The Physics and Biology of a Shelf Sea Water Column.

Introduction to the IMPRESS model.
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1. Background.

1.1 Seasonal heating/cooling.

Temperate shelf seas experience a seasonal cycle of surface heating and cooling. The sea surface is always emitting heat (in the form of infrared radiation) back into the atmosphere. The amount and dominant wavelength of this heat output is dependent on the sea surface temperature, which forms the basis for satellite remote sensing of SST. 

In winter, the weak solar irradiance (heat into the sea surface) is less than the heat output from the sea surface, and so the net heat flux is back into the atmosphere. Thus the sea surface cools, becomes denser than the water below it, and convectively overturns. The water column remains vertically mixed.

At about the time of the spring equinox, the solar irradiance increases enough to dominate the heat balance (i.e. it becomes greater than the surface heat output), and the water column begins to warm up. This net heat input is distributed exponentially through the water column. In the absence of any turbulence (mixing), this distribution causes the upper water to warm up (and so less dense), thus generating stratification and a thermocline. Surface temperature then rises rapidly through summer, while bottom temperature creeps up very slowly.

As surface temperature rises, the infrared heat output from the sea surface increases very rapidly (total heat output is dependent on SST4). Sometime in mid summer the infrared output exceeds the solar irradiation, so that the upper layer begins to cool. This drives convective mixing, which gradually deepens the thermocline until, in autumn, the water column returns to a completely mixed state.

1.2 Tidal mixing.

Tidal currents are slowed by friction against the seabed. This generates a vertical gradient in current speed (i.e. current shear), and anywhere that has such a gradient is a site of turbulence generation. Turbulence can act against any stratification, and either weaken it or completely remove it by redistributing the density of the water column. The tidally-averaged power of tidal energy dissipation is given by:
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with kb the bottom drag coefficient (=0.003), ( (kg m-3) the density of seawater, and u0 (m s-1) the amplitude of the tidal current. Most of this dissipation simply cascades down to smaller and smaller eddies, and is ultimately lost as heat. A small fraction of it (typically 0.3%) is available to mix the stratification. Note that the mixing power is proportional to the cube of the tidal current. So, a small change in current amplitude leads to a large change in mixing.

1.3 Partitioning of shelf seas.

If tidal mixing is weak, or the water column is deep, then the mixing will not be enough to prevent stratification by solar heating. Such areas of shelf seas stratify in summer, with a warm surface layer separated from a cold bottom layer by a thermocline. If, however, the tides are very strong, or the water is shallow, then the power available from the tides to mix the water column will always be capable of preventing stratification. Such areas of shelf seas remain vertically mixed all year, with a cool temperature. Thus, shelf seas are partitioned into seasonally-stratified and permanently-mixed regions, as a function of the speed of the tidal currents and the depth of the water.

1.4 The thermocline.

In areas that stratify, the thermocline is a critical feature in the physics, chemistry, biology, and sedimentology of the water column. Thermoclines act as effective barriers to vertical mixing, separating the water column into two distinct mixed layers (the bottom layer mixed by the tides, the surface layer mixed by the wind). However, while thermoclines are effective barriers to mixing, they are not complete barriers. Vertical current shear across the thermocline can generate instabilities and mixing. Also, internal waves can cause mixing across the thermocline.

One straightforward way of parameterising stability is by using the Gradient Richardson Number (Ri):
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with g=9.8 m s-2, ( (kg m-3) the water density, ((/(z the vertical density gradient across the thermocline, and (U/(z the vertical velocity gradient across the thermocline. The negative sign is because we define the vertical axis as positive upwards, so that a stable density gradient is calculated as negative and the resulting Ri is positive. Ri is a ratio between the strength of the stratification and the generation of turbulence. A neutrally stable water column has Ri=0. As stratification increases, Ri increases above 0 and mixing is gradually weakened (physically, more energy is required from the turbulence to do work against the density gradient). Above a critical Ri all mixing is prevented. There are various estimates of what this critical Ri is. It is often taken to be 0.25, though more recent studies are suggesting it should be 0.8 – 1.

1.5 The response of the primary producers.

Phytoplankton require both sufficient light and sufficient nutrients to grow. If either of those resources is missing, then the phytoplankton respire (i.e. they can only survive by utilising their internal stores of energy, and will eventually die).

In temperate shelf seas in winter there is normally plenty of dissolved inorganic nutrient available, but the vertically-mixed state of the water means that the phytoplankton are being continuously transported between the weakly-lit surface water and the dark deeper water. They cannot achieve net growth because the average light that they receive while being mixed through the water column is not sufficient for photosynthesis.

If the tides are weak, and stratification starts in spring, then the developing thermocline acts as a barrier preventing the transfer of water properties (heat, nutrients, phytoplankton) between the upper and lower layers. The phytoplankton in the surface layer suddenly find themselves in trapped an environment where there are sufficient nutrients and light, leading to rapid growth and the spring bloom in the surface layer. In the bottom layer, life is not so good. The phytoplankton are trapped in a layer with even less light than they were experiencing before stratification, and so they respire. Meanwhile, in the surface layer, the stability of the thermocline that held the phytoplankton nearer to the light starts to have a negative impact on growth as it prevents the replenishment of the nutrients from the bottom layer. The bloom decays as the phytoplankton become nutrient-limited, leaving a low chlorophyll, low nutrient surface layer above a low chlorophyll, high nutrient bottom layer. The only place in the water column where phytoplankton are able to grow is inside the thermocline, where the light is just sufficient and there is a weak flux of nutrients from the bottom layer driven by internal wave mixing.

The spring bloom does not occur in a water column that stays vertically mixed all year. You will be investigating this with the model.

2. Getting familiar with the model.

For details of the model formulation, read Sharples, 1999. The model is 1-dimensional (vertical), with the water column split into a series of evenly-spaced grid cells. The basic forcing parameters are tidal currents, air-sea heat flux, and wind stress. The air-sea heat flux acts to stratify the water column during spring/summer, while the tidal currents and surface wind stress act to mix the water. The ability of the turbulence to mix the thermal (density) gradients is controlled by a turbulence scheme that effectively provides a realistic link between the gradient Richardson number and the turbulent viscosity and diffusivity. This turbulence mixes the physics (momentum, heat), and also the biology (phytoplankton, nutrients). The model phytoplankton require sufficient light and internal pool of nutrients to grow. The internal pool of nutrients is taken up from the dissolved inorganic nitrogen in the surrounding water. If either light or nutrients are insufficient, the phytoplankton respire.

2.1 Getting the model ready.

The main model (IMPRESS_MODEL_V3.EXE) comes with several other files.

Met_*.dat : meteorological data files required for a model run. The * tells you which year the data came from (1974 – 2002), and the file met_mean.dat is averaged over all years. The data were collected by meteorological stations on the east coast of Scotland, as the planned research use for the model was associated with water column structure in the northern North Sea. The columns in the files are:

Column
Parameter

1

2

3

4

5

6

7

8

9

10
Time (days from January 1st)

Daily mean wind speed (m s-1)

Wind speed quality descriptor*

Wind speed standard deviation (m s-1)

Daily mean wind direction (degrees, direction to)

Wind direction standard deviation (degrees)

Daily mean solar irradiance (W m-2)

Solar irradiance quality descriptor*

Daily mean dewpoint temperature ((C)

Dewpoint temperature quality descriptor*

* The quality descriptor = 1.0 if data was available, =0.0 if the data was not available and had to be substituted by the corresponding day’s data from the met_mean.dat file.

*.txt : these ASCII text files contain initialisation parameters for a model run. The important one for this work is “DEFAULT.TXT”. You can save your own choices of initialisation parameters into similar files. The other initialisation files supplied are specific to locations in the northern North Sea (the main differences between them are the total depth of the water and the tidal characteristics).

Model_help.hlp : A file containing help information that is called by the help routines in the model. You can only access this file through the model.

To run the model all of these files must be loaded into one directory (e.g. c:\temp) on the computer’s hard drive. If you have loaded them from a cd, make sure that you change the attributes of the files so that they are NOT read-only.

To run the model, double click on impress_model_v3.exe from within Windows Explorer. The main model menu and graphics window then open. If you want, maximise the window so that the model output will be easier to see.

2.2 Running the model from a saved initialisation file.

Using the mouse, select Initialisation file and load, select the file default.txt and click open. This initialisation file contains information that will produce a model run for a water column with a depth of 70 metres, and weak tidal currents. Click the mouse on Run to see what happens.

Note: if you are using a pc that has a cpu speed less than about 500 MHz, the model is likely to run very slowly. The model speed can be increased by reducing the vertical resolution (i.e. reduce the number of grid cells). If you wish to do this, try a resolution of 5 metres instead of the default 4 metres.

The screen output will look like this:
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Upper left: time series plot of surface (red) and bottom (blue) temperature, and surface chlorophyll (green).

Lower left: time series contour plot of the depth-time distribution of chlorophyll.

Upper right: vertical profiles of temperature (red), dissolved inorganic nitrogen (purple), and chlorophyll concentration (green).

Lower right: vertical profiles of the noon irradiance (light blue), the daily averaged current speed (dark blue) and log10 (eddy diffusivity).

As well as the graphical output to the screen, the model also has the ability to write data files of all the physical and biological variables. Select Help and Instructions, and choose Data Output for further information. The output files are standard ASCII format, and so can be read by and text editor (e.g. notepad), and are suitable for use in graphics packages such as Surfer and Grapher.

Things to notice:

· The model begins at the start of the year, with a cool, vertically mixed water column.

· The water continues to cool as a result of long-wavelength losses from the sea surface to the atmosphere being larger than the weak irradiance received from the winter sun.

· At about the vernal equinox the water begins to warm up as the solar irradiance finally becomes larger than the heat loss. The increase in irradiance is evident in the plot of the light profile.

· Shortly after the equinox the rate at which the water is being heated by the solar irradiance becomes greater than the ability of the tidal mixing to maintain vertical homogeneity. The water begins to stratify (surface temperature increases far more rapidly than the bottom temperature).

· As the stratification starts, so does the spring bloom. The diffusivity profile illustrates how the mixing drops significantly at the thermocline, separating the upper and lower layers.

· As the bloom continues, notice the rapid decrease in nutrients in the surface layer. Nutrients in the bottom water remain high, but they are not mixed into the surface layer because of the low mixing in the thermocline.

· In the contour plot, notice that the bloom was confined to the upper few metres of the water column.

· During the summer, with stratification well-established, the surface layer remains devoid of nutrients and chlorophyll. Growth does carry on in the sub-surface chlorophyll maximum (SCM) in the thermocline. This is caused by a weak flux of nutrients through the thermocline driven by, for instance, internal waves.

· In the middle of summer the surface temperature begins to decrease as a result of the longwave back radiation (this heat loss is proportional to temperature4, and so increases dramatically as the surface temperature increased). At the surface cools, the very top of the water becomes convectively unstable, mixing down through the surface layer. Notice the themocline deepening.

· In autumn the water becomes completely mixed again, and nutrients are replenished throughout.

Answer question 1 on the model assignment sheet.

2.3 Changing model parameters.

You have control over all the physical and biological parameters that the model requires to run. To change any physics parameters, select Physics to get to the physical parameter menu. To change biological parameters, select Biology and Phytoplankton species 1. The details of the different parameters under each of these menus can be found by selecting the Help button. When you change parameters, save the new initialisation data by selecting Initialisation file and Save. Do not overwrite the default.txt file! It is important that you keep a clear, written record of what you do, and be methodical. Spend some time planning what you want to do. Remember, each time you change a parameter you are conducting an experiment with the model. 

The model run with the default.txt initialisation parameters resulted in a water column that stratified during summer. We can prevent stratification by either increasing the tidal currents, or by decreasing the depth. Select Physics and the tidal constituent M2. The default.txt tidal current amplitude is 0.25 m s-1. Replace this with 1.0 m s-1 and run the model again. Notice now that the water column remains completely mixed all year.

Answer question 2 on the model assignment sheet.

By changing the M2 current amplitude, find the current amplitude that results in the model showing a water column that is at the transition point between stratifying and remaining completely mixed.

Answer question 3 on the model assignment sheet.

We will now consider the interaction between the water depth and the growth of the phytoplankton in vertically mixed conditions.

Load the default.txt initialisation file, and then in the physics parameter menu change the M2 tidal current amplitude to 1.0 m s-1 (i.e. this will keep the water well-mixed all year). Run the model and take note of the maximum surface chlorophyll concentration and the annual gross production rate. Now change the depth of the model (in the physics parameter menu) to 60 metres. Note that you should try to keep the vertical resolution the same as the previous run (about 4 metres), so as well as changing the depth, also change the number of grid cells (i.e. 60/4 = 15 grid cells for a resolution of 4 metres). Again note the maximum chlorophyll concentration and the annual gross production rate. Repeat this process for depths of 80, 90, 100, and 110 metres.

Answer question 4 on the model assignment sheet.

In the physics and biology parameter menus you can change several other parameters. With such a complex model it is strongly advisable to change only one parameter at a time, and make sure you fully understand how it changes the model results. Spend some time now investigating how the following parameters affect the model results in stratifying, transitional, and permanently mixed water columns. To make easy comparisons you may wish to save the output screen (select Save screen) for different runs.

(1) The vertical attenuation coefficient for PAR (investigate values between 0.10 and 0.15 m-1).

(2) The meteorological data (compare different years, and compare the real data with the smoothed data).

(3) The maximum nearbed dissolved inorganic nitrogen concentration (investigate values between 3 and 10 mmol m-3).

(4) The S2 tidal current amplitude (typically the S2 amplitude is about 30% of the M2 amplitude in NW European shelf seas).

(5) The phytoplankton respiration rate (investigate values between 1.0 and 5.0 mg C (mg chl)-1 d-1).

(6) The phytoplankton maximum quantum yield (investigate values between 2 and 10 mg C (mg chl)-1 d-1(W m-2)-1).

Answer question 5 on the model assignment sheet.
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