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Abstract
In recent years, mariculture has received greater attention due to its increasing economic importance for Vietnam and its rapid development with respect to expanding culture areas, technology development, multi-species cultures, and intensive cultures. This development has raised debates about the environmental, social and economic impacts of aquaculture. Conflicts between neighboring agricultural regions have also been noted some places due to untreated waste water discharges that brings contaminations and pathogenic diseases to other farm systems. It is therefore important to develop knowledge and methods that can aid a sustainable development of the coastal water resources of Vietnam.

This paper presents an applied 3D numerical model for the coastal water circulation and nutrient (nitrogen and phosphorous) dynamics for the Khanh Hoa province of Vietnam. A NUFU cooperative project (PRO 65/03) was carried out to investigate the nutrient and phytoplankton dynamics in Khanh Hoa waters. The sampling campaigns were implemented in February/November, 2004; August/December, 2005 in the Van Phong and Cam Ranh bays.

The first simulations of the bio-physical system show Carbon concentration distribution is lower in November (averaged 14 gC. m-3) and then gradually builds up to August (averaged 35 gC. m-3). The average Carbon for the whole bay is 29 gC. m-3 and increases off-shore wards.
Primary production is also lower in dry season and higher in rainy season. It varies from 194 to 1,192 mg C.m-2. month-1 with an average of 814 mg C.m-2. month-1.

DIP increases dramatically after March, the lowest occurs in February (averaged 3 mmol. m-3) and the high peak in September (an average of 5 mmol. m-3). DIP is also found lower in dry season and higher in rainy season. This lowest concentration is 0.34 mmol. m-3 in March and and 0.84 mmol. m-3 in September. 
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1. Introduction
Khanh Hoa province is located between 11041’53’’-12052’10’’ N, and 108040’12’’- 109030’00’’ E. It is a central region in Vietnam (Figure 1). 
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Figure 1. Map of Khanh Hoa province. The numbers on the right-side map are the upper and lower boxes: 1/11-7/17: inner boxes and 21/31-22/32: outer boxes.
Van Phong bay is located to the north with a mean depth of about 15 meter and covers about 510 km2 (Barthel et al., 2006). This bay is connected with open sea by a mouth of 15 km in width. The temperature average is around 28.5oC, salinity differs between rainy and dry seasons, which are about 29.5 ppt in rainy season and 30.5 ppt in dry season (Nguyen et al., 2003).

This bay receives freshwater from some small rivers for instance Tu Bong, Dien, Cha La and Hien Luong rivers. Lobster aquaculture is very populated in this bay, there are about 2.200 Lobster cages in 2004. In addition, babylonia snails, groupers, tiger shrimps, white leg shrimps, and cobia fishes also have been grown here.

Further south there is the Nha Phu bay, which is less than 10 meter deep and covers 104 km2. There is a Dinh river discharges about 30 m3.s-1 in the wet season. Nha Trang bay is located to the south with the same size as Nha Phu Bay, but it is deeper and more open to the sea. Cai River flows into this bay and discharges 460 m3.s-1 in the wet season. There is a Marine Protected Area (MPA) in this bay. This is a significant bay for biodiversity protection.
Cam Ranh Bay is located about 40 km to the south of Nha Trang city. It is semi-enclosed and has a mean depth of 10m and covers 113 km2. The length of the bay is around 35 km (Barthel et al., 2006).

This bay is also characterized by aquaculture; some species that have been cultivated are lobsters, groupers, sea bass, and seaweeds.

In Khanh Hoa, the wet season is from June to December with most of the rainfall (1300 mm/yr), and the dry season lasts from January to April (Nguyen et al., 2003). The monsoon regime has a strong impact on the ocean circulation along the coast of Vietnam, which changes from a southwest flow during the dry season to a northeast flow during the wet season. Coastal upwelling occurs during the wet season (Liu et al., 2002; Barthel et al., 2006). 
Tidal pattern is the diurnal; there are 18-22 days of semidiurnal tide in a month. Maximum difference in amplitude between low tide and high tide is about 2.4 m and minimum difference is 0.5 m. The annual average seawater temperature for this area is 24oC, and salinity ranges from 21.0 to 34 ‰ (Nguyen et al., 2003). 

This paper presents some primary results of applied model in Khanh Hoa province in order to show the picture of annual and monthly variations and also investigate the differences in nutrients and phytoplankton dynamics between simulations and observations.

2. Materials and methods

2.1. Data collection

The sampling campaigns were carried out twice a year (February and November, 2004; August and December, 2005) in the Van Phong and Cam Ranh bays of Khanh Hoa province as the first phase of the collaborative research  NUFU project in Vietnam.

To monitor spatial and temporal variations of the water conditions, a total of 16 sites (spatial variation) and 9 sites (temporal variation) were established for annual monitoring surveys.
The water parameters were measured at the depth of 2, 5, >10 m separately. Water temperature and salinity were measured by water analyzer (STD). Currents were measured by current-meter (MAV).
Chemical data used here were taken from the excursion sampling during the survey. Phytoplankton and zooplankton were measured at the same depths where Chlorophyll a was observed. The sample water collected by 5 L- Niskin bottle and 2 litters were filtered through a 0.45 µm membrane. Chlorophyll a was extracted in 90% acetone and measured with a spectrophotometer at 665 nm wavelength (Parson et al., 1984).
Zooplankton was collected by Juday net. Phytoplankton was collected by horizontal hauls of a 20 µm-meshed conical net. The net was emptied into a bucket to transfer algal samples to 125 ml-bottles. Phytoplankton biomass was preserved in 1 L plastic bottle by Neutral Lugol and stored in a cool and dark place and analyzed at Micro-plankton department of Oceanography Institute.

 Phytoplankton samples were still stored for 48 hrs in the cylindrical tubes then surface layer was removed gently to obtain 5-10 ml for analyzing. Finally Calcofluor was added into the tube to identify Dinoflagellates. Phytoplankton density was counted by Sedgewick-Rafter counting cell slide (1ml) under a microscope Leica DMIL. Phytoplankton species composition was classified following by(Taylor, (1976) and Tomas (1997). All counted cells were measured their dimension and recorded by PlanktonSYS (Bioconsult A/S) program. This program will compute the cell carbon biomass proposed by UNESCO (1978).

Nutrient samples (ammonia-ammonium, nitrate, nitrite, phosphate) were preserved in PE bottles and kept in an ice-box and analyzed with the prevailing methods (Parson et al., 1984). 

DIN refers for ammonia-ammonium, nitrate and nitrite. DIP refers for phosphate.

Forcing data:


The surface air temperature, wind speed at 10m above sea level, surface wind stress, and total cloudiness fields were created by interpolation of daily reanalysis data from NCEP to the model's grid points (Kalnay et al., 1996). HAMSOM calculates global radiation fields based on the solar zenith angle, the albedo, and the cloudiness data. These fields are given for each half hour. As the time step of ECOHAM is six minutes (Barthel et al., 2006).


The relative humidity and precipitation were taken as constants (80% and 1.7mm/ day, respectively).


The open boundary values for temperature and salinity were taken from seasonal Grid-1x1 data from NOAA NODC (Conkright et al., 2002, Levitus, 1982) The data were interpolated to the model's boundary grid points, and then interpolated in time.


The initial data for DIN and DIP, chlorophyll a and zooplankton biomass as forcing data was taken as monthly data from the NUFU project sampling cruise in 2004 and 2005 for the surface and bottom layers of seven inner boxes (boxes 1-7). Boundary condition for 2 outer boxes (boxes 21 and 22) was obtained from NOAA NODC (Conkright et al., 2002, Levitus, 1982).


Advection velocities and vertical diffusion coefficients are daily mean fields calculated by HAMSOM (Barthel et al., 2006).


Based on the monthly runoff values (m3.s-1) and the monthly measured nutrient concentration values at the river mouth, we estimated the river input of nutrients. Two rivers are taken in the model: (1) Cai river with 1,521 tons DIN and 33.2 tons DIP per year and  averaged annual runoff of 21.3 m3.s-1; (2) Dinh river with 306 tons DIN and 9.1 tons DIP per year, and averaged annual runoff of 327 m3.s-1.

The phytoplankton biomass is limited by zooplankton grazing due to copepods. The copepod biomass is prescribed as forcing using the abundance data from Marine Micro-plankton Department provided annual cycles of copepods for Nha Trang bay as the best available data in space and time. The data were interpolated to assign values for each day.

2.2. Modelling
2.2.1. Model description
The model ECOHAM is applied for Khanh Hoa province, that is three-dimensional model is the first step towards a German ecosystem model of the North Sea called “Ecological North Sea Model, Hamburg” (ECOHAM) (Moll, 1998). 
ECOHAM is used to calculate annual and long-term phytoplankton dynamics for shelf seas in a three-dimensional physical environment. It is a primary production model that is an independent transport model that uses output from a circulation model (HAMSOM). Thus the input variables taken from the circulation model output are solar radiation, three-dimensional advection velocities, and diffusion coefficients. Additionally copepod biomass abundance and river loads of nutrients must be given. The output is phytoplankton (mg C. m-3), nitrogen and phosphorus (mmol. m-3), benthic detritus (mgC.m-2), and underwater light (W. m-2) (Moll, 1998). A schematic diagram of the state variables and processes is shown in Figure 2.
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Figure 2. Conceptual diagram of ECOHAM state variables and processes (Moll, 1998). 

Figure 2 describes the conceptual model with state variables for the nutrients phosphate (dissolved inorganic phosphorus, DIP) and dissolved inorganic nitrogen (DIN), phytoplankton (chlorophyll a), and detritus at the bottom. These nutrients are taken up directly by phytoplankton and released by respiration. Dead phytoplankton and zooplankton (copepods) sink to the bottom, building up pelagic and benthic detritus pool. Organic material is miniralized in the water column and from sediment into inorganic nutrients. Zooplankton were prescribed by observations. The excretion of zooplankton is divided into soluble excretion, fecal pellets and dead zooplankton material. Pelagic detritus and dissolved organic phosphorus in the water column were indirectly used. Primary production is limited in the model by solar radiation, the triggering nutrient and zooplankton grazing due to prescribed monthly mean copepod biomass (Moll, 1998). All the equations are used in the model given by Moll (1998).
Resolution in space: The horizontal grid size of the numerical model is 1.2 x 1.2 square kilometer, 12 layers with lower boundaries at 2, 5, 10, 20, 30, 50, 80, 120, 200, 300, 450, and 615 m. 

2.2. Inital parameters

The parameters are fed for the model according to Moll (1998) and Wei  (2003) (Table 2). For the remineralization rates in the water and at the bottom by Radach and Moll (1993) followed Postma and Rommets (1984): about 20% of the average labile particulate organic carbon (POC) is mineralized daily. Thus, from the POC created as detritus, 20% are instantaneously remineralized (pF=pM=pZ=0.2), and the remaining 80% are transported immediately to the bottom. The ingested material is divided equally among dead zooplankton, fecal pellets and soluble excretion following Steele (1974). Excretion of dissolved (EXCR) and particulate material is parameterized as fixed proportions of copepod grazing (nE), fecal pellet production (nF) and zooplankton mortality (nZ), with the condition nE +nF +nZ=1.
Table 2. Initial parameters, the values are referred to Moll (1998) and Wei et al. (2003). Values in bracket are used in ECOHAM for North Sea.
	Parameters
	Descriptions
	Values
	Unit

	As
	Grazing -haft saturation constant 
	0.068
	g C m-3

	A0
	Grazing thredhold for phytoplankton
	0.04
	g C m -3

	rB
	Percentage of basic respiration
	0.138
	

	rt
	Temperature-dependent respiration rate
	0.054
	0C-1

	rM
	Phytoplankton mortality rate
	0.05
	day-1

	rI
	Background extinction value of light
	0.07
	m-1

	ks
	DIP half saturation constant
	0.068
	mmol P (m-3)

	kn
	DIN half saturation constant
	0.8
	mmol N (m-3)

	Iopt
	Optimum light intensity
	170 (150)
	W m-2

	RE
	Remineralization rate of detritus
	0.0212 (0.0167)
	day-1

	RL
	Maximum growth rate of phytoplankton
	1.7 (1.5)
	day-1

	RZ
	Zooplankton grazing rate
	0.5
	day-1

	gC
	Ratio of C/Chl a in algae
	34.0 (50)
	g C(g Chl)-1

	gp
	Ratio of P/C in algae
	1.0012
	mmol P (gC)-1

	gn
	Ratio of N/C in algae
	12,277
	mmol N (gC)-1

	nE
	Percentage of soluble excretion by zooplankton
	0.33
	

	nF
	Percentage of nutrient remineralization due to fecals
	0.34
	

	nZ
	Percentage of nutrient remineralization due to dead zooplankton
	0.33
	

	PM
	Percentage of remineralized dead phytoplankton in the water column
	0.2
	

	PF
	Percentage of remineralized fecals in the water column
	0.2
	

	PZ
	Percentage of remineralized dead zooplankton in the water column
	0.2
	


Results 
1. Currents patterns

The Figure 3 shown that in the dry season, the flow was southwards along the coast. According to Barthel et al. (2006) coastal upwelling was observed, the water flow was running eastwards from the tip of the Cam Ranh peninsula in July 2004. 
The current during the wet season (December 2004) was completely different, (Figure 4). The speeds were stronger than during the dry season. Coastal downwelling also found in wet season (Figure 5 and 6) (Barthel et al., 2006). 
The results in Figure 5 and 6 indicated that upwelling were observed in Van Phong and Cam Ranh bay where benthic nutrients moved up to the surface in July.
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	Figure 3. Mean surface current of July 2004 from HAMSOM model (Barthel et al., 2006).
	Figure 4. Mean surface current of December 2004 from HAMSOM model (Barthel et al., 2006)
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	Figure 5. Vertical distribution of DIN in Cam Ranh bay at the grid section 107 in July from simulation.
	Figure 6. Vertical distribution of DIN in Van Phong bay at the grid section 50 in December from simulation.


2. Simulated annual cycle of phytoplankton biomass
Table 1. A comparison of algal biomass between simulations and observations in the two bays. Different upper letters indicate for significant difference (ANOVA test).

	Parameters
	Simu./Obs.
	Van Phong bay
	Cam Ranh bay

	Algal biomass (ton C)
	Simu.
	277,236a
	50,730da

	 
	Obs.
	322,830a
	56,278db


a n=38, p=0.24; ; da, db n=28, p<0.01
In Van Phong bay, there were not significant differences in the algal biomass between simulations and observations. In the contrary, algal biomass was significantlt different in Cam Ranh bay (Table 1). The simulated value for the whole Van Phong bay is 12% less than the observations, 10% smaller in Cam Ranh bay.
In Van Phong bay, the algal biomass was decrease slightly from January to June, increased from July to September and decreased from October to December. In Cam Ranh bay, the trend was the same, but it still increased from November to December (Figure 7 and 8). In Nha Phu bay, it was increased from February to January. In Nha Trang bay, it was increased from January to September and decreased after October.
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Figure 7. Monthly cycle of algal biomass (mgC.m-3) from simulations and observations. (a) in Van Phong bay and (b) in Cam Ranh bay.

Algal biomass inshore was higher than in the offshore (Figure 6). It approved that the model results shown the real world of the coast. 
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Figure 8. Phytoplankton biomass distribution (mgC.m-3) from simulation
3. Simulated annual cycle of nitrogen 
Table 2. A comparison of DIN and DIP between simulations and observations in the two bays. Different upper letters indicate for significant difference (ANOVA test).

	Parameters
	Simu./Obs.
	Van Phong bay
	Cam Ranh bay

	DIN (ton N)
	Simu.
	350,539b
	53,312e

	 
	Obs.
	321,300b
	51,646e

	DIP (ton P)
	Simu.
	92,041c
	11,805f

	 
	Obs.
	78,260c
	10,329f


b n=30, p=0.43; c  n=56, p=0.11
e n=38, p=0.67; f n=38, p=0.30
The results in Table 2 indicated that DIN and DIP between simulations and observations were not significantly different in both two bays. The simulated values fitted very well with the observed values (Figure 9). The simulated values for DIN and DIP in Van Phong bay is 9 and 18% higher than the observations, respectively, 3 and 14% higher in Cam Ranh bay.
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Figure 9. Monthly cycle of DIN (mmol.m-3) from simulation and observation. (a) in Van Phong bay and (b) in Cam Ranh bay.

In all bays, it has the same trend that DIN was increased in the wet season. But during the wet season, the highest concentration was found in Nha Trang and Nha Phu bays where nutrients discharged from two big rivers (Dinh and Cai rivers) (Figure 10, 11). The peak was in June and October for Nha Trang and Nha Phu bays, respectively. This also indicated that the river impact was very strong to the whole system during the wet season (Figure 10).
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Figure 10. Simulated distribution of DIN (mmol.m-3) from simulation in January, March, May, August, October and December.
4. Simulated annual cycle of  phosphorus
As same with DIN, DIP also increased during the wet season and the river also impacted strongly to the whole system in the wet season from August (Figure 11).
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Figure 11. Simulated distribution of DIP (mmol.m-3) from simulation in January, March, May, August, October and December.
5. Simulated annual cycle of  N:P

The ratio N:P in Nha Phu and Nha Trang bays was increased faster than the others, but N:P in Cam Ranh bay was higher than Van Phong bay (Figure 12).
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Figure 12. Simulated distribution of DIN:DIP from simulation in January, March, May, August, October and December.
6. Simulated annual cycle of primary production 
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Figure 13. (a) Simulated annual cycle of primary production. (b) Simulated annual cycle of phytoplankton biomass, DIN and DIP 
For the whole system, the primary production and algal biomass increased during the wet season, but it was decreased in the end of the wet season (Figure 13a and 13b). 
DIN and DIP also increased during the wet season from June to December. The lowest concentrations were observed during February to March corresponding to higher algal biomass.
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