Estimating Exchange Rates of Water in Embayments using Simple Budget Equations.
Exchange rates of water in an embayment:


Simple budgets may be used to estimate the exchange of water in embayments that capitalize on the concept of steady state and conservation principles.  This is especially true for bays that experience a significant exchange of freshwater.  This exchange of freshwater may reduce the average salt concentration of near surface water in the bay compared to seawater if it involves addition of freshwater from rivers, R, and/or excess precipitation over evaporation, (P-E) > 0.  Alternatively, it may increase the average salt concentration of near surface water in the bay compared to seawater if there is relatively little river input and excess evaporation over precipitation, (P-E) < 0.  Since freshwater input and output can influence the salt concentration in the bay, and salt is a conservative material, it is possible to combine two steady state budgets for a bay, one for salt and one for water, to solve for the magnitude of the water flows that enter and exit the bay mouth.

The water budget (the total volume of water is in a steady state):

If we assume that the total volume of water in the bay is in a steady state, then the total volume of water remains constant over time and we can write:

d(volume)/dt = 0

We can then use the following water budget equation to equate total water moving into the bay with total water moving out of the bay per unit time.

Net fresh water in (vol./time) + Seawater in (vol./time) = Mixed water out (vol./time)

The in and out flows are not tidal flows, but net flows that are averaged over multiples of the tide cycle.  If the terms in this equation are shortened to F for fresh water input rate into the bay, Ti for the transport of sea water into the bay, and To for the transport of the mixture of sea water and river water that leaves the bay then we can write:
F + Ti = To

In most bays there will be a net addition of fresh water to the bay and the seaward moving mixed water, being less salty and less dense, moves seaward in the upper portion of the water column while the inward moving seawater does so at depth.  In some bays there will be a net removal of fresh water from the bay and the seaward moving mixed water, being more salty and more dense, moves seaward in the lower portion of the water column while the inward moving seawater does so at the surface.
The salt budget (salt is a conservative constituent of sea water):

If we assume that salt is a conservative constituent of the bay water then the total salt content of the bay will remain constant over time and we can write:

d(salt)/dt = 0


The salt budget requires that all salt brought into the bay equal all salt removed.  The only sources of salt are assumed to be the inward flowing sea water and the outflowing mixed water.  Let the salinity of the sea water transported into the bay, Ti water, be Si, and the salinity of the mixture of fresh water and sea water leaving the bay, To water, be So.  Then we can express the salt budget simply as:
SiTi = SoTo
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Combining the water and salt budgets to solve for inflow and outflow:

We would like to use the water and salt budget equations to solve for the volume transport of sea water into the bay, Ti, and the volume transport of mixed fresh water and sea water out of the bay, To.  In order to do this, we need to measure the volume transport of fresh water into the bay, F, and the salinities of the seawater flowing into the bay, Si, and the mixed fresh water and sea water out of the bay, So.  The transport of fresh water into the bay, F, is generally available from stream discharge and precipitation/evaporation data for the time period being used.  This can be highly variable seasonally and/or annually.  The salinity values have to be averages of measured values in the upper and lower layers of water at the entrance of the bay.  These salinities may be available from historical data sources.  Solving the two budget equations simultaneously yields:
Problem 1:
Combine the water and salt budget equations to obtain an equation for either To or Ti.
Problem 2:
Substitute the value for the volume transport obtained in Step 1 into the water budget equation to obtain an equation for the remaining unknown volume transport term. 
Puget Sound, Washington
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Problem 3:
Calculate the volume inflow and outflow of water in Puget Sound, Washington.  Express your answer in (m3/s).
Known variables for Puget Sound, Washington:

Studies done in Puget Sound, Washington, indicate that the river discharge rate to the sound is approximately 1200 m3/s and the net annual value of (precipitation – evaporation) is 0.5 m/yr.  The surface area of the sound is about 1000 km2.

The average salinity of the inward flowing sea water at depth is:



Si = 32

The average salinity of the outward mixed fresh and sea water near the surface is:



So = 30

Compare your calculated value of To with the observed mean annual value measured with current meters of 20,000 to 22,000 m3/s.  How does your value compare?  Is your answer relatively accurate?
Mediterranean Sea
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Problem 4:
Calculate the volume inflow and outflow of water in the Mediterranean Sea.  Express your answer in (m3/s).
Known variables for the Mediterranean Sea:

Studies done in the Mediterranean Sea indicate that the river discharge rate to the Sea is approximately 10,000 m3/s and the net annual value of (precipitation - evaporation) is -1 m/yr.  The surface area of the sea is about 2.4 x 106 km2.

The average salinity of the inward flowing sea water at the surface is:



Si = 36.3
and the average salinity of the outward mixed fresh and sea water at depth is:



So = 37.8

Compare your calculated value of To with the observed mean annual value measured with current meters of 1.0 – 1.5 x 106 m3/s.  How does your value compare?  Is your answer relatively accurate?

General Question:
How valid are our assumptions that 1) the volume of water in embayments is generally in a steady state, and 2) that the salt content of the water is conservative?
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