discharge in flooding years in Can Tho (relative to MSL) since 2000 (Source:
Adapted from [33]).

Average Discharge in Can Tho (m?/s)

Year Date Highest Water Level (cm)
On Day of Flooding Highest Flow in Month of Flooding
2000 30/09 179 13,000 (23/09) 17,700
2011 27/10 215 16,100 (05/10) 19,600
2013 20/10 213 12,290 (30/10) 18,180
2014 10/10 208 - -

Flooding in the city is significantly impacted by three factors: (1) sea level (tide, storm surge,
sea-level rise) has a direct impact on the river level near Can Tho and hence the dynamics of flooding;
(2) Changes in the upstream river flow, which is impacted by landuse change, construction of hydraulic
structures such as dams [27,34-36]; and (3) Urban hydrology (changes in local rainfall, landuse, etc.).
In order to represent the first two factors above, a physically-based simulation model of the river
system of the Mekong Delta is essential. With such a model it is possible to use sea-level changes and
upstream flow changes as boundary conditions to ascertain their impact on the river water level near
Can Tho city and therefore the impact on floods in the city.

In the next section, therefore, we summarize previous attempts to develop such river system
models for the Mekong delta.

3. Previous Flood Modelling Studies in the Mekong Delta

Wassmann et al. [30] used the “Vietnam River System and Plains” (VRSAP) model to assess
the water level changes in the Vietnamese Mekong Delta (VMD) due to the impacts of sea level rise
(SLR). The VRSAP model was developed by the Sub-Institute for Water Resources Planning, Ministry
of Agriculture and Rural Development, Vietnam (Khue, 1986). The VRSAP model for whole VMD
included 1505 nodes, 2111 segments, and 555 storage plains. It was calibrated with hydrological
data obtained in 1996, and then used to predict water levels for years 2030 and 2070. This model
projected water levels for VMD when flooding is presently high (from August to November) for SLR
projections of 20 cm (in 2030) and 45 cm (in 2070), respectively. The results of this study indicated
that the average increase in August water levels corresponding to the two considered scenario were
14.1 cm and 32.2 c¢m, respectively, relative to 1996. In October, the increase in water levels were found
to be weaker due to high discharge from upstream, but the average increases for the two considered
scenarios were still high at 11.9 cm and 27.4 cm, respectively.

Le et al. [37] used the HydroGis model, which combines a hydrodynamic model and GIS tools [38],
was developed by the Ministry of Natural Resource and Environment of Vietnam (MONRE) to evaluate
changes in flooding in the VMD due to the combined effect of upstream river flows, storm surge, SLR,
estuarine siltation, and hydraulic structures. The HydroGis model for the entire VMD comprised
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13,262 cross sections, 2535 flood cells, and 467 sewers, sluices, and bridges. This study indicated that
the flood levels depend on the combined impacts of Mekong river flows, storm surges and SLR as well
as the construction of upstream dams. Water levels in the delta were predicted to increase from 5 cm
to 200 cm corresponding each scenario. Additionally, this study predicted that the construction of
upstream dams would cause siltation the Hau river estuary and followed by the increase by up 2 m in
peak flood levels in the VMD.

HR Wallingford and Halcrow (UK) developed a 1-D ISIS model for the VMD to assist the Mekong
River Commission (MRC) in managing and using water resources in the Mekong River Basin (MRB).
Currently, this ISIS model is maintained by the MRC. MRC’s detailed modelling studies for Cambodia
and the VMD have used the results of this model as boundary conditions. Van et al. [39] used this
model to study changes of flood characteristics under the impacts of upstream development and SLR.
The 1-D ISIS model for the VMD comprised 3036 cross-sections representing 8619 km system of river
and canals, 538 junctions, 749 floodplain units, 193 spillways, 409 reservoirs, and 29 sluices. This study
used the flood event data of the year 2000 to validate this model, and subsequently used it to predict
potential changes in flooding for the year 2050 under scenario 3a and 3b. The results showed that the
flood hazard in 2050 may become more severe along the coastal area as a result of the tidal regime.
Additionally, future (2050) inundation levels in upstream VMD were projected to be lower and shorter
than in 2000, while along the coastal areas would be higher and longer.

All the models applied in the aforementioned studies are advanced process based hydrodynamic
models with superior features, and as such the model outcomes are expected to be highly accurate
and reliable. However, these models do take a long time for extended period simulations, owing to
the large and complex application domain. For example, the time for the aforementioned ISIS model
of VMD to complete a one-year simulation is about 90 min (on a single core on an Intel(R) Core(TM)
i5-4210M CPU @ 2.6 GHz 2.6 GHz processor in a computer with 8.0 GB of memory (RAM)). With such
a computational time, it is impractical to execute the thousands of individual simulations required for
probabilistic flood forecasting with this model.

In the next section we describe the methodology that was used to develop a fit-for-purpose model
that is fast and simple enough to be deployed in probabilistic water level calculations near Can Tho city,
which in-turn can be used to force urban flood models.

4. Methodology

4.1. Data

The data for this study were collected from two sources: (i) upstream flow (discharge) from 2000 to
2006, measured water level in 2000 at Chau Doc, Tan Chau, Can Tho, Tran De, Ben Trai and An Thuan
stations (Figure 1b), cross-section data and the Manning’s roughness coefficient of links were taken
from the aforementioned Mekong Delta 1-D ISIS model of the MRC. Additionally, discharge in 2011
was collected from MRC as well; (ii) measured water level of the years 2001, 2002 and 2011 at six above
gauging stations were collected from the National Hydro-meteorological Service of Viet Nam (NHMS).

4.2. Model Selection

To circumnavigate the complexities arising due to simulation time and proprietary nature of
sophisticated process based models such as those used in the studies summarized in Section 3 above,
here, to achieve the objective of this study, we used the open-source SWMM model. SWMM is
a dynamic rainfall-runoff simulation model used for single event or long-term (continuous) simulation
of runoff quantity and quality [40].

The application of the SWMM model for this task was unconventional. This decision was made
based on a number of considerations. Firstly, the SWMM implementing full St. Venant’s equation in
one dimensional conduits [40], is technically capable of simulating the required flow conditions in
this complex river system. It can manage complex flow conditions such as downstream forcing by



J. Mar. Sci. Eng. 2018, 6, 55 7 of 19

tide. Secondly, it provides a simple, uncluttered user interface that is simple enough to be deployed
in multi-stakeholder co-design sessions. Finally, being a public-domain, open source model, and it is
not bound by restrictions associated with commercial licenses. Although commercial licensing is not
always a significant barrier for a model to be used by experts in, for example, a consulting environment,
delivering a model for wider use by non-expert stakeholders is sometimes severely hampered by
such restrictions.

4.3. Model Application

4.3.1. SWMM Model Development and Simplification

In the first step of this study, a very detailed SWMM model of the entire Mekong Delta, comprising
575 nodes and 592 conduits, was developed (Figure 3). This model covered only the important
tributaries of the Mekong, ignoring small canals and other waterways.
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Figure 3. The detailed SWMM model for Mekong Delta with 575 nodes and 592 conduits.

The input data used were the daily upstream flow and hourly downstream sea level in 2000.
This model is already simplified compared to many of the models described in the section above
and took about 10 min for a one year simulation (for details see Table 11). The next step is to reduce
the model complexity such that very fast individual simulations are possible. To this end, a series
of simulations (hourly temporal resolution) of the detailed SWMM model were undertaken where
the level of detail in the model was gradually decreased (i.e., systematic removal of small to medium
size tributaries, based on their size and/or distance from target area). In doing this here nodes that
appeared to be at non-critical locations were sequentially removed from the system while retaining
nodes at critical locations where there were river branch divisions, changes in the direction of flow,
significant changes in cross-sectional area, hydrological stations, etc. The model obtained after each
stage in the reductions process was run for the year 2000, and results compared with measured water
levels at Chau Doc, Tan Chau and Can Tho stations in 2000. If the post-reduction model results were
still good enough, the process of reduction was continued until the simplest level of detail that provides
sufficiently accurate predictions of water levels in the local study area (Can Tho, Vietnam) was obtained.
The final model thus obtained is referred to herein as the simplified SWMM model. The Simplified
SWMM model took only a minute to complete one year period of simulation, representing a 10 and
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90 fold reduction in run time relative to the detailed SWMM model and the detailed ISIS model
described above (see also Table 11).

4.3.2. Model Calibration and Validation

Model Calibration

An automatic calibration of the simplified SWMM model was undertaken for the year 2000
using observed hourly water levels at Chau Doc, Tan Chau and Can Tho stations. The SWMM5-EA
software [41], which uses evolutionary algorithms to optimize drainage networks, was used to optimise
the Manning’s roughness coefficient of conduits of the simplified SWMM model.

Water levels at the gauging stations in the Mekong Delta sharply change between flood season
and dry season. Therefore, monthly NSE (Nash-Sutcliffe efficiency) and RMAE (Relative Mean
Absolute Error) values of the 3 gauging stations Can Tho, Chau Doc and Tan Chau were used for
model calibration.

e NSE indicator

The NSE is a normalized statistic that determines the relative magnitude of the residual variance
(“noise”) compared to the observed data variance (“information”) [42]. Model performance is
commonly classified for various ranges of the NSE as shown below [42].

- 0.75 < NSE < 1.00: Very Good;
- 0.65 <NSE < 0.75: Good;

- 0.50 < NSE < 0.65: Satisfactory;
- NSE < 0.50: Unsatisfactory.

e RMAE indicator

The RMAE is a commonly used error statistic [43].
Model performance is commonly classified for various ranges of the RMAE as shown below
(Sutherland et al., 2004).

- RMAE < 0.20: Excellent;

- 0.20 < RMAE < 0.40: Good;

- 0.40 < RMAE < 0.70: Reasonable;
- 0.70 < RMAE < 1.00: Poor;

- RMAE > 1.00: Bad.

Model Validation

Model validation was performed manually for the years 2001, 2002 and 2011, using the model
calibrated with the year 2000 data, to gain confidence in model predictions. Results of the validation
simulations were compared with hourly water level data acquired at Chau Doc, Tan Chau and
Can Tho stations.

5. Results and Discussion

5.1. Calibration of the Simplified SWMM Model

After a number of trials with varying levels of complexity, a simplified model where the number
of nodes and conduits were 37 and 40 respectively (Figure 4), was determined to have a positive result
(see Tables 4 and 5) while being sufficiently fast (1 min run time for a 1 year simulation period at
hourly temporal resolution). Figures 5 and 6 show the comparison between simulated water levels
with observed water levels at Can Tho station in 2000.
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The results of the simplified SWMM calibration for year 2000 is shown in Table 2. Scatter plots of
simulated and observed hourly water level of each month in 2000 at Chau Doc, Tan Chau and Can Tho
stations are shown in Figures 7-9, respectively.

Table 2. Data sources.

Data Type Source Data Description
Discharge MRC Daily discharge data at upstream (2000-2006) and 2011

3036 cross-sections representing 8619 km system of river and

Cross-section MRC canals in the Mekong Delta
Manning’s roughness MRC 10 different values of Manning’s roughness coefficient
MRC Hourly water level data at Chau Doc, Tan Chau, Can Tho,

Tran De, Ben Trai and An Thuan stations in 2000

Measured water level
Hourly water level data at Chau Doc, Tan Chau, Can Tho, Tran

NHMS De, Ben Trai and An Thuan stations in 2001, 2002, and 2011

Based on the results in Table 3 and the classifications for NSE as well as RMAE, error classification
for NSE and RMAE indicators for each station in 2000 are shown in Tables 4 and 5 respectively.

Table 3. General performance rating for the model for the calibration period (year 2000) using the NSE
and RMAE indicators (hourly resolution).

Station Chau Doc Tan Chau Can Tho
Month NSE RMAE NSE RMAE NSE RMAE
January —0.89 0.05 -0.89 0.12 0.67 0.04
February —0.14 0.01 0.16 0.09 0.71 0.12
March 0.02 0.07 0.37 0.13 0.72 0.10
April 0.04 0.16 0.51 0.21 0.75 0.80
May 0.27 0.19 0.34 0.28 0.74 0.17
June 0.54 0.07 0.41 0.16 0.68 0.40
July 0.03 0.16 0.76 0.05 0.71 0.09
August —-16.78 0.01 —8.54 0.02 0.72 0.10
September —2.41 0.09 -3.15 0.07 0.81 0.08
October —1.05 0.04 —0.92 0.03 0.76 0.08
November 0.77 0.04 0.59 0.05 0.71 0.04
December —0.53 0.13 —-1.17 0.14 0.68 0.05

Table 4. Error classification (%) for NSE indicator.

. Classification for NSE
Station
Very Good Good Satisfactory Unsatisfactory
Chau Doc 8.33 0.00 8.33 83.33
Tan Chau 8.33 0.00 16.67 75.00
Can Tho 16.67 83.33 0.00 0.00
Table 5. Error classification (%) for RMAE indicator.
. Classification for RMAE
Station
Excellent Good Reasonable Poor Bad
Chau Doc 100.00 0.00 0.00 0.00 0.00
Tan Chau 83.33 16.67 0.00 0.00 0.00
Can Tho 83.33 0.00 8.33 8.33 0.00

Based on the results in Tables 4 and 5, almost RMAE values at Chau Doc, Tan Chau and Can Tho
stations are in excellent and good classifications, especially Chau Doc station with 100% values is in
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excellent classification, while Can Tho is 83.33%. Nonetheless, Can Tho also has 8.33% values in total
is poor classification. For NSE indicator, only Can Tho station has classifications are in very good and
good with 100% in total, while Chau Doc and Tan Chau are 8.33%. The main classifications of Chau
Doc and Tan Chau stations are unsatisfactory with 83.33% and 75%, respectively.
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Can Tho station in 2000.
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5.2. Model Validation
The results of the SSSWMM validation for 2001, 2002 and 2011 are shown in Tables 6-8, respectively.

Table 6. General performance rating for the model for the validation period (year 2001) using the NSE
and RMAE indicators (hourly resolution).

Station Chau Doc Tan Chau Can Tho
Month NSE RMAE NSE RMAE NSE RMAE
January —1.08 0.22 —0.05 0.13 0.66 0.21
February 0.85 0.32 0.95 0.18 0.79 0.21
March 0.12 0.06 0.64 0.00 0.75 0.11
April 0.19 0.01 0.62 0.02 0.78 0.23
May 0.14 0.08 0.49 0.12 0.76 5.98
June 0.01 0.20 —-0.22 0.28 0.73 0.52
July 0.56 0.00 0.05 0.07 0.68 0.29
August 0.57 0.09 0.88 0.01 0.67 0.06
September —12.15 0.01 —13.35 0.04 0.79 0.06
October 0.76 0.00 0.31 0.03 0.63 0.06
November 0.37 0.07 0.61 0.03 0.71 0.03
December —0.52 0.17 —0.05 0.12 0.68 0.05

Table 7. General performance rating for the model for the validation period (year 2002) using the NSE
and RMAE indicators (hourly resolution).

Station Chau Doc Tan Chau Can Tho
Month NSE RMAE NSE RMAE NSE RMAE
January —2.00 0.30 —0.33 0.16 0.66 0.16
February 0.83 0.29 0.96 0.14 0.68 0.19
March 0.15 0.17 0.76 0.01 0.75 0.22
April —0.21 0.08 0.42 0.10 0.67 0.28
May 0.28 0.01 0.54 0.17 0.77 0.24
June 0.46 0.13 —0.02 0.28 0.74 0.15
July 0.70 0.05 0.67 0.09 0.65 041
August 0.46 0.12 0.89 0.01 0.74 0.14
September —3.49 0.03 —0.81 0.02 0.75 0.13
October 0.69 0.03 0.70 0.01 0.75 0.08
November —1.57 0.17 —0.01 0.09 0.70 0.01

December —1.83 0.23 —0.53 0.15 0.66 0.04
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Table 8. General performance rating for the model for the validation period (2011) using the NSE and
RMAE indicators (hourly resolution).

Station Chau Doc Tan Chau Can Tho
Month NSE RMAE NSE RMAE NSE RMAE

January —4.76 0.80 —5.34 0.74 0.45 0.54
February 0.47 0.67 0.63 0.63 0.72 0.60
March —0.50 0.38 0.03 0.37 0.64 0.53
April —0.10 0.29 0.51 0.27 0.67 0.86
May 0.03 0.29 0.62 0.21 0.68 1.79
June —-0.16 0.19 0.68 0.01 0.69 1.29
July —4.17 0.33 —0.03 0.09 0.72 0.30
August —-3.61 0.36 0.11 0.11 0.75 0.12
September —5.96 0.23 —0.06 0.08 0.78 0.10
October —17.46 0.07 —-0.41 0.02 0.77 0.04
November —1.57 0.20 —0.06 0.11 0.64 0.10
December —6.38 0.45 —3.80 0.35 0.58 0.23

Based on the results in Tables 6—8 and the classifications for NSE and RMAE, error classification
for NSE and RMAE indicators for each station in 2001, 2002 and 2011 are shown in Tables 9
and 10 respectively.

Table 9. Error classification (%) for NSE indicator in 2001, 2002 and 2011.

Classification for NSE
Stati
ation Very Good Good Satisfactory Unsatisfactory
Chau Doc 8.33 5.56 5.56 80.55
Tan Chau 13.89 8.33 19.44 58.33
Can Tho 19.44 63.89 13.89 2.78

Table 10. Error classification (%) for RMAE indicator in 2001, 2002 and 2011.

Classification for RMAE
Stati
ation Excellent Good Reasonable Poor Bad
Chau Doc 55.56 36.11 5.56 2.78 0.00
Tan Chau 77.78 16.67 2.78 2.78 0.00
Can Tho 50.00 25.00 13.89 2.78 8.33

Tables 9 and 10 show that a vast majority of RMAE values at Chau Doc, Tan Chau and Can
Tho stations are in excellent and good classifications. Specifically, the percentages of data/model
comparison that fall into excellent and good categories are 91.67%, 94.45% and 75% at Chau Doc,
Tan Chau and Can Tho, respectively. However, it is noted that 2.78% of RMAE values fall into the
poor category for all 3 stations, while at Can Tho 8.33% RMAE values also fall into the bad category.
With respect the NSE indicator, 83%, 13.89% and 22.22% of NSE values fall in very good and good
categories (in combination) at Can Tho, Chau Doc, and Tan Chau stations, respectively. The majority
of NSE values at Chau Doc (80.55%) and Tan Chau (58.33%) are unsatisfactory.

For the RMAE indicator, the poor and bad classifications are generally in the dry months
(from December to June), while the good and excellent categories are generally in the wet months
(from July to November). However, it is noteworthy that at Can Tho, the target area pertaining to this
study, the differences between the simulated monthly mean water levels and the measured monthly
mean water levels are small even during wet months, the maximum value is 0.15 m. As the main
focus of this study is flooding during wet months at Can Tho, the weaker data/model comparison,
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especially during dry months, at the secondary stations of Chau Doc and Tan Chau do not have major
implications on achieving study objectives.

For the NSE indicator, unsatisfactory data/model comparisons are shown mainly at Chau Doc and
Tan Chau stations, while at Can Tho NSE is unsatisfactory on very few occasions (2.78%), and that too
during dry months only. While it is possible to improve the NSE values for the two secondary stations
by adding nodes and conduits to the simplified model, that will invariably increase the runtime for
each simulation, which detracts from the main purpose of this study and will not add any great value
to our main objective of developing a model that is able to provide probabilistic estimates of flooding
at Can Tho.

Thus, for the purpose of obtaining accurate and fast predictions of flood water levels at Can Tho,
the simplified SWMM model performance can be considered good enough.

5.3. Performance Comparison between the Previous Models and the Simplified SWMM Model for Entire
Mekong Delta

The characteristics and simulation time associated with the process based hydrodynamic models
used in previous studies of the Mekong Delta and the simplified SWMM model used here are shown
in Table 11.

Table 11. Characteristics and simulation time of different models for the entire Mekong Delta
(for a single core on a Intel(R) Core(TM) i5-4210M CPU @ 2.6GHz 2.6GHz processor in a computer with

8.0 GB of memory (RAM)).
Number of Nodes and Links
No Model Name Simulation Time for one Year(min)
Node/Junction Link/Cross-Section

1 ISIS model (1D) 572 3036 90

2 VRSAP model 1505 2111 -

3 Hydro-GIS model - 13,262 -

4 Detailed SWMM model 575 592 10

5 Simplified SWMM model 37 40

6. Conclusions

In this study we have shown that it is possible to simulate river water levels, with an acceptable
level of accuracy (good-excellent), at a location of interest in a complex, deltaic river system like the
lower Mekong with a relatively simple (simplified from thousands to several tens of cross sections) and
fast (reduction of simulation time from 1.5 h to around one minute, for a 1 year simulation) numerical
model. The simplified model was achieved by iteratively simplifying a complex hydraulic model,
with the focus on accuracy of the water levels at a single point of interest (in this case, near Can Tho city).

The overarching objective of developing this simplified and fast model was to subsequently use it
for probabilistic flood simulations and for stakeholder based co-design applications. Probabilistic flood
modelling involves running thousands of realizations of the model for a given scenario. Even with
advanced computer facilities available today, this requirement makes it prohibitive to use some of the
‘traditional’ models that take hours to run one simulation. Towards this end the simplified SWMM
model presented in this article provides a feasible solution. The computing cost is still considerable
(e.g., thousand simulations will cost around 17 core-h), but with a modern computer with sixteen cores
and adequate amount of memory, such a simulation should be complete within a little more than
an hour.

The application of the SWMM, a model developed to simulate drainage/sewerage systems,
has been shown to be capable of simulating river systems with complex boundary conditions with the
positive results. Additionally, with the advantage of being an open source model and a simple user
interface, it would be an appropriate option for multi-stakeholder co-design meeting. Furthermore,
the SWMM model also provides a well-documented, clear application programming interface (API)
making it possible to embed the model in computer software applications written in a variety of
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computer languages like C/C++, Fortran and Python. This opens up the possibility of using the
resulting model as a basis for innovative applications such as serious-gaming.

The simplification of a model can sometimes lead to degradation of the precision and accuracy
of its results. The appropriateness of a simplified model should be looked at in the context of the
ultimate intended use of model outcomes. The intended application of the simplified SWMM model
for the Mekong delta is two-fold: (a) to derive probabilistic river water level estimates to be used as
input for a probabilistic urban flood model; and (b) to be used as a co-design tool in multi-stakeholder
environments. In terms of both these utilities, the level of uncertainty associated with the input
information is significant. For example, future sea level projections and upstream flow conditions have
large uncertainties associated with them (more in latter than in the former). Therefore, striving for
high precision modelling output under these realities does not improve the accuracy of the ultimate
intended outcomes. In such circumstances, we argue, it is appropriate to sacrifice some accuracy to
achieve efficiency and practicality.
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