Modelling nutrient and phytoplankton dynamics at the continental shelf of the Khanh Hoa province in Vietnam.
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Abstract

A three dimensional semi-coupled numerical model for water transports and primary production is applied to a coastal system in southern central Vietnam. The model is forced with currents regimes from a physical model for ocean circulation (HAMSOM) and with observed data on inorganic nutrients (DIN and DIP) and phytoplankton biomass at the ocean boundaries. The model is implemented with two rivers supplying freshwater and inorganic nutrients to the coastal system. The model simulates a full year (January-December) using physical data from 2004.
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Introduction

Coupled models of marine physics and lower trophic biology have been frequently applied over the last two decades to simulate the dynamics of coastal-shelf ecosystems (Hainbucher et al., 2004; Moll, 1997; Moll, 1998; Schrum et al., 2006a; Schrum et al., 2006b; Skogen and Moll, 2000; Skogen and Moll, 2005; Skogen et al., 2004; Soiland and Skogen, 2000; Wei et al., 2004). In spite of their limitations and simplistic representation of marine ecosystems these models have turned out as useful supplements in the study of mechanisms and dynamics in nutrient recycling and primary production, and in assessment of human impact on coastal ecosystems (Moll and Radach, 2003; Radach and Moll, 2006). Application of these models at new geographic sites is a means of testing the generic properties of these models, and may contribute to the understanding of the ecosystem dynamics at the actual sites. Here we implement an established North Sea model ECOHAM (Moll, 1998) at a coastal-shelf ecosystem at the southern central coast of Vietnam. 
The Vietnamese coast covers more than 3,200 km and includes around 3000 islands. About 200,000 km2 of the coast comprises shallow waters less than 50 m deep. Vietnam is located in a tropical monsoon zone and has a weather regime characterized by two distinct seasons. The wet season, which lasts from June to December has an average rainfall about 1300 mm/yr. The dry season lasts from January to May. The monsoon regime has a strong impact on the ocean circulation along the coast of Vietnam. It is characterised by a southwest flow during the dry season and a northeast flow during the wet season (Tang et al., 2004). The winter monsoon forces a cyclonic gyre covering the entire deep basin with an intensified southward jet along the coast of Vietnam (Shaw and Chao, 1994; Wyrtki, 1961). The summer monsoon drives an anti-cyclonic gyre, mainly in the southern basin. The summer coastal jet separates from the coast of Vietnam at 12oN. The upwelling is forced by the circulation gyres in the areas of Vietnam during the summer monsoon (Chao et al., 1996). The sea surface temperature anomaly in the summer correlates well with the equatorial sea surface temperature anomalies in the winter, and is suggested as an indicator for the monsoonal variation and El Niño and southern oscillation (Ose et al., 1997). The relative enrichment of phytoplankton in the Vietnam Sea is apparently related to an uplifted nutricline, where the monsoon is probably a major driving force (Liu et al., 2002; Tang et al., 2004; Tang et al., 2006;). In addition to the large scale meteorological processes which characterizes the area, the coast of Vietnam is also receiving freshwater inputs from more than 114 small and large rivers (Liu et al., 2002). The rivers affect the hydrographical conditions in shallow coastal embayment and bring natural and anthropogenic nutrients into the coastal system.

The coastal ecosystem is characterised by a high biodiversity and includes a variety of coastal systems like estuaries, lagoons, mangrove forests, coral reefs, and sea grass beds. About 11,000 aquatic and more than 1,300 island species inhabit the coastal zone, including many rare and precious endemic species (Thanh, 2004). Increasing human activities and stress on the coastal environments have resulted in increasing unpredictability and severity of coastal problems such as floods, erosion, sedimentation, saltwater intrusion, and degradation of ecosystems, with accompanying decrease in biodiversity and fishery productivity (Thanh, 2004). Aquaculture, which is one of the fastest growing coastal industries in Vietnam, is accompanied with problems such as diseases, resource competition, and overloading of nutrients and organic matter to coastal waters.

The Khanh Hoa province at the southern central coast of Vietnam is the largest producer of marine species and aquaculture has developed fast since 1990. Expansion of aquaculture areas combined with more intensive production systems increase the loading of nutrients and organic material to the marine system. In order to minimize risk and secure a sustainable development of aquaculture it is therefore important to develop more knowledge and tools that can be used to assess information about the inherent system dynamics and potential impacts from human activities.
The objective of work has been to: 
a) Implement and test out a pre-developed model for nutrient recycling and primary production for a marine coastal system in Vietnam, 

b) Conduct annual simulations to quantify the spatial and temporal dynamics and variability in the system

c) Quantify nutrient recycling and primary production in relation to water circulation, fresh water runoff and ocean boundary impacts, and the relative influence of different nutrient sources on the system 
Material and methods

The study area

The Vietnamese coastal zone can be divided into four areas: the Gulf of Tonkin, the central coast, the southeast coast, and the Gulf of Thailand. The Khanh Hoa province belongs to the southern central coast, which is located between 11o41’53’’-12o52’10’’ N, and 108o40’12’’- 109o30’00’’ E (Figure 1). There are four bays in this region: Van Phong Bay in the north, Nha Phu Bay and Nha Trang Bay located in the centre and Cam Ranh Bay in the south. Hereafter the bays will be written in short as VPBay, NPBay, NTBay, CRBay.
VPBay has a mean depth of about 15 m and covers about 510 km2 (Figure 1b). This bay is connected with open sea by a mouth of 15 km in width. The average temperature is around 28.5oC, while salinity differs between rainy and dry seasons. In the rainy season salinity is about 30 ppt while in the dry season around 33 ppt . NPBay is less than 10 meter deep and covers 104 km2. 
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Figure 1. A) Map of Khanh Hoa province. The two outer ocean boxes represent the areas where boundary conditions are preset, and they enclose the area which is actually simulated by ECOHAM. The four bays ( VP=Van Phong Bay, NP=Nha Phu Bay, NT=Nha Trang Bay, CR=Cam Ranh Bay) are delimited by the dotted lines. The two river entries are marked as R1 (Dinh , Tan Thuy, and Nga Hau rivers) and R2 (Cai river), B) The isolines show the bathymetry (m) derived from Vietnamese sea charts and ETOPO5.

The Dinh River discharges on average about 30 m3 s-1 of fresh water into this bay in the wet season. NTBay is located to the south and has about same areal as NPBay, but it is deeper and is completely exposed to open ocean water. The Cai River flows into this bay and has an average flow of about 460 m3 s-1 in the wet season. A Marine Protected Area (MPA) has been established in the southern part of this Bay. CRBay is located about 40 km to the south of Nha Trang city. It is semi-enclosed and has a mean depth of 10 m and covers 113 km2. The length of the Bay is around 35 km.

Model description

ECOHAM is a three-dimensional numerical model for calculation of phosphorous dynamics in shelf seas (Moll, 1998). Here we apply a modified version of the ECOHAM (Wei et al., 2004) which includes nitrogen in the inorganic nutrient pool. A conceptual diagram of the modified model is shown in Figure 2 (Wei et al., 2004). 
The physical forcing of the model is generated by the Hamburg Shelf Ocean Model HAMSOM (Backhaus, 1983; Backhaus, 1985) and includes daily average fields of currents, diffusion coefficients, sea level, sea temperatures, half hourly surface radiation fields, and freshwater runoff from the two main rivers, Dinh and Cai (Figure 1a). Inorganic nutrients and phytoplankton concentrations at the model boundaries are based on field observations (see below). The prognostic state variables of ECOHAM (Figure 2) are dissolved inorganic phosphorus (DIP, mmol m-3) and dissolved inorganic nitrogen (DIN, mmol m-3), phytoplankton (mg C m-3) and sediment detritus (mg C m-2). Primary production is a temperature dependent function of solar radiation (W m-2) and nutrient concentrations. Phytoplankton biomass is a function of primary production, respiration, natural mortality and grazing from zooplankton. A fraction of the pelagic detritus sinks out of the water to form benthic detritus, while the fraction left in the water is instantaneously re-mineralised back to inorganic nutrients (i.e. no pool of pelagic detritus). Benthic detritus is re-mineralised to inorganic nutrients by a temperature dependent rate.

See (Moll, 1998; Wei et al., 2004) for a further description of ECOHAM.
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Figure 2. Conceptual diagram of ECOHAM state variables and processes (taken from Wei et al. 2004). 

Spatial resolution

The Khanh Hoa coast is divided into a three-dimensional rectangular grid. The horizontal plane is divided into a 137 x 65 matrix where the x-axis corresponds to the East-West direction. The grid resolution is about 1.2 km. The vertical axis is divided into 12 depth layers with decreasing resolution along the depth axis (see Table 1). The physical model (HAMSOM, (Barthel et al., in prep)) is run for the whole horizontal grid, while the ECOHAM model is run for a smaller part of the grid as indicated by the ECOHAM model area in Figure 1A.
Table1. Vertical distribution and thickness of the model depth layers

	Layer
	Depth (m)

	1
	0-2

	2
	2-5

	3
	5-10

	4
	10-20

	5
	20-30

	6
	30-50

	7
	50-80

	8
	80-120

	9
	120-200

	10
	200-300

	11
	300-450

	12
	450-615


Initial conditions    

The model was run for a spin-up period of one year to establish initial conditions close to steady state. In the spin-up run the model area were initialised with DIN, DIP and phytoplankton concentrations similar to the Northern Ocean Boundary (Figure 3). All the simulations presented here are based on the initial conditions produced in the spin-up run.
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Figure 3. Ocean boundary conditions for the northern and southern boundary. The upper left panel displays concentrations of DIN in the upper 0-100 m layer, the upper right panel displays concentrations of DIN in the lower 100-500 m layer, the middle left panel displays concentrations of DIP in the upper 0-100 m layer, the middle right panel displays concentrations of DIP in the lower 100-500 m, lower left panel displays the monthly river loads of DIN from Cai and Dinh, lower right panel displays the monthly loads of DIP from Cai and Dinh rivers.

Physical forcing generated by HAMSOM
The transports, i.e. horizontal and vertical advection and diffusion, and sea surface radiation are calculated by the model HAMSOM (Kalnay et al., 1996). HAMSOM is forced by surface air temperature, wind speed at 10 m above sea level, surface wind stress, and total cloudiness fields are created by interpolation of daily reanalysis data from NCEP  to the model’s grid points. The simulated mean monthly surface circulation in December 2004 (Figure 4, left panel) is dominated by south-western directed surface currents. 
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Figure 4. Mean monthly surface currents calculated by the HAMSOM model for December 2004 (left panel) and July 2004 (right panel).

This current regime is characteristic for the model system during the winter season and creates a situation with downwelling. The mean monthly surface circulation in July 2004 (Figure 4, right panel) is dominated by north-eastern directed surface currents. This current regime is characteristic for the model during the summer season and creates an upwelling situation. Current speeds are generally stronger in the winter season compared to the dry season. 

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. 

The ocean boundary values for temperature and salinity are based on seasonal climatological data taken from NOAA NODC (Conkright, 2002). The data are fitted to the temporal and spatial resolution of the model by linear interpolation.
Forcing at the model boundaries
ECOHAM is implemented with boundary conditions at the open ocean boundary and at the river outlets. The ocean boundary is divided into a northern and a southern boundary as shown in Figure 1A. The ocean boundary is represented as fixed seasonal and temporal values of DIN, DIP and phytoplankton biomass. The DIN and DIP concentrations are based on empirical data from NOAA NODC (Conkright et al., 2002, Levitus, 1982) and represent climatological values for each month at given depths (0-500 m). The data are implemented to the model boundary by averaging the concentrations above (0-100 m) and below (100-500 m) the nutricline. The average DIN and DIP concentrations from 0-100 m (Figure 3 A, C) are used for the upper 7 vertical layers while the averages from 100-500 m (Figure 3 B, D) are used for the lower 5 vertical layers in the model. The observed data are fitted to the temporal resolution of the model by linear interpolation.

Phytoplankton biomass are based on Sea-WiFS chl-a data from the east coast of Vietnam (Liu et al., 2002) and converted to mg C m-3  by a factor 38 mg C /mg chl-a. The data actually fluctuated seasonally between 2-15 mg C m-3, but to ease the interpretation of the internal phytoplankton dynamics in the Khanh Hoa coast the phytoplankton concentration were simply set constant at the boundary (5 mg C m-3)  for depths above the nutricline (0-100m) and zero below.
Data on river water flows and nutrient loads are obtained from the Institute of Oceanography, Nha Trang (unpublished data). Monthly values of the nutrient loading (DIN and DIP) from rivers (Figure 3 D, E) are obtained by linear interpolations between seasonal values. Two rivers are taken into account in the model. Dinh River (R1 in Figure 1A) enters NPBay with an annual water runoff about 0.7 km3 (22 m3 s-1) and loads about 306 tons DIN and 9 tons of DIP annually.  Cai River (R2 in Figure 1A) enters NTBay with an annual water runoff about 10.3 km3 (327 m3 s-1) and loads about 1500 tons DIN and 33 tons DIP annually into this bay.

Input parameters 

The functions describing the chemical and biological processes in the model (Figure 2) depend on a range of parameters (Table 2). Parameter values are for the most based on (Moll, 1997; Moll, 1998) and (Wei et al., 2004) from ECOHAM applications in the North Sea and the Bohai Sea, respectively. 

Table 2. Model parameters based on Moll (1998) and Wei et al. (2004). Values in bracket are those applied in the North Sea application of ECOHAM

	Description
	Values
	Unit

	Grazing -half saturation constant 
	0.068
	g C m-3

	Grazing threshold for phytoplankton
	0.04
	g C m -3

	Percentage of basic respiration
	0.138
	

	Temperature-dependent respiration rate
	0.054
	0C-1

	Phytoplankton mortality rate
	0.05
	day-1

	Background extinction value of light
	0.07
	m-1

	DIP half saturation constant
	0.068
	mmol P m-3

	DIN half saturation constant
	0.8
	mmol N m-3

	Optimum light intensity
	170 (75)
	W m-2

	Remineralization rate of detritus
	0.0212 (0.0167)
	day-1

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

	Zooplankton grazing rate
	0.5
	day-1

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

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

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

	Percentage of soluble excretion by zooplankton
	0.33
	

	Percentage of nutrient remineralization due to fecals
	0.34
	

	Percentage of nutrient remineralization due to dead zooplankton
	0.33
	

	Percentage of remineralized dead phytoplankton in the water column
	0.2
	

	Percentage of remineralized fecals in the water column
	0.2
	

	Percentage of remineralized dead zooplankton in the water column
	0.2
	


Table 3. A list of the different model scenario setups. All changes are relative to the basic run setting (VPB=Van Phong Bay, NPB=Nha Phu Bay, CRB=Cam Ranh  Bay)

	Code
	Description
	Change

	OB
	DIN and DIP concentrations at the ocean boundary
	Increased by factor 1.5

	Riv
	DIN and DIP concentration in river water
	Increased by factor 1.5

	OBC
	DIN and DIP concentrations at ocean boundary
	Constant over season (using annual average)

	Met
	Meteorological forcing from year 2003
	Changed physical regime (annual variation)

	AC
	DIN and DIP loads from pond based aquaculture
	Elevated nutrient loads in VP-, NP- and CR-Bay

	Grz
	Zooplankton grazing reduced by factor 1.5
	Reduced by factor 1.5


Phytoplankton mortality from grazing is described by a Holling type II function which is parameterized and tuned in order to obtain a grazing rate ranging from 0-0.3 d-1 (it is 0.5 d-1 in table 2)depending on phytoplankton density. These values are very uncertain and based on guesses from unpublished data on zooplankton abundance (Chien, unpublished data).
Photosynthetic light inhibition is omitted here and light only becomes a limiting factor on photosynthesis at low intensities. 
Model simulations
The model is run for a full year starting the 1st of January and ending 31st of December with an internal time step of 6 minutes. A basic-run is established as the base-line for comparing model predictions with field data and with model simulations based on other forcing functions and parameter settings than the basic run. The basic-run is implemented with rivers and a physical forcing regime based on data from year 2004. 
The model is further run for five (six in the Table 3?) different scenarios involving changes in the external boundary conditions as described in Table 3 and modifications of the parameters for grazing and phytoplankton growth rate. The AC-simulation (Table 3) adds aquaculture effluents to VPBay, NPBay and CRBay. According to satellite pictures (Google Earth) there is a belt of aquaculture ponds, about half a kilometre wide, which covers parts of the shores in the bays of the Khanh Hoa coast. Using the tools provided in Google Earth these pond belts are estimated to occupy about 55 ha of the shore-line area in the coastal model grid cells. The nutrient loads, expressed as kg y-1 per surface grid cell in the model, were estimated by multiplying the aquaculture loadings (kg ha-1 y-1) from ponds reported in (Robertson and Phillips, 1995) with the pond area per grid cell (ha). The pond cultures were distributed along the Khanh Hoa Coast according to satellite images (Google Earth). 
The effects of the changes induced by the scenatio analyses listed in Table 3 are calculated as percentage change (S%) in a given process or concentration relative to its value in basic run:
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Here Vi is the value obtained in run i, and VB is the basic run value.
Validation of the model
An empirical inter-annual dataset composed of field data from the Khanh Hoa coast during the period 1996-2005 is used to validate model. The data originate from different years and stations from different areas of the Khanh Hoa province, and it was therefore not possible to conduct a station by station comparison over a continuous time interval. Thus, modelled data from the year 2004 are compared with the inter-annual dataset with a focus on “typical” absolute values and seasonal patterns in VPBay, NTBay and CRBay.
Results 

Comparing model results with observations
Modelled and observed data from the three bays are displayed in Figure 5. The model predictions are generally within ranges of observations, but some clear deviations are evident for the phytoplankton biomass and DIN concentrations in CRBay, and for DIN and DIP in NTBay. 
The model reflects some of the seasonal variability in phytoplankton biomass and inorganic nutrients, but the predictions are partly out of phase with the observed seasonality. In particular, the observations indicate a high peak for most of the variables in December which is not reflected by the model.
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Figure 5. Model results from the basic run simulation. The figure shows modelled (dots) and observed (crosses) data on phytoplankton (upper row), dissolved inorganic nitrogen (second row) and dissolved inorganic phosphorous (lower row) from stations in VPBay (left column), NTBay (middle column) and CRBay (right column). The dots represent the modelled mean monthly average of stations in each bay, while the dashed lines represent the range of variability (one standard deviation) above and below the mean value. The crosses represent observed mean monthly values between bay stations and years (1996, 2003, 2004, 2005) for each bay. The bars represent ranges of variability (one standard deviation) above and below mean observed value.

Spatial patterns 
Dissolved inorganic nutrients
The mean annual DIN concentrations (mmol m-3) averaged from surface to 20 m depths, or to the bottom if bottom < 20 m, are displayed in Figure 6A. DIN concentrations have the highest values inside NPBay (>4) followed by the inner parts of NTBay and at the mouth of VPBay (1.5-2.5). DIN concentrations are lowest along the south-eastern ocean boundaries and in the inner parts of CRBay. 
The mean annual DIP concentrations (mmol m-3) have a more narrow range (Figure 6B) than DIN. Highest concentrations occur in the opening of VPBay (about 0.6), while lowest values occur in VPBay (inner parts), NPBay, NTBay (inner parts) and CRBay. 
Phytoplankton biomass and gross primary production

The mean annual concentrations of phytoplankton biomass (mg C m-3), averaged between surface and 20 m depths (or bottom if < 20 m) is shown in Figure 6C. Maximum concentration occurs in NPBay (>40) and in the inner parts of VPBay (~30). The outer part of CRBay has elevated levels (about 25), while lowest concentrations occur along the south-eastern ocean boundary. 

The mean annual gross primary production (mg C m-2 d-1) is displayed in Figure 6D. Maximum production occurs in NPBay and in the central opening and inner parts of VPBay (>200), while intermediate production occurs along the coast where the shelf depth is between 25-75 m (Figure 1A).
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Figure 6. Mean annual concentrations of A) DIN (mmol m-3), B) DIP (mmol m-3), C) Phytoplankton biomass (mg C m-3), and D) Gross primary production (mg C m-2 d-1). Nutrient concentrations and phytoplankton biomass represent average values from surface to 20 m, while gross primary production is integrated from surface to bottom.

Seasonal dynamics
The seasonal dynamics in concentrations and transports of DIN, DIP and phytoplankton biomass (mg C m-3) for VPBay, NPBay, NTBay and CRBay are displayed in Figure 7. The concentrations (Figure 7 A, C, E) represent total amounts divided by the total water volume within each bay, as delimited by the dotted lines in Figure 1A. The transports (Figure 7 B, D, F) represent time integrated transports in (positive) and out (negative) of the bays. Table 4 summarises the annual process budgets (in tons) of transports, sources and sinks for DIN, DIP and phytoplankton in the four bays. 
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Figure 7. Daily values of: A) Dissolved inorganic nitrogen (mmol N m-2), B) Advection of dissolved inorganic nitrogen (mmol N m-2 d-1), C) Dissolved Inorganic Phosphorous (mmol N m-2), D) Advection of dissolved inorganic phosphorous (mmol P m-2 d-1), E) Phytoplankton biomass (mg C m-2), F) Advection of phytoplankton biomass (mg C m-2 d-1) for VPBay, NPBay, NTBay and CRBay. 
Inorganic nutrients (DIN and DIP)
The concentration of inorganic nutrients in VPBay (thin solid curve) varies seasonally (Figure 7A, C), with lowest levels in February and highest levels between April and September. The transport (Figure 7 B, D) shows that there is an import of nitrogen between April and September and an export between October and March (DIN curve is “hidden” by the large export from NTBay). The process budgets (Table 4) show that VPBay imports DIN and DIP from the coastal water, but imported nutrients constitute only about 10% of the total nutrient consumption by phytoplankton.
Table 4. Responses in the process budgets for DIN, DIP and phytoplankton to changes in the external boundary conditions as described in Table 3

	Bay
	Process
	Dissolved Inorganic Nitrogen (ton N)
	Dissolved Inorganic Phosphorous (ton P)
	Process
	Phytoplankton (ton C)

	 
	 
	Basic
	OB
	Riv
	OBC
	Met
	AC
	Basic
	OB
	Riv
	OBC
	Met
	AC
	 
	Basic
	OB
	Riv
	OBC
	Met
	AC

	 
	 
	Value
	%
	%
	%
	%
	%
	Value
	%
	%
	%
	%
	%
	 
	Value
	%
	%
	%
	%
	%

	VPB
	Initial mass
	64
	 
	 
	 
	 
	 
	65
	 
	 
	 
	 
	 
	Initial mass
	88
	 
	 
	 
	 
	 

	 
	Transport
	222
	71
	 
	7
	-13
	-25
	40
	137
	 
	6
	-10
	-54
	Transport
	-1270
	30
	 
	 
	 
	7

	 
	Uptake
	-2560
	45
	 
	 
	-6
	13
	-462
	45
	 
	 
	-6
	13
	Production
	23371
	41
	 
	 
	-6
	12

	 
	Release
	2340
	208
	 
	 
	 
	60
	422
	208
	 
	 
	 
	59
	Loss
	-22099
	142
	 
	 
	 
	41

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Final mass
	65
	35
	 
	14
	-10
	13
	65
	47
	 
	 
	 
	 
	Final mass
	90
	52
	 
	16
	-17
	19

	CRB
	Initial mass
	11
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	Initial mass
	20
	 
	 
	 
	 
	 

	 
	Transport
	2
	450
	55
	-90
	75
	-1685
	0
	1467
	 
	 
	233
	-4933
	Transport
	-12
	-17
	-6
	 
	47
	400

	 
	Uptake
	-295
	24
	 
	 
	7
	360
	-53
	24
	 
	 
	7
	360
	Production
	2847
	22
	 
	 
	6
	314

	 
	Release
	293
	118
	6
	 
	28
	1876
	53
	117
	 
	 
	28
	1869
	Loss
	-2836
	82
	6
	 
	15
	1247

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Final mass
	11
	19
	 
	 
	 
	369
	9
	37
	 
	 
	6
	255
	Final mass
	20
	28
	 
	 
	14
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NPBay (thin dotted curve) has seasonal shifts in DIN concentrations (Figure 7A), with minimum in February and gradually increasing concentrations until it reaches the peak value between September and November. DIP displays a similar pattern (Figure 7C), but the maximum period stretches between June and September. River input is the dominating source of DIN in NPBay, which also exports large amounts of DIN to the coastal water (Figure 7B, Table 4). Due to low DIP concentrations in the river water the uptake of DIP depends on the internal DIP pool, and there is in fact a annual net import of DIP from coastal water (Table 4).  The import takes place between April-September (Figure 7D).

The seasonal dynamics of DIN and DIP in NTBay (thick solid curve) resemble that of NPBay, but river loads totally dominate the nutrient dynamics (Figure 7B, D; Table 4). The DIN load is five times higher than the uptake by biological processes. Two DIN maxima occur in the summer period: one in the end of April and one in the beginning of September (Figure 7A). NTBay is a net exporter of DIN and DIP, but there is an import of DIP from the coast in April-May and during September (Figure 7D).
The nutrient concentrations remain relatively constant CRBay (thick dotted curve) throughout the season (Figure 7A). DIP has a weak oscillation between a minimum in April and a maximum in October (Figure 7C). CRBay is characterised by low transport rates compared to the other bays, imported nutrients constitute less than 1% of the biological uptake.
Phytoplankton abundance

Phytoplankton (Figure 7E) has a seasonal pattern in VPBay (thin solid curve) with maximum during June-September and minimum in February. NPBay (thin dotted) has a later an higher maximum occurring between August-November and a minimum in May. NTBay (thick solid line) has two maxima in April and September. Minimum occurs between December and February in addition to a local minimum in June. CRBay (thick dotted curve) has a weak seasonal oscillation with a maximum around November-December and a minimum in June.
The process budgets (Table 4) show that phytoplankton production in all bays far exceeds the transport, and that all bays are net exporters of phytoplankton to the open coast. VPBay is the largest exporter of phytoplankton (please check with the Figure 7F, maybe you confused the VPBay curve with NPBay curve, because it saw the NPBay is the largest in this Fig 7F), while CRBay is the smallest (Figure 7F, Table 4).

Sensitivity to changes in the model boundaries and parameters
Table 4 shows the process budgets for DIN, DIP and phytoplankton in the basic run, and the percentage changes induced by manipulations of boundary conditions as described in Table 3. Elevated levels of DIN and DIP at the ocean boundary have impact on all the bays, although most pronounced in VPBay and NTBay. Elevated nutrient levels in rivers primarily affect NPBay and NTBay, but the transport of DIN into CRBay increases relatively much too. Keeping the ocean boundary levels of DIN and DIP seasonally constant has little effect on the process budgets (Please check NTBay, it is still large), except for a distinct increase in DIN export from CRBay. Changing the meteorological forcing has moderate effects on the system except for CRBay, which experiences a distinct increase in DIN and DIP import. 
The simulation of aquaculture effluents in VPBay, NPBay and CRBay primarily has effect on these bays. The effect is most pronounced in CRBay which has a percentage response about thirty times higher than VPBay and NPBay (Table 4). Introduction of aquaculture also improves the model predictions of DIN concentrations and phytoplankton biomass in CRBay relative to observed levels (Figure 8), but in turn leads to an overshooting of the DIP concentrations. 
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 Figure 8. Model results from the simulation with aquaculture effluents added. The figure shows modelled (dots) and observed (crosses) data on phytoplankton (upper row), dissolved inorganic nitrogen (second row) and dissolved inorganic phosphorous (lower row) from stations in VPBay (left column), NTBay (middle column) and CRBay (right column). Dots represent the modelled mean monthly average of stations in each bay, while the dashed lines represent the range of variability (one standard deviation) above and below the mean value. The crosses represent observed mean monthly values between bay stations and years (1996, 2003, 2004, 2005) for each bay. The bars represent ranges of variability (one standard deviation) above and below mean observed value.

Discussion

A core issue of model studies like this is whether the model gives a reasonable representation of the real ecosystem or not, and if the assumptions can be justified. Validation of ecosystem models like ECOHAM is not trivial because of the difficulties in obtaining sufficient and appropriate forcing data and independent data to validate the results. The direct comparison between modelled data and available field observations from the Khanh Hoa coast (Figure 5) shows that model results are partly in range of the observations. The model gives a fair representation of the phytoplankton and nutrient levels at the Khanh Hoa coast, but it seems only partly successfully in capturing the observed seasonal patterns. At this stage it is difficult to point at specific causes for this mismatch. ECOHAM depends heavily on the external forcing regime, which in this setting is based on “climatological” data with low precision and a poor resolution in time and space. The mismatch between the “climatological” forcing regime and the validation data, which represents single field observations from specific years, is therefore one plausible cause of the deviations between model and field data. Better compatibility between forcing and validation data may thus improve the quality of the validation procedure. The forcing regime of the basic simulation also excludes presumable important factors like aquaculture effluents, which is believed to influence the biological dynamics in the bays. The effects of aquaculture effluents were, however, tested in one of the scenarios (‘AC-run’ in Table 3). This gave a strong effect on the CRBay budgets (Table 4) and improved the fit between modelled and observed levels of DIN and phytoplankton (Figure 8). However, the fit between modelled and observed DIP got worsened. It should also be noticed that this AC simulation started on the same initial conditions that the basic-run, and thus is not in a steady-state with the initial conditions (i.e. it does not return to the initial conditions at the end of the year).
ECOHAM also depends on the parameters (Table 2) which control the rates and dynamics between the different processes in the model. The parameters values are for the most based on values from previous applications of ECOHAM at other geographic sites (Moll, 1998; Wei et al., 2004). A thorough calibration of the parameters could possibly improve the model performance for the Khanh Hoa province. 

Deviations between model predictions and observations may also just indicate that the model is not a good representation of the ecosystem. It seems reasonable to assume that the pelagic production model of ECOHAM should also be valid in a tropical system. However, the exclusion of benthic and land based components of primary production may be doubtful in a small scale shallow shelf systems like the Khanh Hoa coast, where benthic organisms like sea grasses and corals (Sorokin et al., 1982) and mangroves (Vyshkvartsev et al., 1982) may influence the nutrient and phytoplankton dynamics in bays and near shore waters.
Predicted dynamics of bays and coastal water
The model predicts a system with spatial and temporal variability. Each bay differs with respect to seasonal variability in nutrients, phytoplankton biomass and primary production, due to their geographical shape, position and influence from different forcing functions. 
VPBay is characterised by close interactions with the open coastal water and the bay dynamics are coupled to exchange with water at the opening of the bay. The simulations (Table 3) reveal that the processes in VPBay and NTBay are most responsive to changes in the ocean boundaries. This seems reasonable taking into considerations the wide opening and shape of both these bays. VPBay is the second most productive bay per unit volume, with a mean annual gross primary production about 200 mg C m-2 d-1 (Figure 6D). As an annual average this prediction is in accordance with previously reported levels inside VPBay (20-610 mg C m-2 d-1) measured between March and June (Sorokin et al., 1982). 
NPBay is the most productive bay per unit volume with an annual average above 200 mg C m-2 d-1). This is in range with values (30-250) reported by (Sorokin, 1991; Sorokin et al., 1982; Vyshkvartsev et al., 1982). The dynamics of NPBay is more linked to the river inputs than to the ocean dynamics (Figure 7, Table 4), which seems reasonable when considering the small bay basin and the narrow connection to the open coast (Pohlmann, 2006; Vyshkvartsev et al., 1982) also characterised NPBay as a system with strong dependence on terrestrial inflow. 
The open connection to the coastal water combined with the freshwater inflow from Cai river makes NTBay a “flushing zone”, which feeds DIN, DIP and phytoplankton to the open coastal waters. Because of the low DIP concentrations in river water NTBay is sensitive to elevated levels of DIP at the ocean boundary (Table 4). Annual averaged primary production is about 90 mg C m-2 d-1, which is in range with previous observations (6-210) by (Sorokin, 1991; Sorokin et al., 1982). The seasonal dynamics predicted for NTBay, with elevated nutrients and phytoplankton levels in the wet season, was also reported by (Nguyen, 2003).

CRBay dynamics is characterised by the narrow connection to the open coastal water, which results in a very low transport compared with the other bays. Transport constitutes less than 0.5 percent of total annual production. Thus, the production in CRBay is primarily based on regenerated nutrients. CRBay is not very sensitive to changes in the ocean and river boundary conditions, but the transports show a relatively large response due to the low basic level. The exception is the introduction of aquaculture which has pronounced effects in this bay compared to VPBay and NPBay (Table 4). The strong effect is due to the higher aquaculture load induced into CRBay in combination with the limited transport between CRBay and the open coast, and therefore a low assimilative capacity for aquaculture effluents compared to the other bays. 
The most dominating forcing function, when considering the whole Khanh Hoa coast (“ECOHAM area” in Figure 1A are the coastal water currents in combination with the nutrient concentrations at the ocean boundaries. Rivers have mostly local impacts on the receiving bays. The model predictions demonstrate a clear connection between seasonal nutrients and phytoplankton concentrations along the coast and the monsoon driven upwelling between July and October (Figure 7). Vertical profiles of DIN and DIP (not shown here) indicates an upwelling of deeper nutrients to the surface which stimulates the primary production (Figure 6D) along the coast where the shelf is between 50-100 m deep (Figure 1B). The opposite situation occurs in the wet season during November and February, when a south eastern current regime bring in nutrient poor surface water to the coast and creates a downwelling situation with low production. The model predictions supports (Sorokin, 1991; Sorokin et al., 1982) who explained the high production along the Khanh Hoa coast as a combination of land runoff during rainy season in autumn-early winter and local upwelling at the coast. Later studies have also stressed the importance of the monsoon driven circulation for upwelling and primary production along the coast of Vietnam and in the South China Sea (Liu et al., 2002; Ning et al., 2004; Tang et al., 2006; Tang et al., 2004). 
(Liu et al., 2002) reported a DIP limited production in the offshore waters. This is not in accordance with the boundary conditions applied in this model (Conkright, 2002; Levitus, 1982) where DIN:DIP ration is below the classic Redfield ratio (16:1). In the areas impacted by rivers, however, there seem to be a DIP limitation due to the high DIN:DIP ratio in the river water.
The phytoplankton production reported in the literature (Liu et al., 2002; Nguyen, 2003; Ning et al., 2004; Sorokin, 1991; Sorokin et al., 1982; Tang et al., 2006; Tang et al., 2004; Vyshkvartsev et al., 1982) in addition to unpublished data from the Khanh Hoa province seem to vary a lot, but generally seem to be higher than the levels predicted here. However, since the levels of the standing biomass is not too different bwteen model and observations this may indicate the potential growth of phytoplankton is actually higher than in the model, but that grazing is also relatively high.
Forcing and boundary conditions

External forcing functions like rivers, ocean boundaries and water currents have a steering effect on the model results. The sensitivity tests to changes in the model boundaries (Table 3 and 4) shows that the ocean boundaries are the most dominating forcing on the model. The ocean boundaries are also relative close to the core model area, which also enforces the boundary effects on model predictions. More distant ocean boundaries would have dampened this effect, but would also have increased calculation efforts considerable with the spatial resolution applied here.
We choose to use a seasonally constant phytoplankton biomass at the ocean boundaries so that the phytoplankton dynamics in the model would be a result of shifting levels of nutrients and internal dynamics in the model. The model was tested on a seasonally changing phytoplankton biomass at the boundaries (not shown here), but this did not cause large changes in the model predictions.
The simulation with a seasonally constant DIN and DIP at the boundaries (but vertical profiles withheld) did not alter the predictions very much and shows that the simulated shifts in production is driven by currents and vertical nutrient profiles more than temporal fluctuations at the model ocean boundary.
The ocean current regime, which is predicted by HAMSOM (Barthel et al., in prep), is also simplified compared to the original model data since it is represented as daily mean currents in ECOHAM. The bay flushing times reported by (Barthel et al., in prep) for VPBay, NPBay and CRBay was in the range 3-11 days, and CRBay actually had shorted flushing times than VPBay. On the contrary the results presented here indicate that CRBay has a very slow flushing and long retention time of substances. The differences between HAMSOM (Barthel et al., in prep) and ECOHAM may partly be attributed to the different current regimes, since the daily averaged currents in ECOHAM may underestimates flushing caused by tidal currents. Another reason is that the flushing calculations presented in (Barthel et al., in prep) assumes a complete mixing inside the bay boundaries used to calculate flushing times, which gives an unrealistic high flushing. The ECOHAM predictions of transports accounts for this differences in flushing rates within the bays and are therefore more realistic than HAMSOM on this aspect.

Conclusions
The coastal ecosystem model ECOHAM has been implemented and applied to simulate the dynamics of the coastal-shelf system of the Khanh Hoa province. Validation of the model shows that the model results are in range with observed data although some deviations exists, both with respect to absolute values and the seasonal dynamics of the system. Better forcing functions, compatibility between model forcing regime and validation data, and calibration of model parameters may improve this.

The simulated Khanh Hoa coast is a system with distinct spatial and temporal variations. Overall the monsoon driven current system, which generates upwelling in the wet season and downwelling in the dry season, is the most dominating factor on primary production and nutrients. Freshwater run-off has a strong local influence on the bay dynamics of NPBay and NTBay. VPBay is tightly coupled to the dynamics at the open coast. CRBay has a very limited communication with the open coast and the dynamics is mostly determined by internal processes. All the bays have a local primary production which is far higher than the import/export rates from/to the open coast.
Future modelling efforts should attempt to improve the forcing functions of the model, in particular attempt to quantify the seasonal loads of nutrients and organic matter from the land side. More continuous data series in time would also be useful in order to understand the seasonal dynamics of the system, and to provide better means of validating the model.
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