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Abstract
Hydrodynamics of Ha Long Bay
Ha Long Bay is located within the Quang Ninh Province of Vietnam. Situated in the Gulf
of Tonkin, Ha Long Bay is situated between latitude 20°43 to 20°56 and longitude
106°59 to 107°20 at its extremities. The overall area of Ha Long Bay is approximately
1553km2, within which 1969 islands with a total land area of 562km2 are located. There
are two large distinct entrances, one to the east and one to the west, where tidal waters
enters and exists from the nearby sea. It is known that large ships use deep channels,
which are part of these complex entrances to enter and exit Ha Long Bay. Depths of these
channels range from 12metres to 24metres and are approximately 2km wide. The centre
of Ha Long Bay is naturally vacant of any island formations and includes a deep channel
into a relatively small, enclosed bay. Central Ha Long Bay is relatively shallow with an
average depth of 2 metres covering an approximate area of 50km2.
The 3D numerical model HAMSON was used to model the hydrodynamics of Ha Long
Bay. HAMSON is a fast semi-implicit numerical model that has been shown to
accurately model the hydrodynamics of coastal shelf seas. HAMSON has been used in
many regions of the world and has been effectively adapted to Ha Long Bay. Fast
economic development and population growth is characteristic of Ha Long City, thus a
clear hydraulic understanding of the natural water system is paramount if environmental
sustainability is to be achieved.
The results of the modelling suggest that the tidal waves entering the east and west
entrances drives the circulation in most of the bay. However, the tidal wave entering from
the west has a more dominant forcing role in terms of the hydrodynamics of central Ha
Long Bay and the enclosed embayment to the north. There are hints of eddy formations
to the east of Ha Long City during tidal forcing modelling. From HAMSON simulations,
highest water movement velocities were found to at the deep-water channels. Multiple
Lagrangian particle tracking indicates that for the most part, motion of water is limited to
bidirectional movement and is not localised. Flushing times are in the order of 10 hours,
which illustrates that Ha Long Bay is well flushed.
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1.

Introduction

Ha Long Bay is located within the Quang Ninh Province of Vietnam. Situated in the Gulf
of Tonkin, the site includes some 1900 islands and islets forming a spectacular seascape
of limestone pillars. Because of their precipitous nature, most of the islands are
uninhabited and relatively unaffected by human influence. Vietnamese mythology
speculates that Ha Long Bay was created from the tail whipping of a magical dragon. Ha
Long Bay is currently in the process of rapid economic development in the tourism
industry, which has seen the need for conservation and effective environmental
management (HLBMD, 2000).

A large area in the heart of the bay has been given total protection from environmental
damage. In 1994 a considerable portion of the bay was designated a World Heritage Area
by UNESCO. This recognised protected area spans 434km2 and includes 788 islets and
consumes nearly all the small limestone islands of the most significant landscape value
and greatest scientific importance. About two-thirds of these have been named whilst the
remainder are unnamed (HLBMD, 2000).

The geomorphology of Ha Long Bay is known as a drowned karsk landscape due to the
combination of its limestone karsk features which have been subject to repeated
regression and transgression of the sea over geological time. The limestone islands of Ha
Long Bay have been eroded into a mature landscape of fengcong (cluster of conical
peaks) and fenglin (isolated tower features) karsk features (Pham, 2000).

Ha Long City is the principle city of the Quang Ninh Province. From the map (figure 1-2)
one can see two land parts of the city separated by the deep sea Cua Lup strait where
ferries are operating day and night. Local people call the west land Hon Gai and the east
land Bai Chay. Ha Long City is steadily developing into a very popular modern tourist
city centre, with a small-scale harbour facilitating tourist boats and passenger boats to Hai
Phong, Cat Ba and Mong Cai. The city also has several docks from which a large volume
of coal is exported.
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Figure 1-1: Large-scale map of Northern Vietnam, with Ha Long Bay and Ha Long City indicated.
(http://www.essa.com/news/1997)
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Figure 1-2: Location of Ha Long Bay (or Vinh Ha Long). Ha Long City marked by red dot within
boxed area. Locations of Cua Ong and Hon Dau are also marked.
(HLBMD, 2000)
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1.2

Biological, Cultural and Conservation Features

(http://www.wcmc.org.uk:80/protected_areas/data/wh/ha_long.html)
Ha Long Bay is diverse in terms of biology and physically features. The uniqueness of
Ha Long Bay needs to be preserved by the bay’s residents as well as the ever-increasing
flow of tourists. The following is a brief point form summary of Ha Long Bay’s
biological, cultural and physical characteristics:
•

Bio-geographical province:
4.10.04 (Thailandian Monsoon Forest)

•

Date and history of establishment:
28 April 1962. Established as a historical and cultural relict and national scenic
spot under Decision No. 313/VH VP, issued by the Minister of Culture. Inscribed
on the World Heritage List in 1994.

•

Physical features:
Ha Long bay is a large bay with a multitude of limestone rocks emerging from the
Hon Gai sea, schistic islands from the Cam Pha sea and a limited number of earth
islands formed from decayed lateritic mountains. Larger islands, rising to 100200m, are found in the south, with smaller islets of only 5-10m height
interspersed. To the east of the Bay medium size islands feature almost vertical
slopes. Numerous caves and grottoes are found, with stalactites and stalagmites.
The earth islands are inhabited.

•

Vegetation:
There is diverse flora throughout Ha Long, and primary tropical forest is found,
mostly on the islands of Ba Mun and Cat Ba.
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•

Fauna:
Results from preliminary surveys indicate the presence of about 1,000 different
fish species. Diverse range of mammals, reptiles and birds are found on the
islands.

•

Cultural heritage:
Numerous archaeological sites have been found at Giap Khau (Hon Gai). There is
evidence to suggest occupation by the Hoa Binh Culture, some 10,000 years ago.
Archaeological sites at Tuan Chau, Ngoc Vung, Cai Dam, Dong Naim and Cat
have revealed so many artifacts that they have been grouped under the term 'Ha
Long Culture', typical of the northeastern coast of Vietnam in the Neolithic Age.
During prehistoric times, Ha Long was a significant port, located on the trade
routes between China, Japan, and other countries in South East Asia.

•

Local human population:
An unspecified population makes its living in and around Ha Long, which is a
major centre for fishing, agriculture and maritime transport. Steps have been
taken to open new ports, factories and housing on the shore in line with a longterm economic development program.

•

Visitors:
Ha Long is extremely popular with both Vietnamese and international tourists.
During 1990-1991, some one million visitors came to the Bay.

•

Conservation value
The principal conservation values appear to be scenic, landscape values;
geological interest; biological diversity, especially in marine species; and
archaeological remains.
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•

Conservation management:
The Ministry of Culture, Information and Sports is responsible for the overall
management of Ha Long Bay, although the People's Committee of Quang Ninh
Province has the immediate responsibility for the administration and management
of territory within its jurisdiction. Despite development in the region, it appears
that Ha Long Bay itself will be protected as a major tourist and cultural centre.

•

Management constraints:
There are two potential threats to the site. First, a new port is to be developed in
the Bay that could route larger transport ships through the site. Second, a
Singapore company has received a license to provide a large floating hotel in the
site which will have further impacts on the already heavy tourist pressures on the
Bay (Anon, 1995). The license for the floating hotel was withdrawn in 1997.

1.3

State of Knowledge

Whilst extensive biological, geographical and hydrodynamic literature exists for Ha Long
Bay, information availability for this thesis was restricted because of the language and
accessibility barrier faced. This thesis will attempt to understand and model the
hydrodynamics and circulation patterns of Ha Long Bay independent of any existing
available information sources.

The appreciation of the hydrodynamics and circulation arrangements of Ha Long Bay is
important in rising our knowledge and apprehension of the natural system in relation to
conservation, local livelihood and contaminant transport. It is safe to assume that
chemical, biological and morphological processes are strongly linked to the
hydrodynamic circulation patterns in the bay. Furthermore, modelling of hydrodynamic
circulation arrangements in the bay can render some important conclusions in which one
can predict the outcomes of some likely scenarios, such as marine contaminant spills and
the fate of city sewerage discharges. A 3-D numerical model can produce comprehensive
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flow pattern results within Ha Long Bay to demonstrate the consequence of such likely
events.

1.4

Structure of Thesis

The study of hydrodynamic processes and flushing characteristics of Ha Long Bay should
be considered paramount in the overall management of this World Heritage Site. This
thesis will attempt to model hydrodynamic circulation patterns using the 3-D numerical
model HAMSON. Insightful conclusions from this modelling will be discussed and
analysed with references to the related implications of the results.

Description of the dominant hydrodynamic processes and features of Ha Long Bay will
be presented in chapter 2 of this thesis. A discussion of the 3-D model HAMSON will
also be briefed on in this chapter. Chapter 3 will attempt to outline the methodology and
principles underlining the HAMSON. Results of the modelling of Ha Long Bay will be
presented in Chapter 4. Chapter 5 will discuss in detail the results from chapter 4, with
the inclusion of important implications of the results. Concluding is chapter 6 and chapter
7, which will confer the conclusion of the results and recommendations for further
research and study respectively.

11

2.

Background Information and Literature Review

2.1

Introduction

In this chapter, a framework is drawn for the relevant hydrological and physical settings
of Ha Long Bay. This framework is needed because it forms the basis and underpins the
hydrological modelling undertaken for Ha Long Bay. Also needed is hydrodynamic
theory relevant to coastal seas which is also revised in this chapter. A description of
numerical modelling is also presented in this chapter.

2.2

Physical Settings of Ha Long Bay

2.2.1

Bathymetry

Ha Long Bay is located in Quang Ninh, a province along the coast of the north-eastern
Vietnam, and is situated between latitude 20°43 to 20°56 and longitude 106°59 to 107°20
at its extremities (HLBMD, 2000). To the north, low mountain ranges bound the bay. To
the south and the west are large islands of the Cat Ba archipelago. In its far east sea area,
there are the large island ranges of the Tra Ban archipelago. The sea area to the east side
of Ha Long Bay constitutes the Bai Tu Long Bay.
The overall area of Ha Long Bay is approximately 1553km2, within which 1969 islands
with a total land area of 562km2 are located (HLBMD, 2000). The islands are located
mainly to the south and the east of the bay. Islands to the east are generally more spaced
out compared to those of the south, near Cat Ba Island. To the west of Ha Long Bay there
are however some comparatively large islands, the closest being Tuan Chau Island. The
limestone islands in Ha Long Bay dramatically vary in height as well as in size. Around
some of the islands, especially the larger ones, mangroves and muddy plains exist.
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Figure 2-1: Location of bathymetric features within Central Ha Long Bay
(Admiralty maps, 1998)
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The Bay itself can be described as being relatively open indicating that water enters and
exit through many pathways, manurvering between many islands. However, it is evident
that there are two large separate openings, one to the east and one to the west, where tidal
waters enters and exists from the nearby sea.

Tidal waters entering Ha Long Bay from the east and south-east are confronted with a
complex of intertwined islands and shallow reefs varying in size and shape. The opening
is approximately 15km wide and incorporates many inlets and channels. Two of the
deepest channels, Cua Van and Lack Mieu which run into Ha Long Bay are situated in
the south east. The depths of these two channels range from 14 meters to 26 meters and
are approximately 1km to 2km wide. It is known that large ships use these deep straits to
enter and exit Ha Long Bay.

To the south-west is the Cat Hai strait which is a comparatively narrower and shallower
opening into Ha Long Bay. This single channel is approximately 12 metres to 14 metres
deep spanning an estimated 2km wide. In contrast to the east opening, waters entering the
west are confronted with a less complex pathway into the center of the bay.

The center of Ha Long Bay is naturally vacant of any island formations. It is relatively
shallow with an average depth of 2 metres covering an approximate area of 50km2. To
the north of the central bay is another deep channel. This channel leads into an enclosed
embayment of a series of mangrove areas to the north of Ha Long Bay. This northern
channel, known as Cua Lup, splits the Ha Long City into two land areas and is
comparatively narrow with a width of less than 1km and average depth of 20metres.
Figure 2-2 is a simplified map of the area of interest.
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Figure 2-2: Digitalised map of area of interest

2.3

Climate

Climatic characteristics of Ha Long Bay is influenced by the close proximity to the sea
and the surrounding islands. The islands and islets block a considerable amount of the
strong winds that are directed towards the central bay.

Two distinct seasons are apparent within the year, the wet and the dry. The dry winter
period essentially extends from November to March and the wet summer season typically
continues from May to September. The months of April (Spring) and October (autumn)
are transitional months (HLBMD, 2000).
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Summer is considered the raining period of the year. Cold fronts come from the sea
bringing relatively high rainfall into the bay. Summer in Ha Long Bay is evidently the
warmest period of the year with relatively high humidity. A prominent feature of the
summer season is the diurnal storm activity. These storm events are characteristically of a
high intensity rainfall and short duration.

Winter, in contrast with summer receives less rainfall and is evidently cooler. Cold fronts
from the west bring about some rain, but throughout the winter period little rain
eventuates in central Ha Long Bay.

On average throughout the year, the temperature is approximately 21°C. The sea shelf
bay itself plays an overriding influence on land temperatures. In summer, the sea cools
the land temperatures and visa versa in winter. During July, sea temperature are highest
and range from 30°C to 35°C. February sees the temperature of the sea come down to
approximately 18°C. Humidity within Ha Long City has a yearly average of 81% to 83%.
Variations do occur in humidity and gravely depends on the season.

Month

Annual

1

2

3

4

5

6

7

8

9

10

11

12

Mean (°C)

23.2

16.3

16.8

19.3

23.2

26.8

28.5

28.7

28.0

27.1

24.8

21.3

17.8

Max (°C)

37.9

28.8

29.5

32.0

34.6

36.1

37.0

37.9

36.5

36.3

33.5

33.8

29.7

Min (°C)

5.3

5.9

5.3

7.1

12.2

17.1

19.7

21.7

21.8

16.6

14.0

9.0

5.5

Humidity

82

81

85

88

87

83

83

84

85

82

79

76

76

913.0

64.6

47.4

44.2

53.9

83.1

84.6

88.0

74.5

87.0

99.9

99.3

86.1

Temperature
(°C)

(%)
Evaporation
(mm)

Table 2-1: Temperature, humidity and evaporation data for Ha Long Bay. Data set taken from Ha
Long City (HLBMD, 2000)
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2.4

Rainfall

Rainfall is highly seasonal in Ha Long Bay, with summer receiving most of the yearly
rainfall. On average the bay is subject to approximately 2000mm to 2200mm of
precipitation, with summer months receiving 1800mm to 1900mm of the yearly rainfall
(75% - 85%). Ha Long Bay experiences about 130 to 140 days of rain per year, with
December and January having the least amount of rain days. Table 2-2 summarises Ha
Long Bay’s rainfall patterns.

It is also known that northern regions of the bay receive more rainfall compared to other
parts of the system. Rainfall intensity are highest where storm events prevail. Excess
rainfall may contribute significantly to runoff into the bay, where it can influence the
hydrodynamics of the water system.

Month

1

2

3

4

5

6

7

8

9

10

11

12

Rainfall (mm)

24.6

27.9

47.8

81.0

173.0

264.1

325.1

444.5

263.5

169.1

35.3

14.3

Days Raining

8

11

14

11

11

15

16

18

14

10

5

5

(days)

Table 2-2: Year 2000 records of monthly precipitation (mm) and number of days experiencing
rainfall within each month in Ha Long Bay (HLBMD, 2000).

2.5

Hydrodynamics

Circulation patterns are derived from both barotropic and baroclinic forces. Barotropic
forces are those where density is considered constant and pressure is a function of the
vertical depth only (Apel, 1987):

Density = _ = _(z)

Baroclinic flows however, are functions of x, y, and z:

Density = _ = _(x,y,z)
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Tidal currents and wind forced currents are examples of barotropic flows, which are
typically uniform throughout the water column (Apel, 1987). Tidal velocities do not
change with respect to vertical distance below the sea water surface, because tides are
considered to be long waves (wavelength much greater than wave height). The exception
is at the ocean bottom where frictional forces are effectual (Wright, 1995).

Baroclinic flows are derived from pressure gradients and variations in the vertical and are
typically lower in frequency and take longer to spread and propagate in comparison to
barotropic flows. Examples of baroclinic flows are flows caused by salinity gradients and
freshwater inflow into a salt water system.

In Ha Long Bay, hydrodynamics of the water system are driven by tidal forces and to a
lesser extent wind generated surface currents. Freshwater discharge into the bay may also
have some influence on the overall circulation patterns. Thus this thesis will be
principally concerned with barotropic flows in the bay.

2.5.1

Tides and tidal effects

Tides are related to the Earth-Sun-Moon solar system, with highest tidal elevations at full
moon. Tidal oscillations consist of a line spectrum of numerous semi-diurnal, diurnal and
long period constituents (Wright, 1995). These constituents have varying periods and
amplitudes that are known and tabulated for many locations.

The tidal data for Ha Long Bay was obtained in the Ha Long Bay Tides Table 2002, vol.1
(2002). Tidal data at Cua Ong , Hon Dau and Ha long City (for location see map1-2)
were used as tidal forcing parameters. Appendix C plots the tidal elevations at Cua Ong,
Hon Dau and Ha Long City for the month of December, 2002.
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Ha Long Bay experiences two distinct spring-neap tide cycles within every month of the
year. The spring-neap cycle are characterised by periods of maximum amplitudes (spring
tides) then followed by minimum amplitudes (neap Tides). Spring-neap tidal oscillations
of the three locations were observed to be in phase but differ in amplitude, with Cua Ong
generally having the maximum amplitudes. The period of the spring-neap tidal cycle is
estimated to be 13 days for the bay. Daily high-low tide oscillations, is also in phase for
the three locations.

For the bay, highest tidal elevations are experienced in the months of January, May, July,
and December. Highest tides are recorded in excess of 4m, with 101 days recording
elevations greater than 3.5m for the year 2002. For a given year, Ha Long Bay
experiences an average tidal elevation of 3m.

2.5.2

Winds

Winds can potentially effect the hydrodynamics of a coastal marine system. Winds can be
responsible for the creations of surface currents and surface gravity waves, which are a
consequence of the shear force exerted on the surface by the wind. The following
relationship depicts how wind is related to surface shear force (Apel, 1987):
_ = _CU2

where _ represents wind stress vector, _ the density of air , C is the atmospheric drag and
U is the wind velocity vector measured at a certain height.
Throughout the bay, winds are relatively low in Ha Long Bay, ranging on average
between 2.5m/s to 3.5m/s. In the winter months, winds are predominantly from the north,
whereas in the summer season, winds are mainly from the south. As mentioned the large
islands surrounding the bay act as barriers, which retard the incoming sea winds.
Wind patterns convert corresponding to the two seasons. It is known that winds are
strongest in the summer months, approaching from the sea. Winds are also strongest
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during storm events and cyclones. Winter winds are light to moderate in most regions of
the bay. Calm conditions occur more frequently in winter than in the summer season.
Wind velocities and wind directions are graphed and tabulated in Appendix A.
2.5.3

Other Forcings

Circulation patterns of a marine environment is highly complex and other forcing factors
are constantly active with differing effectual degrees. Listed below are some factors
which need to be considered when investigating system hydrodynamics (Allen, 1994).
•

Freshwater discharges

•

Coriolis effects

•

Storm surges

•

Barometric effects

•

Groundwater recharge

The treatment of these forcing factors is complicated and it is not within the scope of
thesis to dwell on these additional factors.

2.6

Modelling

Three dimensional numerical models are a common and resourceful tool in predicting
and describing hydrodynamic characteristics of coastal areas. As development in
computer technology matures, a more accurate and realistic portrayal of real systems can
be achieved. The information rendering form numerical modelling of the hydrodynamics
can be further linked to biological, chemical and morphological processes that are part
and parcel of offshore marine systems.

A set of physical equations and principles form the foundation of numerical models.
Three dimensional marine system models utilise the conservation of mass, conservation
of momentum equations and conservation of scalar variables such as salinity and
temperature. Following is a brief overview of the fundamental equations defining three
dimensional models.
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CONSERVATION OF MASS
The conservation of mass, assuming that the fluid is incompressible, can be given as
(Apel, 1987):

Du/dx + dv/dy + dw/dz = 0

Where u, v and w are the velocity components in the corresponding directions. The
surface elevation is given by the integration of the above equation:

d_/dt = -(dU/dx + dV/dy)

CONSERVATION OF MOMENTUM
Adaptation of scalar variables (temperature, and salinity) is incorporated into the
conservation of momentum equation in the x-direction:

Du/dt + u(du/dx) + v(du/dy) + w(du/dz) =
-(1/_)(dp/dx) + ƒv + (d/dx)[AH(du/dx)] + (d/dy)[AH(du/dy)] + (d/dz)[AV(du/dz)]

the conservation of momentum equation is similar for the y-direction. The velocity
components are u(x,y,z,t), v(x,y,z,t) and w(x,y,z,t). The pressure gradients is represented
by p(x,y,z,t) in the above equation. AH and AV are the horizontal and vertical kinematic
eddy viscosities respectively, which are applied to the upper and the lower boundaries of
the depth range.
For the z-direction, the conservation of momentum equation takes the form of the
hydrostatic approximation by assuming that vertical inertia is small with respect to
gravity:

(dp/dz) = -_g
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2.6.1

Boundary Conditions

Several methods of open boundary forcing exist. In the case of a tidal forcing the effect
of a tidal wave entering model domain can be simulated through the specification of sea
level height in terms of one or more tidal constituents. Alternatively if data exists the
component of the current normal to the boundary can be specified (Bills and Noye,
1987). A further method exists where the tidal motions are separated into inflow and
outflow modes. Bills and Noye (1987) concluded that using the height specified
condition proved to be most effective.
Specification of boundary level heights is a common method for applying a tidal forcing
function since tidal data is readily available for many locations and can be adapted for
nearby locations through iterative techniques (Burling et al., 1997)

2.7

The Hamburg Shelf Ocean Model (HAMSOM)

The modelling of Ha Long Bay hydrodynamics is undertaken using the Hamburg Shelf
Ocean Model (HAMSOM). HAMSOM was initially developed by J. O. Backhuas for the
North Sea and is a semi implicit, 3-D numerical model (Backhaus 1985). HAMSOM has
been developed from its initial form for the Black sea and applied successfully to several
other systems including the German Bight (Backhaus 1980). Locally HAMSOM has been
adapted for use in the swan River Estuary (Burling, 1994), and Shark Bay (Burling et al.,
1997).
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3.

Methodology

3.1

The Numerical Model

HAMSON is a three dimensional, finite difference, semi-implicit model. The model is
described in detail in Backhaus et al. (1987) and Stronach et al. (1993). The scheme
vertically integrates the equations of continuity and motion over a depth range that is the
same as the computational layer of the same thickness. The terms then governing the
external gravity waves are treated using an implicit algorithm resulting in a model that is
much faster (up to 5 times) than similar explicit shelf sea models whilst retaining a
suitable accuracy (Backhaus. 1985).
The model further assumes that pressure is hydrostatic and that the Boussinesq
approximation is valid (Backhaus, 1985). Kinematic boundary conditions are applied at
the sea surface and non-linear quadratic stress terms are applied at the bottom. A no-flux
condition is applied at the closed boundaries. The vertical eddy viscosity is a non-linear,
time and space dependant parameter, allowing the use of variable wind and stratification
conditions. This is an advantage of this scheme over explicit schemes where
representative constant wind patterns are used (Backhaus, 1985).

3.2

Model Inputs

3.2.1

Bathymetry

The bathymetry (depths) of Ha Long Bay was digitised by using Microsoft Excel®. The
resultant numerical domain consisted of a 45×32, 1km resolution grid with 1440 2D. A
total number of wet (water dominated) grid points totaled 767. After digitisation, slight
modification of the bathymetry plot was required at the eastern and western open
boundaries. The western boundary was contracted whilst the eastern boundary was
modified such that tidal water entering will not be too obstructed significantly by the
islands.
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In the vertical plane the grid was split into five layers. The five layers consisted of 0-3m,
3-6m, 6-10m, 10-15m and 15-30m. the resultant total number of 3-D grid points in the
domain is 7200.

Figure 3-1: Computational domain and bathymetry.

3.2.2

Boundary Forcing

To the two open boundaries, tidal forcing was applied. For the eastern boundary the tidal
data obtained from Cua Ong is used, whereas for the western boundary data from Hon
Dau was utilised. No data was available for the immediate location of the boundaries so
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the constituents for nearby tidal stations were used. The surface elevations for the 23rd
day in December, 2002 at the boundaries is shown in Figure 3-2.

Tidal Data at Cua Ong and Hon Dau
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Figure 3-2: Boundary forcing tidal curve, Cua Ong and Hon Dau, 23rd day of December, 2002.

3.3

Simulations

Barotropic simulations were modelled in the purpose of characterising the circulation in
the bay under a range of conditions. Simulation initially modelled hydrodynamics of the
bay with tidal forcing only, then followed by the addition of wind forcing.

3.3.1

Simulation Times

The simulation runs were carried out over 24 hours to model a complete high-low tide
cycle within the 23rd day of December, 2001 (Figure 3-2). This day is chosen due to the
fact that December is in fact a spring tide month, and on that particular day, tidal
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amplitudes was highest. Therefore modelling this day will render results, which are an
extreme case scenario. Other days of the year is assumed to follow the same circulation
patterns with smaller magnitudes. This is credible because of the fact that the spring–neap
tidal forcing cycle have the same period for the entire year, with differences only in
amplitudes.

The model began with moving into high-tide then followed by periods of low tide. The
simulations were carried out using an incremental time step of 1 minute. Snapshots of
current vectors for all wet points were taken every modelled hour and saved. Hourly
outputs were selected as they provided a balance between modelling time and data
resolution.

3.3.2

Wind Forcing

HAMSOM can undertake wind modelling by inputting a constant wind and direction or a
time variant wind direction. Wind patterns in the region have been described earlier and
these determined the selection of runs. No time variable wind data was available for
input, so based on acquired knowledge, a constant wind velocity of 3.0m/s from the
northerly direction was used for winter and 3.0m/s from the south in summer.

3.4

Simulation Outputs

3.4.1

Velocity Vector Plots

Velocity vector plots were produced from the simulation data. From the hourly vector
plots, analysis and understanding of the hydrodynamics of the bay can take place. Vector
plots illustrates the relative velocities of tidal currents, which give a good indication of
circulation patterns.
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3.4.2

Residual Currents

Residual currents are the net currents over time that result from interaction of the various
system forcings and topography. Residual currents are responsible for the net mass
transport in the system. Therefore, residual currents are important in areas such as
contaminant and sediment transport. In the results presented the residual currents are
found by averaging the hourly current vectors over a period of one day.

3.4.3

Particle Tracking

Particle tracking is a useful method to examine particle tracks in specific areas of the bay.
This gives information not only about particle flow paths but also an estimate into
residence times. The Lagrangian particle release method was used to track the motion of
particles released in the system. Lagrangian tracking monitors the motion due to
advection only (no diffusion effects) of single particles placed in the model domain. For

Figure 3-3: Particle release positions.
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the Lagrangian particle model, four particles (A,B,C and D) were released at the
beginning of the 23rd of December. 2001, and ran for exactly 5days. Particle release
positions were chosen strategically and are shown Figure 3-3.
3.4.4

Flushing Times

A box model was used to calculate the e-folding time (the time when 1/e or 37% of the
original mass remains in the box). The box model operates by placing a mass of tracer in
prescribed cells with a set domain. The mass in the cells is then calculated at each time
step as the tracer is moved through advection. Tracer that crosses the defined boundaries
and leaves the box domain reduces the total mass of the tracer in the system and similarly
the return of tracer across the boundaries increases the total mass in the system.

The box domain was draw to the immediate south Ha Long City (figure 3-4) and covered
and approximate area of 15km2. The simulations were run under tidal influence only,
then tidal forcing with wind forcing. The simulations were all initiated on the 23rd of
December.

Figure 3-4: Position of e-folding box domain.
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4.

Results

4.1

Model Calibration

Model calibration was undertaken to assure that the results obtained were justified in the
sense that tidal parameters modeled were consistent with data inputs obtained at Cua Ong
and Hon Dau hydrological stations. HAMSOM was calibrated by comparing modeled
tidal elevations for HA Long City where tidal data is known. Calibration is required
because differences in the predicted and actual tidal elevations may result in inaccurate
and misleading hydrodynamic modeling outcomes.

Using the two tidal boundary forcing of the eastern (Hon Dau) and western (Cua Ong)
entrances, the modeled elevations of Ha Long City (Hon Gai) was observed to be
consistent with the known tidal data for Ha Long City. With some minor differences, the
modeled tidal elevations is considered and taken to be representative of the actual tidal
elevations at Ha Long City. Comparison between predicted and known tidal data revealed
no significant phase lags or major amplitude differences. As such, model calibration was
deemed unnecessary for the hydrodynamic modeling of Ha Long Bay. .

4.2

Modelling Results

Modeling of Ha Long Bay were undertaken using barotropic simulations to determine the
relative effects of each of the forcings, namely under tidal and wind influence. For the
modeled 24hour period in December, surface velocity plots were analysed. The inclusion
of high tide and low tide within the 24hour simulation time period were evident.

The most significant conclusion from the modeling showed that wind shear had minimal
effect on the overall circulation patterns in the bay. Wind forcing therefore had little
consequence on the overall residual circulation arrangements. Furthermore, simulations
concerning particle tracking had no noticeable shift in dynamics when wind forcing was
applied. Modeling also revealed that residence times varied according to the positioning

29

of the released particles. Residence times of released particles ranged from 2days to
excess of 5 days, with eastern portion of the bay having the lowest residence times.

4.2.1

Tidally Forced Only

Surface current plots show the characteristic flow patterns of the system. They represent a
snapshot view of the incoming and outgoing tidal fronts, which are the main driving
forces of the bay. Surface current plots for a 24hour cycle under spring tidal forcing only
are included as appendices.

4.2.1.1 Surface Current Plots

In general two progressive tidal waves can be observed entering the bay (figure 4-1),
flowing towards central Ha Long Bay. These waves are considered to be progressive
since the maximum velocities coincide with minimum and maximum surface elevations
(Pugh, 1987). The bay is engulfed by these two tidal fronts, with the eastern tidal wave
having the most influence in terms of effected area. The eastern current wave dominates
approximately two-thirds of the bay system, inclusive of the northern embayment.

After 4 hours of simulations, the wave entering from the west floods the western
entrance. The area of influence is small compared to the eastern current, which steadily
engulfs the west entrance, followed by central Ha Long Bay and finally the northern
embayment. The two waves interact to the west of central Ha Long Bay. Together they
are diverted to the north-westerly direction (see Appendix C, hour = 14).

After the two waves have established themselves throughout the bay, an approximate one
hour period of relaxed velocities is observed (see Appendix C, hour = 15). At hour = 16
of simulations, the flooding water recedes and velocities of the two leaving waves
increases. Flushing of the entire bay is experiences after hour = 16. Again the eastern
receding wave prevails as the most dominant driver. As the current waves recede from
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the bay, they are confronted by entering tidal waves of the next tidal cycle and the
hydrodynamic circulation pattern is repeated.

Maximum surface velocities is known to occur at the deep channels Cua Van and Lach
Mieu in the eastern entrance and the Cat Hai strait in the western entrance (Table 4-1).
Cua Luc channel leading into the northern enclosed embayment have also relatively high
surface water velocities.
Location

Maximum surface velocities (m/s)

Cua Van

3

Lach Mieu

3.1

Cat Hai

3

Cua Luc

2.7

Table 4-1: Maximum surface velocities for deep channels in Ha Long Bay

Figure 4-1: Example of current inflow at hour = 06
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4.2.1.2 Residual Flows

SURFACE RESIDUAL CURRENTS
Two progressive residual current waves are seen to be sea bound. On the scale of size and

Figure 4-2: Surface residual currents.

volume the current leaving the eastern entrance is the most dominant. The residual plot
illustrates that this current is heading away from central Ha Long Bay in a north northeasterly direction with velocities as high as 40cm/s. The easterly residual current leaves
the bay mainly through the deep straits of Cua Van and Lach Mieu.

In the western entrance, one observes a divergence point, where direction of flow is
opposing. The line on figure 4–2 shows the axis of reflection. The northerly flow is
headed for central Ha Long Bay whereas the southerly current is sea bound. There is also
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a faint hint of a residual eddy directly east of Central Ha Long Bay. The eddy formation
appears to be circulating around the island. In the northern embayment, a relatively small
residual current enters through Cua Luc from the south westerly direction. This may be
destructive over the long term in regards to sediment transport into the northern
embayment.

DEPTH MEAN RESIDUAL CURRENTS
The patterns in direction of depth residual currents do not vary significantly with those of
surface residual currents. However, some few isolated locations, mainly northern nearshore positions do show some slight directional differences. On the whole, directional
differences are negligible. Simulations also show that velocities do not vary dramatically
either.

4.2.1.3 Particle Tracking

LAGRANGIAN PARTICLE RELEASE
Four particles (A, B, C and D) were released in four locations (Appendix E), and their
movements were tracked. Simulation period utilized was 5days or 120hours within spring
tide period, beginning on the 23rd day of December. The Lagrangian particle release
method revealed some useful insight into movement and resident times of particles
released in various positions. Modeling demonstrated that particle paths can behave in an
oscillating nature or they can be distant drifters depending on their release position and
time of release.
Particle A and B were released south-east of Ha Long City. Particle A being at a closer
proximity to HA Long Bay than particle B. Both particles A and B oscillated in terms of
the paths they traveled. Particle A oscillated to its immediate west and south-east
directions to its original release position. A displacement of approximately 16km southeast of the original release point was achieved. Particle A still remains in central Ha Long
Bay after 5 days.
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Particle B was shown to oscillate initially to the south-east of its release position, then
traveling north-west, interacting with particle A’s path. The final position of particle B
was 16km south-east of its original release point. Particle B also did not exit the bay after
5days.

Release in the Cat Hai strait, particle C drifted initially in the north-east direction for
10km then commenced oscillation. Oscillation of particle C occurred along the northwest axis. Particle C did not leave the bay after 5days and ended 14km north east of its
original release point.

Released within the complex of islands. particle D release position was 20km south-east
of Ha Long City. Particle C progressively oscillated in the south-west direction before
drifting in the south-east direction to exit the bay. Particle C left the bay domain within
the 5day of simulations. The total displacement within 120hours is unknown, however
particle C exited the domain 11km directly north of its release point.

Table 4-2, summarises each particle’s flow dynamics. In comparing particle flow patterns
with surface residual currents, there exhibits a generally close relationship, in respect
with the movement of particles and the mean direction of currents. This point is
elaborated in discussions (section 5).
Particle

Displacement (km)

Path Nature

Residence time (days)

A

Oscillating

>5

B

Oscillating

>5

C

Drift then oscillate

>5

D

Oscillate then drift

<5

Table 4-2: Summary of particle path properties
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Figure 4-3: Lagrangian particle tracking at four different locations, over a period of 5 days. A’. B’
and C’ are the final positions.

4.2.2

Tidal Forcing and Seasonal Winds

Modeling shows that there appears to be no variations in the surface velocity vector plots
and residual current plots when seasonal wind forcings were applied to the simulations.
Simulations were undertaken for the 23rd day in December. Thus, whilst winds do
contribute some influence, the effect is insignificant in comparison to tidal forcing. Wind
forcing were also adapted to Lagrangian particle release simulations, but resulted in no
noticeable variations in the particle paths.
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The fact that the input of summer and winter seasonal winds resulted in no apparent
differences, strongly implies that hydrodynamics of Ha Long Bay is tidally dominated.
Appendix C includes the surface residual current plots with no wind, summer wind and
winter wind forcing.

4.3

Flushing Times

Flushing time of the box shown in figure 4-1 was approximated using HAMSOM. As
described previously, flushing times coincides with the time taken for 1/e or 37% of the
placed tracer to remain within the specified box domain. The location of the box was
placed bordering Ha Long City, because of the importance and relevance of flushing the
most densely populated area (figure 3-4).
Flushing simulations commenced on the 23rd day of December, midway through the
spring tide. Simulations were done with tidal forcing only, since wind forcings were
shown to have no effect. In general, with the onset of the spring tide, flushing times are
dramatically reduced. This is otherwise true for periods of neap tides. The results, plotted
in figure 4-4, shows that the e-folding time for the boxed domain is approximately 8 to
9hours. This approximated flushing time is obtained by extrapolation.

If flushing times of an area is in the order of days the location is considered to be well
flushed. In the case of the immediate area south of Ha Long City, the region can be
concluded to be very well flushed. However, this approximated e-folding time should be
treated with caution as simulations only took into account one day of the entire year.
Also, simulations accounted only for peak spring tides. Further investigation should be
undertaken into flushing dynamics of neap and transitional tide regimes.

From the flushing time curve (figure 4-4), it is noticeable that in the first three hours,
dramatic decreases in tracer concentrations is observed. Followed is a period of
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relaxation and then further decreases is evident after the fourth hour. Within the overall
downward trend of the tracer concentrations, oscillations is evident. From analyzing
surface residual current plot, it is apparent that if a concentration of tracer was placed in
the vicinity south of Ha Long City, then a potion of that tracer would exit in the south
easterly direction and the rest would be directed towards the northern embayment. This
conclusion may be important in terms of sediment transport into the northern embayment.

Figure 4-4: Flushing curve for box domain.
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5.

Discussion

This section provides an expanded presentation of the results outlined in section 4.
Discussion of implications of findings are also treated.

5.1

Relative importance of Forcings

The results of the simulations that include the seasonal wind forcing indicated that typical
winds do not contribute significantly to the daily circulation patterns. No noticeable
variations were seen in the surface circulation and residual circulation patterns. The
maximum currents that can be generated by the winds are insignificant in the bay due to
the low typical velocities.

5.2

Circulation patterns

Tidally induced currents in the bay are the dominant circulation mechanisms during the
summer and winter season regimes. The tidal wave entering from the eastern boundary
forms the dominant driving force on the circulation patterns of central Ha Long Bay
including the northern embayment. The tidal wave entering from the west entrance is still
important in influencing the region directly west of central Ha Long Bay.

Simulation modelling over the 24hour period shows that the two tidal waves interact
20km south-east of Ha Long City, and together they are directed towards the north-west
direction. At this point in time, most of the energy of the tidal waves are concentrated in
the region west of central Ha Long Bay.

Once interaction of the two waves has occurred and the entire bay is generally elevated, a
period of one hour of velocity relaxation is experienced throughout the bay, with
exception of the east boundary, where water is beginning to withdraw.
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Withdrawal of tidal water occurs again with two dominant waves. The two waves exit
through the west and east boundaries. The western receding wave propagates first and is
the main flushing mechanism for central Ha long Bay. The eastern withdrawing wave is
again the recessive wave only influencing the western portion of the bay. The receding
current fronts are met by incoming tidal waves, and the cycle begins again. The
modelling illustrates that a complete hydrodynamic cycle has a period of approximately
one-day.

The hydrodynamic circulation of the northern embayment is of much importance. The
embayment is a relatively shallow system incorporating mangroves, and flood plains. The
circulation of the embayment is predominantly driven by the eastern current front. The
embayment is flooded when the eastern wave establishes itself in the bay, and ebbed
when the wave recedes from the bay. Generally current velocities in the embayment are
relatively small. The area is believed to be most widely hydraulically consumed
following spring tides, and otherwise true for neap tides.

Circulation in and around islands near the mainland and Cat Ba Island generally follow
the current tides. When tidal waves are moving sea bound, the waters near the vicinity of
the islands are directed also sea bound. Noticeably the island 21km south-east of Ha
Long City (see figure4-2) creates eddy formations (see Appendix C, hour = 13). These
are small in velocities, and size.

It should be noted that simulations were done only for a high-low tide cycle in the spring
tide regime. If simulations were done for the a cycle in the neap tide (periods of low
amplitudes) regime, then circulation patterns as the author believes, will most likely
follow the same arrangements, only dampened. However, more investigation needs to be
undertaken to validate this hypothesis.
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5.3

Residual Currents

Simulation shows that wind forcing did not have a significant bearing on circulation.
Also that there are two dominant residual currents, one heading towards the east
boundary and one exiting the west boundary. Residual currents represent mass
distribution and transport, therefore, with residual currents being dominantly sea bound,
the bay is considered generally to be reasonably well flushed. There are exceptions,
however, namely at the western reflection point described in section 4.2.1.2. At the
divergent axis, the northern residual current is directed easterly towards central Ha Long
Bay.

The northern embayment is a noticeable area, with residual currents directed inwards
towards the embayment. Over time, sediment transport into the area will cause problems
for management. However, it is known that the area is periodically dredged.

In analysing residual currents, the formation of a relatively small residual eddy current is
apparent around the island south-east of Ha Long City (figure 4-2). The velocities of the
surface water in the residual eddy current is small and is comparable to other regions of
low current activity. These areas include the northern embayment, parts of the western
entrance and the area directly west of central Ha Long Bay.

5.4

Flushing

Residence times of a specified volume are believed to depend on the location and tidal
regimes. This is exemplified by the Lagrangian particle tracking simulations. In general,
residence times are lowest for locations with inherently high velocity sea-bound residual
currents and otherwise true for inbound currents. The establishment of a spring tide
regime will generally see an overall decrease in residence times.

With close inspection of the Lagrangian particle release plots and residual current plots,
one will notice a very close relationship. For example, particle C traveled northward
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towards central Ha Long Bay, following the residual tide. But if particle C was placed
just 5 km south of its original release position, then the particle is assumed travel to sea
following the westerly tidal. In this case, residence time of particle C will be decreased
dramatically. This can be said similarly for particle D. Particle D was originally placed in
the vicinity of an outgoing current as a result, ended up out to sea in a relatively short
period of time.

The residence times of particles released in in-flowing residual currents for the peak
spring tide regime, will have a residence time of excess of 5 days. For the neap tide
regime, residence times will most likely increase because of the relative low surface
current velocities. This is an important finding, in terms of contaminant spills within
specific areas of Ha Long Bay.

The e-folding time of the boxed area south of Ha Long City was estimated to be in the
range from 8 to 9hours, therefore any contaminant spill occurring close to Ha Long City
will be quickly flushed away. This flushing time should be treated with care as it is only
an estimate for the peak spring tide regime. The e-folding time for the same area under
the neap tide regime will most likely increase.
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6.

Conclusions

Conclusions arising from this study are listed as follows. Whilst not incorporating all
findings, those considered relevant and important are listed.
1.

Seasonal winds are insignificant in effecting circulation patterns and
hydrodynamics of Ha Long Bay. No variations were apparent in the simulations
incorporating typical winds. This is presumed to be due to the relative low
velocities of wind forcing.

2.

The tidal wave entering from the east entrance is the dominant tidal wave
influencing two thirds of the Bay including the northern embayment. The western
tidal current is effectual on the western regions of the bay.

3.

Two dominant residual currents are directed sea bound. Other minor currents are
directed inwards towards central Ha Long Bay and the northern embayment.

4.

A potential residual eddy exists for an island south-east of Ha Long City.

5.

Flow is uni-directional therefore, resulting in high flushing times

6.

The e-folding times for the boxed domain south of Ha Long City is 8-9hours,
representing a low residence time and high flushing time.

7.

The bay is generally well flushed thus, making aquaculture and other related
activities well suited to most parts of Ha Long Bay.

8.

Contaminant release in most of the bay will be well managed in most parts of the
bay due to the high flushing times. There are exceptions namely, the northern
embayment and the region directly west of central Ha Long bay.
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7.

Recommendations

This study has highlighted some major hydrodynamic features of Ha Long Bay. However
further investigation and validation needs to be performed to obtain a more realistic and
holistic overview of Ha Long Bay. Management is underpinned by such understandings.
Further modelling should be undertaken in terms of different tidal regimes i.e. neap tidal
arrangements. Simulations should also be done for longer periods of time under different
forcings. A higher resolution grid format (perhaps 50m resolution grid points)
incorporating a wider domain and incorporating more islands is highly desirable.

When accurate data is more readily available, an advanced comprehensive model can be
established. Data, which is of interest, include freshwater discharge volumes and
locations, time variable winds, salinity gradients and sources of nutrient discharges.
International supported field studies should be committed to collecting detailed data sets
in the purpose of coining a more real depiction of hydrodynamic features of Ha Long
Bay.

This author recommends that a more detailed model incorporating more forcing factors
should be constituted in the purpose of protecting this land of the dragons.
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9.

Appendix A:
Wind Direction and Wind Velocities
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Wind directions and velocities of Ha Long Bay measured at Ha Long City
(HLBMD, 200)

Direction

Vertical

N

NE

E

SE

S

SW

W

NW

Percentage (%)

13.8

24.6

18.0

10.0

14.7

9.5

1.6

0.3

7.5

Velocity (m/S)

-

3.5

2.8

2.4

2.7

2.7

2.5

1.9

2.7

Percentage (%)

8.7

19.3

11.7

6.6

22.5

14.2

4.6

1.1

11.4

Velocity

-

3.2

3.3

2.7

3.1

3.2

3.5

2.7

2.7

Winter:

Summer:

Table showing proportion of wind direction and corresponding wind velocities, measured at Ha Long
City. (HLBMD, 2000)
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Appendix B:
Tidal forcing at Cua Ong, Ha Long City and Hon Dau for
December, 2001
Tidal Data for 23rd Day of December 2001
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Tidal Elevations
5

4.5

4

3.5

Elevations (m)

3

2.5

2

1.5

1

726

697

668

639

610

581

552

523

494

465

436

407

378

349

320

291

262

233

204

175

146

117

59

30

1

0

88

0.5

Time (hrs)

Cua Ong

Hon Dau

Ha Long City

Plot of tidal elevations for Cua Ong, Hon Dau and Ha long City
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day/hour
day23 hour0
day23 hour1
day23 hour2
day23 hour3
day23 hour4
day23 hour5
day23 hour6
day23 hour7
day23 hour8
day23 hour9
day23 hour10
day23 hour11
day23 hour12
day23 hour13
day23 hour14
day23 hour15
day23 hour16
day23 hour17
day23 hour18
day23 hour19
day23 hour20
day23 hour21
day23 hour22
day23 hour23

Cua Ong (m)
1.7
2.2
2.7
3.2
3.7
4.1
4.4
4.5
4.4
4.1
3.8
3.3
2.8
2.2
1.7
1.2
0.8
0.5
0.4
0.3
0.4
0.5
0.6
0.9

Hon Dau (m)
1.7
2.2
2.7
3.1
3.4
3.7
3.8
3.7
3.6
3.3
3
2.6
2.2
1.8
1.4
1
0.7
0.4
0.3
0.2
0.2
0.4
0.6
1

Table of tidal data for Cua Ong and Hon Dau for 23rd of December
(Ha Long Bay Tides tables, 2001)
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Appendix C:
Tidal Surface Vector Plots, No Wind
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Appendix D:
Surface Residual Currents for no Wind, Summer Winds and
Winter Winds
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Ha Long Bay – Surface Residual Currents, No Wind
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Ha Long Bay – Surface Residual Currents, Summer Winds
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Ha Long Bay – Surface Residual Currents, Winter Winds
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Appendix E:
Depth Mean Residual Currents for No Wind
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Ha Long Bay – Depth Mean Residual Currents, No Wind
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