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ABSTRACT: The Seneque/Riverstrahler (SR) model, which was developed to establish links between the biogeochem-
ical functioning of river systems and the constraints set by their (i) meteorology, (ii) drainage network morphology
and (iii) human activities, was applied to the Day-Nhue River basin (DNRB). The DNRB is the most polluted area in
northern part of Vietnam where domestic, industrial, agricultural and aquacultural activities have generated multiple
sources of pollutants to the DNRB. Questionnaire surveys were conducted in industrial zones (at manufacturers and
factories) of the DNRB to establish initial conditions of industrial activities for the SR. At the same time, water samples
were collected from various industrial sectors and analyzed for suspended matter and nutrients. Additionally, river
water quality surveys were conducted monthly at 11 stations inside the DNRB in 2006 and 2015. Simulation results
from the SR model were then compared with analytical results of water quality for model validation. As a result, a
nutrient budget of the river network was established to access the risk of coastal eutrophication in the Tonkin Bay.
The model will provide adequate knowledge for policy makers to develop suitable water pollution management plans
regarding nutrient sources and sinks.
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INTRODUCTION

Rivers are among the most diverse and threatened
ecosystems on earth, and the preservation of good
river water quality is a requisite for sustainable
development. Conservation must consider both
the structure and the functioning of biogeochemical
cycling in these systems and their ecosystems as a
whole. River ecosystems provide essential benefits
and services to society, including water purification,
transport and transformation of organic matter and
other materials, nutrient cycling, flood control and
so on [1, 2]. Indeed, river deltas are known for
their role in filtering of pollutants and protection
of coastal areas from anthropogenic impacts [2, 3].
In China, a study on pollution caused by polycyclic
aromatic hydrocarbons in the surface soil of Guan
River Estuary Industrial area has been reported [4].
Knowledge of the transfer and conversion of nu-
trients (nitrogen, phosphorus and silica) in river

system is essential to understand the function of
aquatic ecosystems [5]. The nutrient loading of
rivers depends on both the natural geomorphic
characteristics of the basin and the anthropogenic
activities that occur within the catchment. Models
can help to assess the relative significance of the
complex and interacting processes driven by land-
use and human activity in a given river basin and
the impacts on river water quality and ecological
functioning [1].

While several models such as Hydrological
Simulation Program-FORTRAN (HSPF) [6], the
Integrated Catchment Model-Nitrogen (INCA-N)
model [7] and HBV-NP model [8] have been devel-
oped to focus on nutrient load estimations in river
basins, the Seneque/Riverstrahler (SR) model has
been established with the aim to understand the role
of natural and anthropogenic factors impacting on
the biogeochemical functioning of a river system. In
addition to that, the SR model shows a great flex-
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ibility because it is open source and capable of de-
scribing the biogeochemical functioning of an entire
river system, ranging between 100 to>100 000 km2

while the core system structure of other models
is hard to be adapted for specific site conditions.
The SR model takes into account the constraints
set by the morphology of the drainage network,
the meteorological/hydrological conditions and the
inputs of materials from point and non-point sources
in the river basin. This establishes the link between
nutrient loading and hydrological conditions of the
river system. The SR model has been validated
on basins in temperate climate zones such as the
Seine, Somme and Scheldt [9] and also in tropical
basins such as the Red River in Vietnam [10, 11]
and the Nam Khan River in Laos [12]. In these
studies, the model simulates the spatio-temporal
variation of 22 parameters characterizing the water
quality and ecological functioning, including sus-
pended matters, dissolved oxygen, nutrients (ni-
trate, ammonium, dissolved phosphate, particulate
inorganic phosphorus and dissolved silica), 3 tax-
onomic groups of phytoplankton, 2 types of zoo-
plankton and 4 compartments of bacteria. The
model also includes nutrient budget calculations
of the river basin as a result of a combination of
hydrological and ecological models. Indeed, the SR
model has been successfully applied to the upstream
Red River Basin which belongs to China [10, 11].
The extension of the model to the downstream of the
basin, where Red River Delta is located, represents
a step further for a land-to-sea view of the hydrosys-
tem.

Budgets of water and nutrient transfer es-
tablished at the scale of the Red River Delta
(14 300 km2) show that more than half of the total
amount of nitrogen and phosphorus brought from
the upstream catchment and from regional human
activities is eliminated or retained before reaching
the sea [13, 14]. Sedimentation plays a major role in
phosphorus retention while both waterlogged delta
soils and the poorly oxygenated water of a large part
of the drainage network contribute to storing the
total nutrient load. The delta, therefore, plays an
efficient role as a ‘filter’ of suspended matter and
nutrients coming from the upper watershed, thus
protecting the receiving coastal zone from eutroph-
ication. However, no water quality quantification
and visualization has yet been made. Neither have
strategic mitigation measures been proposed from
the previous SR application in the lower RRD.

A large fraction of the total population of the
Red River basin is settled in the delta area, espe-

cially on the right bank where the Hanoi city and
conurbation are located. This Day-Nhue River basin
(DNRB) is one of the most polluted areas in northern
Vietnam due to strong impacts of both point and
non-point pollutant sources, e.g. wastewater from
domestic, industrial, agricultural and aquacultural
activities. At present, this river system is under
considerable pressure from socio-economic develop-
ment activities and urbanization, and the basin is
experiencing an annual population increase of about
1.14% [15]. However, the region’s infrastructure is
incompatible with this rapid development [16]. The
establishment and operation of industrial zones, in-
cluding traditional handicraft villages, factories and
agricultural areas, have caused significant changes
to the delta environment. At the provincial level
in Vietnam, towns and densely populated areas
outside of large cities have poor sewage and septic
systems. Together with domestic effluent, human-
related socio-economic activities from such rural
areas are significant pollution sources given their
high population and poor infrastructure [16]. Tra-
ditional handicraft villages are examples of the sorts
of trade activities that are common here, including
rice noodle-making, weaving, ironmongery and so
on [17].

We have chosen to apply the SR model on the
Day-Nhue River basin in order to more fully under-
stand the biogeochemical functioning of the delta
system. Such an application allows us to assess the
impact of point and diffuse pollutant sources from
human activities (industries, agriculture) on water
quality in a river basin undergoing rapid develop-
ment. The outcomes from the model will identify
nutrient sources and their respective contributions
to the river basin, which is essential for policy
makers to develop a general management frame-
work for the aquatic environment. The first aim of
this study is to develop a specific database for the
application of the SR model in the DNRB. Although
the SR has already been successfully applied to the
Red River upstream, the complexity of downstream
areas makes this more challenging. Our second
aim is to assess the impact of human-related socio-
economic activities on the water quality.

MATERIALS AND METHODS

Study site: the Day-Nhue River basin

The Day-Nhue River basin (DNRB) extends over
5 provinces in northern Vietnam: Hoa Binh, Ha
Noi, Ha Nam, Nam Dinh and Ninh Binh, covering
from the latitude 20°00′N to 21°20′N and from the
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longitude 105°00′E to 106°30′E. The Day River is
one of the largest distributaries of the Red River. Its
basin is rich in natural resources and plays an im-
portant economic role both nationally and as a part
of the Red River Delta. The DNRB catchment area
is about 7665 km2 covering a densely populated
area with an estimated 10.3 million people in 2015.
The average population density is over 1350 people
per km2, 5 times higher than that of the national
level [18]. The DNRB experiences the typical sub-
tropical climate of Northern Vietnam, determined
by monsoon regime: cold with little rain in winter,
sunny and rainy in summer. Average annual rainfall
for the entire delta is 1670 mm, 85% of which occurs
from May to October (the rainy season) [19]. In
general, there has been less rain in recent years, but
it has occurred with higher intensity.

The river networks as well as the dam/dike and
pumping station systems of the DNRB are described
in detail in Luu et al [14] and Do et al [20]. The
most striking characteristic of the Day-Nhue River
system is the large contribution of the Red River
to its total discharge primarily via the flow from
3 tributaries: Nhue River, Chau River and Dao
River. These 3 tributaries are directly connected
to the Red River and can supply up to 87% of the
water discharged by the Day River water while the
remaining 1% originates from the Day catchment
area itself. However, Do et al [20] stated that water
flow in the Chau River is negligible because it drains
water to the Red River or Day River using a pumping
station system to protect inner Hanoi from flooding
during the rainy season. A dam was built at the
conjunction of Chau River and Red River in 2008.

The Seneque/Riverstrahler model and database
preparation

The aim of the deterministic SR model is to simulate
the impact of human activities on the quality of river
systems by describing the kinetics of all biogeochem-
ical processes occurring within drainage networks.
The drainage network of any river system may be
considered as a combination of basins, idealized as a
regular scheme of confluent tributaries of increasing
stream order [21], each of which is characterized
by mean morphologic properties and connected to
branches represented with higher spatial resolution.
The advantage of this representation of the drainage
network is that the processes occurring in small first-
order streams headwater streams and large tribu-
taries can all be taken into account.

The model couples water flows routed through
the defined structures of basins and branches with

Day upstream
Day downstream

Nhue river

Chau river

Dao river

Bui river

Boi river

To Lich river

Day river

Nhue

DEM (inch)

Fig. 1 Map of Day Nhue River basin and water quality
and hydrological stations in this study.

a description of the biological, microbiological and
physicochemical processes occurring within the wa-
ter masses. The variables comprise nutrients, oxy-
gen, suspended matters, dissolved and particulate
non-living organic carbon as well as algal, bacterial,
and zooplankton biomass. Most of the important
processes in the transformation, elimination and/or
immobilization of nutrients within the network of
rivers and streams are explicitly calculated, includ-
ing algal primary production, aerobic and anaero-
bic organic-matter degradation by planktonic and
benthic bacteria, oxygen consumption and nutrient
remineralization, nitrification and denitrification,
phosphate reversible adsorption onto suspended
matter and subsequent sedimentation. A detailed
description of the model and of the parameters
used can be found in Garnier et al [22, 23] and
Thieu et al [2] and, for benthic processes, in Thou-
venot et al [1].

Geomorphology – the hydrographical network

The whole GIS database is structured according
to the representation of the drainage network as
a system of connected directional arcs with each
confluence marking the beginning of a new arc.
Each arc is described by data such as Strahler stream
order, length, width and slope, representing the area
which drains directly to this arc. This constitutes the
elementary spatial grid of the model. A reliable dig-
ital representation of the drainage network may be
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obtained by classical GIS-based treatments from the
Digital Elevation Model (DEM) Shuttle Radar To-
pography Mission (SRTM) at 3 inch resolution that
was made available at global scale by NASA (www.
NASA.org) using method from Tarboton et al [24].
However, in the case of the Day and Nhue River
system with low elevation, flat topography and a
high drainage density, DEM-derived outputs can
prove to be inaccurate. Thus, additional treatments
based on drainage enforcement in the DEM are
required [25, 26]. The obtained representation is
shown in Fig. 1.

Hydro – meteorological data

The SR model calculates the seasonal variations
of discharge using specific base flow and super-
ficial runoff by periods of 10 days for each sub-
basin. These results are used for reconstructing the
discharge anywhere in the drainage network and
calculating the diffuse sources of nutrients from the
basin. For the case of DNRB, we obtained these
specific discharges by using the recursive digital
filter baseflow separation method [27] on observed
daily discharges at 7 stations within the hydrological
network (Fig. 1).

Land use and non-point sources of nutrients

To calculate diffuse sources of nutrients in each
sub-basin, the SR model assigns a yearly constant
mean composition to surface- and base-flow runoff,
respectively, according to land use of the basin. A
GIS land use coverage of the Vietnamese territory
was made available from the Ministry of Natural Re-
sources and Environment of Vietnam [28]. We con-
sidered the following 7 classes as the most relevant
for our purpose: paddy field, forest, rock, grassland,
shrub-land, urban area and agriculture [29]. Land
use layers for 2 target years were thus created
(Fig. S1a). For the DNRB, we relied on an extensive
survey of literature and on our own measurements
from the sampling sites shown in Fig. 1. For this
study, the years 2006 and 2015 were chosen for
model validation because they have similar mete-
orological and hydrological conditions and span a
period of intense economic development.

Point sources of nutrients

Domestic wastewater

The basic information on domestic wastewater
release is the population census by commune
(or village) [15, 18], which can be georeferenced
(Fig. S1b). The census is available for the period

from 2006 to 2015 for 900 communes, including
a distinction in terms of rural or urban popula-
tion. With the human per capita food consumption
data and their N, P and Si content, we estimated
the yearly per capita nutrient load in the order of
5.6 kg/capita/year for N, 0.7 kg/capita/year for P
and 0.04 kg/capita/year for Si.

The assumption was made that the wastewater
discharge is 80 l/capita/day in 2006 and 100 l/
capita/day in 2015 [30]. Besides, on the basis of the
Master Plan on environmental protection of Nhue-
Day River basin toward 2020 approved by Prime
Minister [31], it is assumed that all of the waste-
water from urban areas is collected in a sewage
system and is then delivered to rivers without treat-
ment in 2006, and 20% of wastewater was treated
through purification stations in 2015 while in rural
areas, only 50% of the domestic wastewater reaches
surface waters, the rest being recycled into agricul-
tural soil. Thus, policymakers could use SR model as
a tool for assessing impacts of management options
on quality of water environments.

Industrial wastewater

Due to the lack of a complete industrial wastewater
database as required by the modeling approach,
we have developed a procedure to gather the in-
formation on the representative enterprises within
the RRD on their production, discharge and water
quality variables such as pH, suspended matters
(SM), dissolved oxygen (DO), nutrients (NO3, NO2,
NH4, N total, PO4, P total and DSi). The ques-
tionnaire was constructed and sent to a number
of enterprises whose addresses were sourced from
the Ministry of Science and Technology and En-
vironment of Vietnam [29]. The addresses were
used to georeference the industries to the level
of the smallest administrative unit (the commune)
(Fig. S1c). To support the questionnaire data, we
collected and analyzed samples taken from various
industrial sectors around Hanoi. Therefore, we con-
structed a layer to provide information on industrial
wastewater including suspended matters, organic
matters, total nitrogen and total phosphorus release
into the environment (in kg per day). Industrial
nutrient discharge and quality are discussed in more
detail in Luu et al [13], and industrial zones are
considered as point sources.

Water quality

Water quality was monitored monthly in 2006 and
2015 as a preliminarily comparison for the SR model
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simulation results. In 2006, monthly sampling was
only conducted at 3 stations, named Nhue, Day
downstream and Day upstream for model valida-
tion; other sampling points were taken in April and
August, which could be representative for dry and
rainy season in Northern Vietnam. Sampling points
were selected based on their strategic positions in
the river network; for example, at the junction
between the main channels or outflows of industrial
and urbanized zones. Physico-chemical information
(temperature, pH, DO and conductivity) was ob-
tained in situ with the use of a Hydrolab Sonde DS5
(USA). Each water sample was collected in a 1 L
polyethylene bottle and stored at 4 °C in an icebox
during transport to the laboratory where subsam-
ples of water were filtered through GF/F membrane
filters (Whatman, 0.7 m pore size) and kept cool.
Concentrations of SM, NH4, NO3, NO2, N total, P
total and DSi in water samples were determined
according to standard methods [32].

Model validation

Since our model is based on a deterministic ap-
proach, where all parameters are set a priori with-
out a calibration step, a major challenge was the
comparison between the simulation results of bio-
chemical water-quality variables and available ob-
servations. The coherence between observed data
and calculated results (discharge and water quality)
is an index of both the accuracy of our information
on the constraints and of our representation of the
processes.

Nash= 1−
∑

(Xcalc−Xobs)2
∑

(Xobs−Xobs)2
,

where Xobs represents all observed values of a vari-
able at any station and any time, Xcalc represents the
calculated value of the variable at the same station
and the same time and Xobs is the mean value of the
observed variables.

The Nash criterion thus indicates the perfor-
mance of the model according to a scale ranging
from −∞ to 1, where 1 is perfect [33]. Agreement
between the simulation and measurements as as-
sessed by the Nash criterion is variable among the
different stations (Nhue station, Day upstream and
downstream station), and the lower agreement is
explained by the complex water quality composition
of the study area.

RESULTS AND DISCUSSION

In order to adapt the resolution of the model to
the availability of the validation data and to take

into account the 3 main sources of water from the
Red River (Nhue, Chau and Dao Rivers), a suitable
spatial representation of the river systems was de-
fined which involved 7 branches (Day, Boi, Bui, Dao,
Chau, Nhue and To Lich) and 3 Red River inlets
(Nhue, Chau and Dao) (Fig. 1).

Seasonal and spatial water quality of the day –
field observation results

From our surveys in 2006 and 2015, DO concentra-
tions clearly increase from upstream to downstream
(Fig. 2a). This phenomenon can be explained by the
large amount of domestic and industrial wastewater
discharged directly into the upstream river, which is
diluted downstream with increased discharge. Dur-
ing the rainy season, average oxygen concentrations
were lower than those during dry season. This pat-
tern was reversed for the concentration of SM which
was generally higher in the wet season (Fig. 2b).
This is as SM limits light for photosynthesis and
algal growth is known to be a favorable site for
heterotrophic bacteria which consume oxygen [34,
35]. Both DO and SM concentrations were ex-
tremely high in the estuary (>200 km downstream).
During the dry season, the organic contaminants
derived from domestic and industrial pollution are
less diluted by upstream water discharge so that the
upstream waters became occasionally anoxic.

Monitored NH4 concentrations ranged from
0.01 to 3.4 mg/l with some upstream sites (to Phu
Ly station in Fig. 1), exceeding the Vietnam Stan-
dards on water quality QCVN08-MT:2015/BTNMT
of 0.05 mg/l for domestic use (Fig. S2a). Ni-
trite concentrations followed a similar pattern
(Fig. S2b). The similar concentration range of NH4
and NO2 has been reported by other authors re-
cently [20, 34, 36]. Lower concentrations of these
reduced N forms were generally found in the un-
polluted Day River downstream, where NH4 is pro-
cessed very quickly by microorganisms including
autotrophic algae, heterotrophic bacteria, and au-
totrophic nitrifying bacteria. High NH4 concentra-
tions typically signify domestic wastewater pollu-
tion [20, 36]. In the upstream area with such high
concentrations of NH4 and NO2, the surface water
in the basin tends to be eutrophic and prone to
phytoplankton blooms which color the waters green
and turquoise. NH4 concentrations were generally
higher in the dry than in the rainy season due to
dilution effects by rainwater in both 2006 and 2015.
The difference between dry and rainy seasons is less
distinct for NO2 concentrations.

Nitrate concentrations in river waters origi-
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Fig. 2 Longitudinal variation of dissolved oxygen (a), suspended matters (b), total nitrogen (c), total phosphorous (d)
and dissolved silica (e) concentrations in Day river in dry season (April) and rainy season (August) in 2006 and 2015.

nate mainly from agricultural runoff when a large
proportion of the surface area is fertilized, but
in river sectors impacted by domestic wastewater,
a significant contribution may originate from the
nitrification of NH4. This assumption has been
demonstrated by novel stable isotope techniques
presented in Luu et al [36]. In river catchments
influenced by intensive agricultural activities, NO3
contamination usually correlates with the quantity
of fertilizer used. In our river system, the highest
NO3 content (Fig. S2c) was often found in the dry
season, although anoxic conditions can lead to NO3
elimination by denitrification. NO3 content varied
from 0.01 to 4.8 mgN/l. The content of NO2 ranged
from 0.001 to 1.82 mg/l compared to the Vietnam
Standards on water quality of 0.01 mg/l for domes-
tic use. NO2 concentrations (Fig. S2b) as low as
0.1 mgN/l may affect aquatic life including fish, and
toxicity increases when pH and salinity decrease.
Fig. 2c reveals that total nitrogen content in river
water increased from upstream to downstream and
was higher in the rainy season. As reported in
Luu et al [36], this total N content was similarly
increased in upstream compared to downstream
reaches in the period between 2016–2018.

In freshwaters, phosphorus is often the main
factor that limits the production of primary producer

biomass. Phosphate can be dissolved or adsorbed
to particles and becomes available by desorption.
Phosphorus tends to be limited for phytoplankton
in the range from 0.01 to 0.9 mgP-PO4/l, which
corresponds to the value of the half-saturation con-
stant for phosphate uptake by algae. Similar to N,
there was no clear seasonal or spatial variation of P
content in river water (Fig. 2d). Phosphate content
represents in general 40% of P total in natural river
water.

Dissolved silica (DSi) in rivers mainly originates
from rock weathering and therefore depends on the
lithology. Higher DSi concentrations were found in
the upstream river (Fig. 2e). This implies that the
domestic and industrial waste (urban effluent) is a
source for DSi for the Day River. Although DSi input
from domestic waste is usually rather low, industrial
effluents might also be a significant source of silica.
The DSi content in the Day River was rather stable,
showing that biological consumption of silica is low.

It is important to note that NH4 and N total
concentrations in 2015 are all higher than the ones
in 2006, indicating a decline in water quality of the
river system between 2006 and 2015. Increases in
domestic wastewater discharge from inner Hanoi to
the river system and the greater application of chem-
ical fertilizers in paddy field (about half of landuse
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in the river basin; Fig. S1a) are likely responsible for
higher N loading.

The river loading of N total, P total and DSi
at the outlet of the Day River was compared with
the Redfield ratio in order to assess the balance of
riverine nutrient delivery for biotic uptake. As the P
total concentration was extremely low at that point
leading to high ratio N/P (∼27.5) compared to the
Redfield ratio (N/P = 16) suggesting that N is the
limiting nutrient for autotrophic growth. This ob-
servation is coherent with our previous results based
on nutrient budgets in the Red River Delta [13].

Seasonal variation at key stations – comparison
of simulated and measured outcomes

In this section, we compare the field observations
with preliminary results estimated by the SR model,
using the prepared GIS layer. Calculated seasonal
variations in discharge, SM, DO, NO3, NH4, P total
and DSi for 2006 and 2015 were compared with
measurements obtained during the surveys in the
same period at Nhue station on the Nhue River
and at the Day upstream and downstream stations
on Day River (Fig. S3). Nhue station represents
wastewater discharge from inner Hanoi and mainly
originates from households and small industries or
craft villages. The Day upstream and Day down-
stream stations represent water quality of the Day
River before and after receiving water from Nhue
River.

Agreement between observed and calculated
discharge was high in the Day upstream (Nash value
is 0.92) and Day downstream (Nash value is 0.81)
stations but was poor at Nhue station (Nash value is
0.25) (Fig. S3). That reflects the fact that pumping
stations for agricultural purposes in the Nhue River
basin [20] are not included in the SR model. The
improved Nash criteria for the Day River, however,
do not validate the model, but are explained by the
fact that specific discharge data used by the model is
calculated from the same observed discharge data;
therefore, the match is an artifact that checks how
correct the algorithms is.

The model performs quite well for SM with a
Nash value of 0.78. The model simulates the SM
variability in the Nhue well because the operation
of lock systems controls the Red River inputs. The
model overestimates SM in the downstream Day in
the rainy season, which could be explained by the
huge contribution of Dao River to the downstream
Day River, especially in the rainy season.

The model reproduced the general trends in DO
content, but the simulation of the Nhue was very

variable in response to the rather erratic Red River
inputs. Similar variability in NO3 concentrations
was simulated in the Nhue River, as periods of
low DO are characterized by intense denitrification.
Over the year, the model tends to overestimate
nitrate levels.

The model overestimated NH4 and had a low
performance for this variable. This is explained by
the fact that the quality of the river water at Nhue
station and Day upstream station receives domestic
and industrial wastewater discharge, whereas the
downstream river is heavily influenced by paddy
fertilization [20]. P total contents were also overes-
timated by the model, which may be due to overesti-
mation of the per capita release of domestic P which
was set to 4 gP/inhabitant/day. Silica trends are
simulated quite well but are slightly overestimated
in the Day River. In general, the DSi is stable during
the year, showing no significant seasonal variations
and indicating that no large biological consumption
of silica occurs.

Cartographic representation

The Seneque interface of the SR model is an op-
timized tool for assessing the spatial distribution
of overall water quality at the scale of the whole
drainage network. Fig. 3 and Fig. S4 show snapshot
images of the distribution of water quality variables
over the entire Day watershed area during the dry
season (using the year 2006 as an example). In
the case of SM (Fig. 3), the maps show the major
impact of the direct Red River inputs via the Nhue,
Chau and Dao Rivers. Loadings from domestic and
industrial activities are the major sources of NH4,
and the tool implies high concentrations in both
dry and rainy seasons (Fig. S4) in the areas where
population density is highest (Fig. S2). P total
which is also derived from point sources (domestic
and industrial) has a similar spatial distribution to
NH4, i.e. high concentrations in the urban areas
(Fig. S1c). Thus, the SR model could quantify
and visualize the spatial distribution of pollution
in the target site, helping policymakers and local
authorities at different governing levels to propose
appropriate mitigation measures more easily.

Calculated budget of nutrient transfer, retention
and delivery

One of the most useful capabilities of the SR model
is to calculate a comprehensive budget of nutrient
inputs, transformation and delivery for the whole
river network [13]. The calculated retention indi-
cated that the processes taken into account in the
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Fig. 3 Geographical distribution in dry season and rainy season of suspended matters over the drainage network in
2006 as calculated by Seneque/Riverstrahler model. Vietnam Standards (QCVN08-MT:2015/BTNMT) for suspended
matters is 20 mg/l for domestic use.

SR model lead to retention in the DNRB, right bank
river network of the Red River Delta of 80% of the
incoming SM, 67% of N total, 47% of P total and 5%
of DSi. These retention figures are quite consistent
with those deduced from the empirical budgeting
approach developed earlier [13], which are 86%,
50%, 69% an 6% for SM, N total, P total and DSi
retention, respectively.

Exploration of water quality management
measure

The Nhue River and the portion of the Day River
downstream of the Nhue confluence are clearly the
most affected by anthropogenic pollution in the
whole drainage network of the Day River (and prob-
ably also of the whole river basin). The operation of
the lock systems allowing direct inputs of Red River
water to the upper Nhue River offers an efficient way
to control the water quality of these regions. Here,
we make use of the Seneque model results to study
how the diversion of Red River water is effective
in controlling water quality along the longitudinal
profile of the Nhue and the Day Rivers. Fig. S5
shows the relationship between Red River input (via
Nhue and Chau Rivers) and oxygen concentration

at 2 key points on the Nhue River during different
seasons. They span a range of discharge and vari-
able contributions of direct Red River inputs. At
the upstream Nhue station, oxygen concentration
increases rapidly with Red River inputs in both
dry (specific discharge <110 l/s/km2) and rainy
(specific discharge >110 l/s/km2) seasons. Oxygen
is always replete when Red River discharge inputs to
the Nhue River exceed 60–80 m3/s. At the outlet of
the Nhue river, water quality declines progressively
due to the accumulation of domestic and industrial
inputs along the river (Fig. S1). In the dry sea-
son, water coming from the Red River is the main
contributor to the Nhue River discharge, so that a
strong positive relationship is found between water
quality (oxygen concentration) and the amount of
Red River water diverted. In the wet season, the
discharge from the Nhue watershed itself is high
enough to prevent oxygen depletion (and denitri-
fication – Fig. S3).

This analysis clearly shows that the opening-
closure schedule of the gates along the Nhue River
plays a substantial role in regulating water quality of
the Nhue River and could be used as a way of pre-
venting oxygen depletion (and also denitrification)
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in the Nhue River. This is a substantive finding on
river management and water pollution control in the
Nhue River for the city of Hanoi and can, therefore,
better improve the quality of the Red River and its
downstream delta.

CONCLUSION

The work presented in this study shows the effec-
tiveness of the SR model for describing the eco-
logical functioning of river systems in Day-Nhue
River basin. The model allows a description of
the variability in water quality at the scale of the
entire drainage network, downstream of the Red
River Basin. In this first application of the model
in the DNRB, we focus on preparing databases for
the SR calibration. DEM data was successfully
created by mapping pretreatment using ArcGIS. An
industrial wastewater distribution layer has been
developed from questionnaire surveys, and water
quality monitoring for the year 2006 and 2015 was
used to check the quality of the inner equations in
the model. In the case of the Day-Nhue River basin,
the model has succeeded in simulating the major
trends of mean temporal and spatial variations. The
calculated budgets of N, P and Si are consistent
with those calculated empirically, suggesting the ex-
tremely efficient retention of suspended matters, N
and P delivered to the delta area from the upstream
Red River catchment can indeed be explained by
the biogeochemical processes accounted for the
model of the Day and Nhue River system. Model
adaptation to improve the agreement between the
observation and model simulation is currently in
progress so as to better inform of more effective river
management.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasia1513-1874.2021.014.
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Appendix A. Supplementary data

(a) (b) (c)

Fig. S1 Land use of the Day River basin (a), location of urban releases (b) and main industrial areas (c) in Day River
basin.
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Fig. S2 Longitudinal variation of nutrient ammonium (a), nitrite (b), nitrate (c) concentrations in Day river in dry
season (April) and rainy season (August) in 2006 and 2015.
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Day upstream station Day downstream stationNhue station

Fig. S3 Observed and calculated seasonal variations of nitrate, ammonium, total phosphorus and dissolved silica at
Nhue station, Day upstream station and Day downstream station in 2006 and 2015.
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Day upstream station Day downstream stationNhue station

Fig. S3 Continued . . .
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(a) (b)

(c) (d)

Fig. S4 Geographical distribution in dry season and rainy season of ammonium concentrations (a, b) and total
phosphorus concentrations (c, d) over the drainage network in 2006 as calculated by Seneque/Riverstrahler model.
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Fig. S5 Relationship between discharge from the Red River and Oxygen/Nitrate concentration at station Nhue
(upstream of the Nhue River) (a, c) and at the outlet of the Nhue River before discharging to the Day River (b, d).
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