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EXECUTIVE SUMMARY 

The Atlantic Oceanographic and Meteorological Labor- 

atories of the 

traLio have c~ 

year study for 

the capability 

Mexico for use 

:he objectives 

National Oceanic and Atmospheric Adminis-

Dm~:~leted the first year of a proposed two- 

the Bureau of Land Management "to develop 

to predict the currents in the Gulf of 

in pollutant trajectory computation" . 

of the study were : 

'(1) to modify an existing numerical model for 
application in the Gulf of Mexico ; 

(2) to evaluate the ability of the model to simu-
late the Gulf circulation using various types 
and distributions of data as input information ; 
and 

(3) to describe the Gulf of Mexico circulation using 
the results of the model . 

The formulation of the numerical model and the 

modifications made are given in the portion of this 

report entitled "A Guide to a General Circulation Model 

of the Gulf of Mexico" . The data used by the model as 

interior and boundary conditions were obtained from the 

National Oceanographic Data Center, and from cruises con-

ducted as part bf~the present study . The manipulations 

used to put the data into a form suitable for input to 

the r..odel are described in the section called "Mode 

}ui ~~- ofz the C. i_ cu?_ation in she Gulf of Mexico" . 



The ability of the numerical model to simulate the 

observed circulation is demonstrated through a series of 

comparisons of its solutions with solutions from a 

geostrophic model . These comparisons are made over a 

wide range of input and boundary conditions . Therefore, 

the use of the numerical model results to describe the 

currents of the region is justified . 

The circulation of the Gulf of Mexico at monthly 

increments is simulated by both models . The solutions 

are consistent with the results of previous investigations 

in regard . to such large-scale features as the Loop 

Current, and a gyre in the western Gulf . In addition, 

the teporal variability of circulation features on the 

west Florida, biAFLA, and_Texas-Louisiana Shelfs are 

described in detail for the first time . 

The results of the monthly increment experiments 

suggest that significant interactions may occur between 

the sub-regions of the Gulf . The study of these interactions 

through the use of the model in a prognostic mode is 

planned for the second year of the program. The effect of 

the wind field, and-other motion-inducing factors on the 

circulation will also be evaluated . In addition, the abil- 

ity of the numerical model to perform in a prognostic mode 

with input of real-time data is to be tested . The refine-

ment of the dates handling techniques is a necessary step 

in order to meet these objectives, and is planned for 

next dear's effort . 
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1 . Introduction 

In this guide a numerical model is described which 

si :~~ulates the three dimensional circulation of_ water in 

the Gulf of Mexico . It has been adapted from the general 

oceanic circulation model developed by Bryan (1969) and 

his co-workers at the Geophysical Fluid Dynamics Laboratory 

of NOAA . 

The similarity between the Gulf of Mexico and the 

major oceans, and therefore the reasons for studying the 

Gulf with an ocean model, is not immediately obvious. For` 

instance, the Gulf is relatively small compared to the ocean 

basins (it has a surface area of only about 2% of that of 
L 

the North Atlantic Ocean) and unlike the major basins, the 

Gulf . has two narrow ports through which considerable flute 

of mass occurs . However, the Gulf is very similar to the 

oceans in several important respects . The Gulf is deep, 

and it is vertically stratified in density . There is an 

incense current in the east, which later joins the Gulf 

Stream and, in the western basin, there appears to be a 

closed wind-driven circulation with an intensification of 

the flow toward the west (Sturges and Blaha,l97G) . 

These similarities between the Gulf of Mexico and * 

the oceans suggest that the Golf, despite its size and 

other differences, can be properly represented by an ocean 

model . In fact, as we shall see, the size oz the Gulf 

will lie a particular advantage in the model . 
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We will begin with a brief overview of the develop-

ment of circulation models . This discussion will introduce 

some of the features of ocean dynamics which a successful 

model mist include and point out a potential source of 

error in the parameterization of friction . 

a. Circulation Theory 

Traditionally, circulation theory has developed along 

two separate lines, one describing the wind-driven circulation 

and the other the thermohaline circulation. The separation 

is artificial but it was necessary because of the difficulty . 

in solving the combined problem. Ws will first consider 

the theory aimed at understanding the large wind-driven 

gyres which dominate the surface circulation of the oceans . 

., 

Using a simple frictionless, wind-driven model, Sverdrup 

(1947) demonstrated the--influence of the combined effect 

of the rotation of the earth and the curvature of the 

surface of the earth in the dynamics of the interior of 

the ocean basins (the so-called R-effect) . This important 

result established the relationship between the rneridional 

transport of water and the local wind stress . The follow- 

ing year, Stommel (1948) showed, using a wind-driven, frictional 

model, that the intensification of the currents along the 

western boundary of the oceans was also the . direct consequence 

of the (3-effect . Stommel's results represented the first 

satisfactory explanation of the Gulf Stream phenomenon . 

M,unk (1950) produced the . first complete theory of a 

frictional, wind- .~riven circular ion . Using actu~:l wind 
x~~ 



observations biunk was able to account far many of the 

i features of the real ocean . However, the theory could not 

accurately predict the observed strength and width of the 

real. western boundary currents . The theoretical currents 

were too weak and too wide . 

Part of the difficulty seems to be that the Munk 

model is linear, i .e . it neglects the nonlinear inertial 

effects of the self-advection of the velocity field . 

Using a model with a purely inertial western boundary region 

PQorgan (1956) was able to predict a more accurate width for 

the Gulf Stream than that given by riunk (1950) . Morgan 

and others (Charney 1955 ; Carrier and Robinson 1962) 

clearly demonstrated the importance of inertial effects 

in the intense western boundary currents . However, the 

, -riathc _L :-na~ical d-fficuities involved in finding analytical 

solutions to non-linear problems prevented further study 

of models with a realistic mixture of inertial and frictional 

effects . 

These difficulties were overcome as a result of the 

growth in the use of 

of numerical models . 

tractable, could now 
.p 

(1966) showed that a 

a fully non-linear m( 

high-speed computers and the development 

Nonlinear problems, formerly in- 

be solved . In one such study Veror_is 

decrease in the effect of friction in 

Ddel resulted in an increase in the 

transport of the western boundary current . However, the 

model cannot predict an upper bound for the transport ; 
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the transport continues to increase indefinitely as the 

friction is decreased further. In a similar study, Bryan 

(1963) compared his numerical non-linear solutions to the 

corresponding linear solutions of Punk (1950) . The non- 

linear solutions consistently showed a greater transport in 

the western beundarv currents . 

In addition, both studies demonstrated that even in a 

highly inertial model the magnitude of the currents is 

ultimately determined by the strength of the frictional 

effects . Therefore, it is important to parameterize the 

model friction correctly . Unfortunately, no one has been 

able to formulate an accurate parar:eterization of friction 

and thus the treat~:,ent of friction remains a potential 

source of error in circulation models . 

The other main line-of circulation theory attempts to 

explain the thermahaline circulation which is driven by the 

differential heating, precipitation, and evaporation at the 

surface of the ocean . One of the most interesting of these 

theories is based on a simple model devised by Stommel 

(1958) ; (see also Stommel, 1965) . By postulating a local- 

ized sinking of water at high latitudes and a broad, slow, 

upward movement of water over the central ocean basin, 

Storn-nel was able to deduce `he deep circulation pattern : a 

broad slow poleward drift in the interior of the ocean with 

return flow confined to a sub-surface western boundary 

current . This prediction of a counterilow under the Gulf 

Stream has since been confirmed . by observations Warren) 

1971) . 
-4- 

It 



Tic mather:-iatical theory of the thermohaline circulation 

is not as complete as the theory of the wind-driven circula- 

tion . However, partial solutions for the interior of the 

oceans propose a balance between the upward advection of 

heat and the downward diffusion of heat due to turbulent 

mixing . The solutions give good quantitative predictions of 

the depth and thickness of the thermocline and the mag-

nitudes of the vertical velocity and eddy diffusion 

(Veronis, 1969) . 

A complete analytical theory which accurately describes 

the combined wind-driven and thermohaZine circulations has 

not been found . The possibility of solving the combined 

problem did not occur until the pioneering work of Sarkisyan 

(1965) and Bryan and Cox (1967) with three-dimensional 

numerical oc_an m ode ls Ge.:3iGred to be solved by computer . 

b. The Numerical Ocean Model of Bryan 

We have chosen as a model an adaption of the three 

dimensional ocean model developed by Bryan (1969) . We will 

discuss qualitatively, but in some detail., the physical 

principles and assumptions underlying the Bryan model and 

the modifications tae have made to it . 

The basis of the mod-1 is the set of physical laws 

governing the motion of a fluid on .the rotating spherical 

earth. For the ocean these laws represent the conservation 

of mass, the conservation of momentum (Newton's second law 

of motion), the conservation of internal energy (the 

-5- 



second law of thermodynamics), the conservation of salinity 

and an equation of state which gives the density as a 

function of pressure, temperature and salinity . The math-

ematical expression of these laws is a set of partial 

c:iL"I"erentI'a 1 F_,~:~:=~=_c .̂s -.";ricY?govern the temporal evolution 

of seven independent field variables : three components of 

velocity (eastward, northward, vertical), temperature, 

salinity, pressure, and density . 

In order to construct the numerical equivalent to 

these equations, the model region is first filled with a 

three-dimensional array of grid points. Then a set of 

finite-difference equations are constructed which approximate 

the differential equations at the grid points . The finite- 

difference equations are algebraic and can be solved on -- . 

a computer . 

The resolution of the numerical model is determined 

by the distance between grid points . For example, the 

Gulf of Mexico model with 37,26, and 7 grid points, re-

spectively, in the zonal, meridional, and vertical directions 

has a uniform horizontal resolution of about 50 kilometers 

and a variable vertical resolution of 70 to 930 meters . 

An increase in the number of grid points allows a finer-

resolution but also requires mare computer memory and 

time to perform a calculation . 

The particular s,et of equations which are used do not 

represent the rcn.ost general forte of the physical la,-.-s ; they 
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have been simplified by taking advantage of certair_ charact= 

eYistics of the ocean . The simplifications are necessary 

in order to obtain solutions because of reasons to be discussed 

below . The following are the most important approximations . 

1) The ocean is assumed to be a noussinesq fluid . 

This assumption is based on the fact that the density 

of the ocean differs only slightly from a reference state 

in which entropy and salinity are constant and there is 

no motion . Using this fact, a simple analysis (Phillips, 

1966) shows that, to a good approximation, the ocean is 

incompressible and the variation of density is only important 

when it affects the buoyancy of the water . 

2) The ocean is assumed to be in hydrostatic balance . 

This means that the vertical balance of forces differs only 

slightly from a reference state of no motion . Thus, the 

conservation equation for the vertical component of momentum 

is replaced by the so-called hydrostatic balance between 

the vertical gradient of pressure and the buoyancy force 

per unit volume . Vertical accelerations of the water are 

neglected . Although upwelling and docvnwelling are generally 

not affected by the assumption, rapid unstable, convective 

sinking is precluded . This difficulty is corrected by y 

parameterizing convection so that when dense water overlies 

less dense water it is instantaneously mixed downward 

until neutral static stability is re-established . A 
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discussion of the hydrostatic approximation can be found in 

Fofonoff (1.962) . 

3) The surface of the ocean does not coincide with the 

geoid even if wind waves and tidal fluctuations are ne- 

glected. Variations in the elevation of the surface are an 

important part oz the dynamics of the circulation . However, 

for computational reasons the surface of the model ocean is 

fitted with a rigid lid . Under the rigid lid approximation 

the relative elevation of the surface is replaced by an 

equivalent surface pressure . The approximation filters out 

surface gravity waves and slightly distorts other time- 

dependent motions . The mean circulation is not signifi- 

cantly affected . Clearly, this assumption should not be 

used in studies in which surface gravity waves are important 

these would include tidal studies (Hendershott and Munk, 

1970), storm surge problems (Reid and Bcdiner1968), and 

estuarine studies (Leendertse .1970) . 

4) The equations which are used govern only the large- 

scale motion . Formally these equations ire derived by an 

averaging procedure from the more general equations re- 

presenting all scales of motion (Phillips,1969 ; Monin and 

Yaglom, .19711 If each of the field variables is separated 

into large-scale and small-scale parts, then the averaged 

equations can be expressed entirely in terms of the large- 

scale variables, with the exception of one term in each of 

the momentum, heat, and salinity equations, which represents 

the net effect of all the small scale variability . In a nurr.eric 

_g_ 



model the small-scale variations are those with scales less 

than the distance between grid points . For convenience, all 

of the unresolved small-scale motions are called eddies. 

Because the eddy effects aye not resolved they must be 

parameterized where they appear in the averaged equations . 

By analogy with the theory of turbulence, it might be assumed 

that the net effect of all eddy processes was to enhance the 

diffusion of momentum, heat and salinity . Based on this 

assumption, the model parameterizes the eddy fluxes by the 

negative gradient of the appropriate large-scale variable 

multiplied by a constant, positive eddy coefficient . 

Although it is reasonable to use a positive eddy 

coefficient over most of the ocean, a constant eddy co- 

efficient is probably not justified . Unfortunately, until 

our understanding of early processes is greatly improved, 

the us :. of a more sophisticated parameterization is also 

_ not warranted . The size of the coefficient required for 

a successful computation is determined by the resolution 

of the riodel ;as the resolution becomes coarser the coefficient 

must be made larger . In fact, the coefficient can readily 

become too large and mask important inertial effects . 

Clearly, the finer resolution possible in a small basin, 

such as the Gulf of Mexico, provides a distinct advantage 

in this regard . 

5) The model assumes that, over most of the basin, 

the frictional drag of the flow on the bottom is negligible . 

This is a reasonable assumption .for deep v iater. where the 
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vigorous wind-driven circulation is confined to the surface 

layers . However, in regions where strong currents extend 

to the bottom, the assumption breaks down . Therefore, a 

simple bottom drag has been included, but it is applied 

only in the shallowest parts .of the model . 

If the model were to be used in a region which is 

entirely on the continental shelf, it would be necessary 

to modify it to include bottom drag everywhere . (For 

other approaches to shelf modeling see Peng and Hsueh (1974) 

and Galt (1975)) . 

With the exception of the shallow water bottom drag, 

all of the above approximations are included in the basic 

Bryan model . The only changes specifically needed to adapt 

the Bryan model to the Gulf of Mexico were modifications 
--

to accomo3ate the open boundaries at the Straits of 

Yucatan and Florida . Two distinct treatments of the boundary 

conditions at the Straits have been tried . In one case 

the model requires information about the direction and 

vertical structure of the flow at the open boundaries while 

in the other_ case the model uses~the freer condition that 

the flow does not change direction at the boundaries . 

Additionally, in both treatments, the user must specify_ 

the total transport of water through the boundaries . A 

comparison of the results of separate calculations using 

these different treatments at the boundaries shows only 

slight differences in the interior of the model Gulf . This 
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similarity between the solutions suggests that either 

boundary method is adequate . A more detailed comparison 

is made in a later section. 

Two distinct types of calculations can be done with 

Bryan model and in each case the data requirements of the 

model are different . First, the model can be used as a 

fully predictive model in which the temperature, salinity 

and two horizontal components of velocity are determined 

simultaneously (vertical velocity, density and pressure 

are completely specified by these four) . To make such a 

calculation, the user must first provide are initial value 

of temperature, salinity, and horizontal velocity at all 

grid points of the model . In addition, he must supply 

at every surface grid point the values of the wind stress, 

the flux of heat through the surface and the apparent flux 

of salt through the surface as a result of evaporation and 

precipitation . The calculation then proceeds step by step 

simulating the evolution in time of the model ocean subject 

to the initial conditions and the applied forces . A 

typical experiment may proceed until an equilibrium state 

is achieved . An advantage of the fully-predictive method 

i is that if only the equilibrium solution is, sought, the 

details of the initial conditions on temperature, salinity 

and velocity are unimportant . The disadvantage of the 

method is that a very lengthy calculation is required to 

reach equilibrium . For exampie, in a fully predictive 
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study of the Indian Ocean, using the Bryan model (Cox,)_970), . 

an approximate equilibrium Haas reached only after 192 model 

years of calculation corresponding to 270 hours of computing 

time on a UNIVAC 1108 computer . The long times are required 

for the deep temperature and salinity fields to reach 

equilibrium through vertical diffusion . 

The second type of calculation, the diagnostic method, 

avoids this difficulty . In a diagnostic calculation, the 

user must supply the model with the same type of initial 

data and forcing data as in a predictive calculation . 

However, during the calculation the temperature and salinity 

fields are held fixed, while the velocity field is allowed 

to evolve to a steady state . The time required for a 

diagnostic experiment is considerably less than that for a 

predictive study . For example, in a diagnostic study of the 

North Atlantic Ocean, using the Bryan model, a steady state 

was achieved after only 25 to 30 days of model time (Holland 

and Hirschman, 1972) . The quality of the velocity field 

determined in a diagnostic study depends strongly on the : . ' 

quality of the temperature and salinity data put into the 

calculation . 

The Bryan model has been used in numerous studies of 

the ocean circulation by several investigators . The studies 

have been of two kinds . The first kind attempts to isolate 

the important physical processes in the ocean circulation . 

-12- 



These experiments idealize the basin geometry and the applied 

forces . In ore example, Bryan and Cox (1968) were able to 

reproduce the major features of the wind-driven and thermo-

haline circulations and to confirm some of the earlier 

results of the simpler, non-linear, one-layer models (Bryan, 

1963 ; Veronis, 1966) . Another study examined the effects 

of geometry and topography in an idealized model of the 

Antarctic Circumpolar Current (Gill and Bryan, 1971) . This 

latter study also illustrates how careful adjustment of 

the model parameters allows a closer analogy with the real 

ocean . 

The second kind of experiment attempts to simulate 

the circulation of actual ocean basins . One of the most 

successful of these studies was the Indian ocean model 

of Cox (1970) . Cow was able to model the rapid response 

of the Somali Current to changes in the Monsoon winds . 

Also in the second category are diagnostic expermients . 

Holland and Hirschman (1972) have made a diagnostic calcula-

tion for the North Atlantic Ocean . One of their most 

interesting results was 

transpor 4 CaLSpIA b,,:, the 

with variations of .the 

(1975) has described an 

the entire world ocean . 

Far'tial revie:as of 

the enhancement of the 'Gulf Stream 

interaction of the bottom pressure 

bathymetry . More recently, Cox 

ambitious effort to model diagnostically 

the work done using the Bryan model 

can be .found in Gill (i97].) and .Bryan J1975) . 
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tail of the calculations we have done so far with the 

Gulf model have been diagnostic . However, the model has 

been written to make either type of calculation at the 

option of the user . 

_In the following two sections we present a technical 

discussion of the formulation of the mathematical model 

and the numerical analog of the mathematical model . Most of 

the points discussed in the introduction are treated more 

rigorously in these sections . A section covering the 

programming and operational procedures used in the model is 

included . We conclude with a section illustrating the use 

of the model with sample results from diagnostic calcu-

lations in the Gulf of Mexico . 

., 
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2 . Development of the Model 

a . Eulerian and Lagrangian Descri ptions 

There are taro equivalent ways to describe fluid motion . In 

a Lagrargian description the physical pro;erties of the fluid are 

first associated with individual bits of fluid . The fluid motion is 

then described in terms of the subsequent positions and properties 

of the fluid bits . Alternatively, in an Eu7erian description, the 

physical properties are attributed to fixed points within the space 

occupied by the fluid . The fluid motion is then characterized by 

changes in the properties a~ the fixed points . These changes occur 

as the points are sequentially occupied by different bits of fluid . 

Observationally, current drogues or neutrally bouyant floats 
f 

give Lagrangian information while anchored current meters provide 

Eulerian measurements . 

Following a bit of fluid the rate of change with respect to 

time, t, of any scalar property, q, is defined as dt . The local rate 

of chanqe of q at a point is, also by definition, ~. The instan-

taneous difference between the two at a point is given by 

_ p~ 
at pt at ~+t 

2 .1 

where u is the velocity vector and v is the gradient operator . The 

last term is the rate of increase o. q at a point due to advection . 

The Eulerian derivative, pt, appears in the Eulerian equations of 

motion and represents the essential non-linearity of the equations . 
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Solutions to general circulation problems have only been 

obtained from tie Eulerian description, and thus the model uses this 

specification . However, for some purposes it may be desirable to 

infer the Lagrangian behavior from ,the Eulerian solution . When 

such a translation is attempted it should be done cautiously . 

b . Simplifications to the Basic Equations 

The derivation of the basic hydrodynamical equations is 

discussed in Lamb (1932),and in the text by Neumann and Pierson 

(1966) and will not be presented here . 

The development of the model from the basic equations will 

be presented using a simple rectangular coordinate system . The 

final model equations which will be given later are written in the 

more natural spherical coordinates . The choice of a coordinate 

system will not essentially alter the development . 

The rectangular coordinates (x, y, z), are attached to tie 

rotating earth and oriented so that x points eastward, y northward, and 

z vertically upward . The corresponding velocity components are 

(u, v, w) . Occasionally, tensor notation will be used . Equations 

written in this form will use xi _ (xl, x2, x3) in place of (x, y, z) , 

and ui = (ul, u2, u3) in~place of (u, v, w) .- In this . notation equation 

2.1 becomes ,t 

PR = a9.+ u ;ag 
Dt at jaxi 

_ .~ + ul~l+ u2~2+ u3ax 
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where, as shown, the appearance of a subscript twice in a single 

term implies summation over all three subscript values . 

The conservation of momentum is expressed by 

pat + P( u"v)u + ps~Xu = vp -pgk + fir, 2 .2 

where u and t are defined above and 

p = density, 

s~ _ (0, 2wcos~, 2wsin~) = rotation vector relative to the 
local vertical direction, 

2w = twice the angular velocity of the earth (1 .46X10- 
4 
sec 1 

~ = latitude, 

p = pressure, 

g = apparent gravitational acceleration (980 cm sec-2), and 

k = unit vector in the vertical direction . 

The last term represents the frictional force per unit volume . In 

tensor notation, 

fri - 211 axi j 
J 

v:here u = molecular viscosity, and 

1 au . Du . 
eij - 2~ axe + axe 

is the rate of strain tensor . 

The equation for the conservation of mass has the form- 

P 
{~ o

. 
t (P U*) = o . a 

., 

2 .3 
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Equation 2 .3 is also called the continuity equation . 

An equation for the internal energy of a fluid can be derived 

from an equation for the rate of change of entropy (Phillips, 1966) . In 

terms . of potential temperature, 8 , the equation has the form 

pat Pu-ve = Kv -e -+- C vs 

where k is the coefficient of rolecular diffusion for temperature,Q 

is the rate of generation of heat by friction and cps is the heal; 

capacity of sea water at constant specific volume and salinity--The 

fast te~m is negligible . 

Sea crater is a solution of many salts but it is convenient 

2 .4 

to represent the concentration of all the salts by a single salinity, 

S,yexpressed as the mass of dissolved solids per unit mass of water . 

The equation for the conservation of salinity +s 

pat + pu "vs = UV- (pos) 
2 .5 

where D, is the coefficient of molecular diffusion for salinity . 

Finally, the equation of state for density can be expressed 

as a function of the three other thermodynamic variables, pressure, 

:potential temperature, and salinity : 
f 

a = p(P,e's) 
2 .6 

There is no simple analytic form for this equation ; Fofonoff(1962a) 

reviews a number of eripirical approximations . 
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Together with appropriate initial conditions and boundary 

conditions equations 2.2 through 2.6 represent a complete description 

of the dynamics of the ocean . However, before the equations can be 

solved they must first be simplified . 

The Boussinesq approximation is discussed in detail by 

Phillips (1966) and will only be given in outline here . To a good 

approximation, the ocean differs only slightly from an isentropic 

state so that dp = c2dP where c is the speed of sound in sea-water . 

In addition, variations in pressure are mainly due to variations in 

depth so that do = -ag dz. 

Ccrkining these upproxima 't ions, the rate of chn-ncE . of density is 

dp = 1 dp = - pq W 2 .7 
dt c2dt c2 

Using equation 2.3 t-hen 

o.u, = au + v + aw 2.8 
ax ay az c 

where the ratio c2/g is usually referred to as the scale depth D . 

In the ocean, P-200 km while the vertical scale for the variation 

of the vertical velocity is at most the depth of she ocean, abort 

5 km. Thus, the right hand side of equation 2 .8 is negligible 

compared to the third term on the left hand side and the equation 

can be written, to a good approximation as 

v "u = 0 , 2 .9 

..1o_ 



Equation 2 .9 expresses the incompressibility condition and it is used 

in place of the continuity equation . Again because the pressure is 

primarily a function of depth, the variations in density are only 

important when multiplied by the gravitational acceleration . Using 

this last part of the Boussinesq approximation and the incompressibility 

condition the momentum equation becomes 

goat } .po(U'v)u + po~Xu = -vp - pgk + uv2u . 2 .10 

The Boussinesa approximation is good for all oceanic mol.-ions 

with the exception of the propagation of sound graves . However, 

filtering out the acoustic waves will not affect the overall dynamics 

of the model equations . 

The octanic circulation is characterized by a great range 

of spatial and temporal scales . The shortest scales include the 

apparently random motion associated with irregular wave fields and 

turbulence . The details of these random motions will vary from one 

occasion to another even though the average circulation and the 

observable conditions which affect the motion do not change . In 

this sense, only the average motion is predictable theoretically . 

Consequently, the equations of motion as they nor stand are not 

directly applicable ; they must first be averaged in an appropriate-

way . Usually the average is defined as an ensemble average, taken 

over a large number of possible solutions to the equations for which 

the oLservable initial and boundary conditions are the same . 
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Formally, the procedure involves separating each variable 

into averaged and fluctuating parts . Thus, for example, 

u = u + u ' 2 .11 

tir~ :r : t,-,c barred letter indicates an averaged quantity and the 

primed letter indicates a fluctuating quantity . If an overbar 

denotes the averaging procedure, then 

u' = a . 

In order to obtain an expression for the conservation of the 

average momentum a substitution like that in equation 2 .11 is made 

for each of the variables in equation 2.10 . Then, averaging the 

resulting expression gives 

-r 

goat + po~uV ~u + poQXu = - p- p9k + uv2u ± ~ . 2 .12 

In tensor notation, the last term .is written as 

R 
i 
= 

ax ~ 
J 

where Tij _ - pouiu3 is the so-called Reynolds stress . The 

Reynolds stress can be interpreted as a flux of momentum due to the 

fluctuatng part of the velocity field . Except for the Reynolds 

stress term the averaged flow obeys an equation identical in form to 

the equation for the total flow . 

The same procedure leads to the averaged equations for the 

incompressibility condition, 

v " u = 0 , - 2 .13 
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the conservation of potential temperature, 

Poat + pou"vo = Kv2e + v " H , 2 .14 

and the conservation of salinity, 

a s 
goat { pouv " s = poDv2s + v " N , . 2 .15 

In equations 2 .14 and 2 .15 H-)= -P UV and N 

are, respectively, the flux of potential temperature and the flux of 

salinity due to the fluctuating motion . The generation of heat by 

mechanical friction has been neglected in equation 2.14, 

The problem remains to express the fluxes Tij, 'H, and N , 

in terms of the averaged quantities . Usually, the net effect of these 

terms is assumed to be dissipative (Fotoncf-1f,1962b) . Thus, by 

analogy to molecular friction and molecular diffusion, 

ou. 
A 

Tij 
max 

A auk 2 .16 
vax ' 

H=Av e+n ae-k ~ 2 .17 H N az , 
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and 

N = AHvHs + n aZ k 

where vH = ax 1 
Am and Av are the 

ca?ffi ci en Ls , r-~ c . 

and vertical eddy 

+ ay j is the horizontal gradient operator, 

constant horizontal and vertical eddy .viscasity 

-ectively, and AH and ,i are the constant horizontal 

diffusion coefficients . 

The difficulty involved in using simple approximations 

such as those in equations 2 .16, 2 .17, and 2 .18 is that they must 

account for the effects of a great variety of small scale motions . 

It is not likely that prop,-~r ~~ ;~,;~ coefficients %;ould be constant over 

an entire ocean . In fact, there is even some evidence for a negative 

viscosity in some localities of the ocean (Webs-ter, 1965) . Never-

theless, a more sophisticated-treatment of the eddy processes cannot 

be justified until there is a much better understanding of the small 

scale motions . 

The remaining approximations are accomplished by comparing 

the relative magnitudes of the terms in equations 2 .12 through 2 .15 

and retaining only the dominant terns . The comparison is made in the 

following manner . 

2 .1p 

The ocean does not differ greatly from a reference ocean which is 

isentropic and static:' For the reference ocean the conservation of 

momentum equation is replaced by the hydrostatic equation : 

apr , = 2 .19 
az -gpr 
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where pr and Pr are, respectively, the pressure and density for 

the relerence ocean . Substracting equation 2 .19 from equation 2,12 

gives 

~u } 
(u "v)u + sXu = - lvp- bk + u v2u + -A-tnv,2u + av ° ~ 2.20 at po - Po po H 

where p = p - pr and b = p p -r g is the buoyancy force per unit volume . 
0 

Equation 2 .20 can be put into dimensionless form with the 

following substitutions : 
(X,Y) _ L(X,Y) 

z=Hz 

t = L/Vo t 

(u,v} = Vo(u,v) 

w = VoH/L w 2 .21 

2:j = f 

P = DP P 

b = .g'b = pp gb 

where each term on the right consists of a constant coefficient 

multiplying a dimensionless variable ( indicated by a tilde, ) which 

has an order of magnitude of unity . N and L are the vertical and 

horizontal length scales, respectively . Vo is a characteristic velocity 

scale and the scaling for ar is derived from the continuity equation . 

Finally, AP and op are the magnitudes of the pressure and density 

variations . 

Ocean currents are slow enough that the vertical pressure 

gradient is nearly balanced by the buoyancy force . Thus, the proper 

scaling for AP is given by AP/H = pog' . Furthermore, the horizontal 

pressure gradients ire primarily balanced by the Coriolis fords . This 

approximate balance-is expressed by choosing Vo = o P/pofL . 
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Using the substitutions in 2 .21 and writing equation 2 .20 

in component form gives I ~S 

Ro(at + u "vu) + ~ w cosh - v sink _ 
2.22 

- ax + ~ {VHu + (H)?aZ-} + EHvHu + Ev a e 

Ro(at + u " vv) + u sink - L w cosh _ 

az~} + ENVH~` + Ev az 
2 .23 

e 

z 
u" vw) - 9Vou cosh _ fat + 

3Z b + Rr~~)2{vHw + ~H)2a} '~ Rr(~){EHvN~v + E~a 
2.24 

where e ° - 

o fL , the Rossby number, 

Re = Ro~oL 
S the Reynolds number, 

E = Am , , the horizontal Ekman number, N pofL- 

EV = pAfH2 ,the vertical Ekman number, 
o 
Vo 

Fr g'H, ,the internal Froude number . 

In equationsp2,22 through 2.24 the pressure, C oriolis, any 

buoyancy terms have a magnitude of unity . The magnitude of the 

remaining 'terms can be determined by evaluating the coefficients Ro, 

Re, En, Ev, Fr~ and (H/Q . 
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Consider the Rossby number first . Suppose the magnitude 

of a particular current is 100 cm/sec and it has a horizontal length 

scale of variation of 100 km . Then at mid-latitudes (f =10- 4) the 

Rossby number is about 0 .1 . Thus, if the current speed exceeds 

100 cm/sec or the length scale of the current is less than 100 km 

the Rossby number will approach unity and the non-linear terms will 

begin to match the Coriolis and pressure terms in 2 .22 and 2 .23 . 

The Ekman numbers will be nearly unity only for short ., 

length scales . Thus, if P,m = 108 cm2 sec 1, the horizontal Ekman 

number increases from .O1 to 1 as the length scale decreases from 

100 km to 10 km . Simarily, if fiv = 1 cm2 sec-1, the vertical Ekman 

number will exceed unity only for vertical scales less than 100 meters . 

The internal Froude number can also be as large as unity . 

Since ap/po= 10-3 and g = 103cm sec-2, the Froude number will be 

1 for Vo = 100 cm/sec and H = 100 meters . However, Fr only appears 

in conjunction with (H/L)` which is always much less than one . 

The Reynolds number only approaches unity for extremely 

small length scales . Thus, molecular viscosity can always be 

neglected . . 

Finally, the remaining coefficients, H/L, and fVo/g are both 

much less than unity and the terms i n which they appear can be 

neglected . 

The potential temperature and salinity equations can also 5e 

put in dimensionless form . Equations 2 .14 and 2 .15 become 
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at + u~ve = p {oHo + (~)2a} + p °N° + P (H)~ 2.25 
ee eh ev 

as + u" vs = 1 {o2s + (L )2} } 1 a?S ~~ 1 )a 2.26 
at pes N H az Peh H P Q~ H az 

where V o, L and H are defined as before and the coefficients are 

Peclet numbers gives by 
~'oVoL 

. Pee 

p = VOL eS p 

poVoL 
Peh - ' AH 

and 
poVoH 

rev n 
The Peclet numbers for molecular diffusion are analogous 

to the Reynolds number and like the Reynolds number they are much 

greater than unity for oceanic scales . Thus the molecular diffusion 

is always negligible compared to turbulent diffusion . 

Finally, if only the terms with magnitudes potentially as 

large as unity are retained in the dimensionless equations, then a' * 
simplified set of governing equations can be written . Furthermore, 

if the simplified equations are put back into dimensional form and 

if all the overbars and tildes are omitted, then the equations . have 

the form : 
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AV a20 ~i + (uv)uH + (?_w sin~)kXuN = - poop + ~ vHuH + po a--~ ~ 2.27 

=-pg 2.28 

a~ + u " ve = AHvHe + ~- , 2 .29 

at + u " vs = AHaHs + n~ 2.30 

and 

p = P(P,e,s) ~ 2 .31 

where the horizontal velocity vector uH, .has been introduced, 

3 . Equations of the Model ~ 

a . Governing Equations 

The model equations are the equations 2.27 through 2.31 

expressed i~n~sphericalcoordinates . The notation used is essentially 

that of Aryan (19G9) . 

Let 

m = sect , 

n = sink , 
3 .1 

u = a at/m , 

v = aft 
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where a is the radius of the earth, ~ is the latitude, a is the 

longitude, and t is the time coordinate . The vertical coordinate 

is z, positive upwards, and the vertical velocity is w . When 

z, and t are used as subscripts, partial differentiation is indicated . 

The advection operator, L, is defined as 

L 9 = a (u9) a + (vq/m)~} + (w9) Z 3.2 

where q is any scalar quantity . The horizontal momentum equations 

are 

ut + z u - 2wnv - mnuv/a = - a(p/~o)X+ FX + AvuZZ 3 .3 

and 

vt + LV + 2wnu + mnuu/a = - a(p/P o)¢+ F~ + Avvzz 3'4 

The hydrostatic equation is 

PZ = - a9 

and continuity is expressed by 

3 .5 

a {uA + (v/m)~} + wZ = 0 . 3 .6 

The conservation equations for potential temperature , B, and 

salinity, S, are given by 

8t 
+ LO=Q 3 .7 

st + LS = 6 . 3 .8 

-29- 



Finally, the equation or state is represented by 

p = p(P,e,s) 3 .9, 

The particular equation or state used in the morel is based on the 

empirical f:nudsen-Ekrian formulation (Fofonoff, 1962a) . The effects 

of turbulent viscosity and diffusion are represented by the terms 

Fx , 0, Q, and a . If 

vHq = m2q~), + m(q~/m), , 3 .10 

then 

a {vHu + (1 - m2n2)v - 2nM2v~} , 3 .11 

A '' 
F~ _ ~ {v2v + (1 - m2n2)v + 2nm2u } , 3 .12 a H a 

A 
2 

a ~He 
+ no 

zz ' 3 .13 

Q =-H~v2s + ns . a-2 H zz 3 .14 

where AV and Am are the constant eddy viscosity coefficients in the 

horizontal and vertical directions, respectfully, and A, and n are 

the constant eddy diffusion coefficients . 
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The hydrostatic approximation disallows unstable 

convection . Therefore, a parameterization or convection is included 

to correct any unstable density stratification which may arise . 

Tire details of the method are described in the section on the finite 

difference approximation to the model equations . 

b . Boundary Conditions 

At the sea surface 

PO .Av(UZ'vz) (Ta'TI) 3.15 at z=0 
w=0 

where TX and TC are the zonal and meridional components of the wind 

stress, respectively . Also, 

_ (I '~ ;='S) at z = 0 3 .16 

where Fe is the heat flux across . the surface expressed as a flux of 

temperature and FS is the net effect of precipitation less evaporation 

expressed as a flux of salt (the gain or loss of water in this process 

is ignored) . 

The condition that w = 0 at .z = J is the rigid-lid 

approximation . It filters out surface gravity waves and slightly 

distorts barotropic Rossby waves . As will be seen in a later section, 

the approximation is vital for efficient computation . 
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At the bottom of the ocean 

w=-(aha .+a~) at z = - h( X,~) . 3,17 
(uZ,vZ) = 0 

A partial m.odifi ::ation to the free-slip condition expressed here 

is described in the section on test results . Also, the flux of heat 

through the bottom is ignored ; 

(eZ,sZ) = 0 at z = - h(a,~) , 3 .18 

. At lateral boundaries,which are physically closed by a 

land mass, the horizontal velocity components and the fluxes of 

heat and salt vanish . In the model for the Gulf of Mexico there 

are "open" lateral boundaries at the Straits of Yucatan and 

Florida . At these boundaries the normal derivatives of u, v, e, and 

s are set to zero and the total volume transport through the opening 

is specified . The transports through the two straits muse be equal . 

c . Volume Transport Stream Function 

The rigid-lid approximation eliminates the displacement 

of the sea surface . Instead there is an equivalent surface pressure, Ps5, 

at the lid, z = 0 . Therefore, integrating the hydrostatic equation 

with respect to z gives 
4 

P=PSfjZp9dz~ . 
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Equation 3 .19 is used to replace p in equations 3 .3 and 3 .4 . Since 
f 

there is no predictive equation for PS, it must be eliminated . 

Integrating the continuity equation from the ocean floor to 

the surface gives 

o to 

{(J-hu d7)a + ~nij-hv dz)¢} = 0 . 3 .20 

Equation 3 .20 allows a transport stream function ,' , such that, 

o 
mTX = a! v dz 

-h 

and T~ =-aj ° udz 
3.21 

-h 

Integrating equations 3.3 and 3.4 from the bottom to the 

surface, multiplying by a!mh and ash, respectively, and cross-

differentiating to eliminate pS, gives 
a 

} (mTA/h)At + (T ~/hm)~t = - T ~(2wn/h)¢ + T ~(2wn/h)A - P (mh)~ - (h )X 

- + ~( h J(J°P,dZ ') dz), _ {h J(J°P~aZ ') dz) .} 
o -h z -h z 

+ {(0/h) X 
- (Ga/mh)~} 3 .22 

where 

0 
GX =_a J (r,u- a v-F~) dz 

-h 
3 .23 

G~ =-a f0(z,v+ a -F~) dz 
-h 
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The vertically averageu velocities are 
_ 1 0 1 
u=h j udz=`ah~~ ~` -h 

3 .24 0 
v=h J vdz= h 'Y a 

-h 
where the overbar indicates a vertical average . If the deviations 

from the average velocities are indicated by (u,v), then 

(u,v) _ (u,v) + (u,v) . 3 .25 

ii~e ati~erage veloci pies are predicted by equations 3 .22 and 3 .24 . 

The (u,v) components are determined from equations 3 .3 and 3 .4 . 

First, the interim components (u' ,v') are predicted by equations 

3.3 and 3.4 with ps.~emporarily set to zero . Then 

(u,v) _ (u',v') - U, V . ) . 3 .26 

Equation 3.26 is valid because (u' v') differ from (u,v) only by a 

constant which is independent of z and which is eliminated by 

substracting out (-U' -V' 

The boundary condition for equation 3.22 is that T is constant 

along closed lateral boundaries . In the Gulf model the constant 

is zero along the coastline of Mexico and the United States and equal ` 

to the total transport through the straits along the coastline of 

Cuba . ti ' 
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4 . Finite Difference Equations 

a . General Principles 

The finite difference equation for any quantity, 

q, is constructed by approximating the partial deriva-

tives of the differential equation by differences in a 

between the points of a specified .computational grid . It 

is important to construct the finite difference equations 

so that momentum, energy and the mean square temperature 

and salinity will be conserved in the absence of dis-

sipation . Such a formulation will avoid nonlinear 

computational instabilities and the accumulation of 

systematic errors in long-term integrations (Arakawa, 

1966) . Bryan (1969) illustrates the principles involved 

in the following way . 

Let ---- 

qt + o" Uiu) = a 4 .1 

v"u = 0 4,2 

where q is any scalar quantity and u is the velocity 

vector . Let the total volume under consideration be 

divided into N cells, each with a volume of ai . Integrating 

equation 4 .1 over a cell gives 

ai aqi = - ~ qu " n ds 4 .3 

where Qi is the average of q for the cell, n is the unit 

vector normal to the cell surface, and J(,)ds indicates 

integration over the cell surface . 

-35- 



Although other arrangements are possible suppose each 

face of the cell is a rectangle . Then an approximation 

to equation 4 .3 is 

6 

°`i ati - - `-QimuimAim 4 .4 
m_-1 

where uim is the normal velocity and qim is the value of 

q at the face m and Aim is the area of the face m . 

Similarly the continuity equation becomes 

m.~imAim - 0 ' 4 .5 

Next let 
N~ 

I = E ; Qiai 4 .6 ~1 _ N 
E 
1:1R~ a~ 

4
. 

where Il and 12 represent the volume integrals of q and 

q2 respectively . The rates of change of the integrals 

are 

E(Eq u A ) e i,i m_~ im im im ~ 4 .8 

and 
6 

at2 = -2 E ( E 9irnQiuimAim) ' 4 .9 i=1 m=1 
If there is no net flow out of the whole volume, 

then awl-= 0 . This is true because, in the interior, 
7 

adjacent cells contribute equal and opposite terms to . 

the total sum in equation 4 .8 . The same arguement will 
aI 

not apply to equation 4 .9 and, in general., at2 

-? C - 
~,,s 3'' 



does not vanish . However, it will vanish, if the value 

of q on the face of cell is interpolated according to 

the formula 

qim " Z(Qi + Qim) ~ . 4 .10 

where Q is the average value of q in the cell adjacent 
im 

to the ith cell . It equation 4 .10 is substituted into 4 .9, 

then 

at 

The first term 

the second tern 

as in equation 

N 6 6 
- E (Q2 . Eu A . + E Q .Qi u . A . ) 4 .11 

1 m-1 im ~m m_~ ~ m ~m ~m 

on the right is aero by continuity and 

n vanishes by the same cancelling effect 

4 .8 . 

With this formulation -L-.he mean value of q and mean 

square value of q are conserved for the volume as a whole . 

b . Finite Difference Equations 

The finite difference equations for momentum, 

potential temperature and salinity presented in this 

section are conservative in the sense described in section 

4a . The formulation and notation is due to Bryan (1969) . 

Cells with the indices i,j, and k are centered on 

grid points with the coordinates 

X L F, AX 4 .12 
i^1 .~ ~ 

4 .13 
J =.D 

K 
Z~, _ - E ~ok' . 4 .14 

k :i 
The horizontal velocity components associated with the 

1 cells are specified at grid points with integer values, D 
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while temperature, salinity, and the stream function are 

specified at grid points with indices given by i+l/2, 

j+l/2 and k . The arrangement of the variables in a 

horizontal plane is shown in Figure 1 . 

The vertical velocity points used in the calculation 

of velocity have the indices i, j and k+l/2, while the 

vertical velocity points used in the calculation of temp- 

erature and salinity have the indices i+l/2, j+l/2, 

and k+l/2, 

The superscripts, k"l,k, and k+1 are used to indicate 

the time levels t-fit, t, and. t+0t, respectively . The 

horizontal grid point separations, AX and A~~, are constant, 

while the vertical separation, A k, varies . The separation 

between the k and k+l points is given by a and the 
_ k+l 

thickness the of the kth cell, D k+- ,~, is determined by 2 

1 
k - 2 (°k- 2 

+ e k+2) 

The lateral boundaries of the model coincide with 

velocity points ; in Figure 1 a boundary can only lie 

along a broken line . Because of this constraint , it is 

sometimes useful to imagine the model region to be filled 

with stacks of boxes, each with a e,s point located at 

its center . The depth at a column of e,s points is 

determined by the number of boxes stacked at that point . 

The depth at a column of u,v points is given by the mini- 

mum depth at the four surrounding columns of 9,s points . 
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Figure 1 . The arrangement of variables in a horizontal plane, 
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In the finite difference equations which follow it is 

convenient to use the shorthand notation : 

aXq ~ (9i+2 ' Qi-2~ , 4 .15 

aid 
-a _ 1 
q - 2~9~+2 + qi-j ~ 

4 .16 

where q is any scalar quantity . When vertical differences 

are involved ' 

1 dZq = o (qk_1- qk+,) , 
k+ 2 2 2 4 .17 

Finally, when time differences are involved 

atq let (ak+l ~ qk-1) . 
4 .18 

Using this notation, a finite difference analog to 

the advection operator, L , is 

(v~q~/m)~+. a (NrqZ) (u~qX) + d L*(9) - a {S ~ Z ~ 
4 .19 - 

where a and m retain the meanings of section 3a . 

Equation 4 .19 is correct only if q is located at a e,s 

point . 

The conservation of potential temperature can be 

written in finite difference form as 

A 
ste = - r,*e + naZ(gZe)~.-I + a {m2dA (d X e) + ms (- 0)} R ~ 7-6 4 20 . ~ M ~ . 

where AH and n are, respectively, the horizontal and vertical 

coefficients for eddy diffusion ., The indices in equation 4 .20 
are understood to be i+l/2, j+l/2, k,R, except when otherwise 

specified . The vertical veloci~y which is used in equa- ~`., 
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tion 4 .20 is determined by the continuity equation, 

L*(1) = 0 4 .21 

and the surface boundary condition, w=0 . Finally, note 

that the advective term is calculated using 8 at time 

t, while the diffusive terms are determined from e at 

time t-At . 

The equation for the salinity is identical in form 

to equation 4 .20 and it will not be given explicitly here . 

It should be pointed out at this time how the model 

handles unstable convection . First, preliminary values 

of 
0t'+1 

and sQ+l are predicted for a column of points 

using equation 4 .20 and a similar equation for salinity . 

Then these values are used in the equation of state to 

compute the density, p'~.Q+l , referred to surface 

pressure . The column is then checked for static stability . 

The column is stable if for every pair of points 

p k > p k+l 

If the column is stable the calculation proceeds . If 

the column is unstable, A x+1 and s Z+1 are made uniform 

over the unstable part of the column by applying an avE:rage 

weighted by the appropriate layer thicknesses . The 

column is then rechecked for stability . The process will 

be repeated until the entire column is stable . 

The horizontal velocity components, (u,v), are partitioned 

into a vertically averaged part, (u,v) , and a baroclinic 

part, (u' ,V' ), which deviates from the average .. Thus, 



(u,v) _ (u,v) 4- (u,v) . 4 .22 

The average components are given by the finite difference 

form of equation 3 .24, 

1 P -,a 4 .23 U - - ~~ S 
ell~~i 

v = Ha dX 4 .24 

where ~ is the stream function and Fi is the depth at 

the u,v point . The components obey the conditions 

kz ,. 
g uak 1 +, = 0 4 .25 k'i 2 

and ' kz 

k) 1VAk1 +2 
0 

4 .26 

where kz is the total number of levels in the cola: :n . 

A second advecLion coerator can be defined in terms 

of these variables ; 

L ~:~:(q) = a {dX(Uq~) + d~(mVq¢)} + sZ(w9Z) " 4 .27 

Here _ 

U =u - 1 dT 4 .28 
Ha 

and V = v + H~ S~T 4 .29 

where H is now the least of the two depths for the 

pair of columns of u, v points used in the interpolation-. 

As was explained in section 3a the interim velocity 

components (u' ,v' ) are first calculated from the momentum 

equations in which the surface pressure is set to 

zero . Then the components (u,v) are calculated using 
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the rules 
1 kz 

' uk = u~ -- H k0u~~t~12 4 .30 

a rd kz 
_ . 1 E 

vk Vk H kyvk~k" +2 4 .31 

The equations for u' and v'-are 

u' = uRyl + tat R~ 4 .32 

v' = v Q-1 + 24t 0 4 .33 and 

Here, 

RX _ - L **(u) + an uv + 2wnv - a~ a~(P*~') 
0 + AvaZ(dZU)R.-1 + a {m2d~(SXu) + ma¢(~¢u) 

+ (1 - n2m2)u - 2nm2Sav}A-1 4 .34 

anct 

_ an u2 - 2Wnu - ap s~~p'~~) 

+ AYa7(6 Z~~~,-1 + ~. {m2sa(6 X v} + m6 W4 ~V ) 

+ (1 - n2m2)v + 2nm2oX u} Q-1 4 .35 

where 1 kz 
pk = 9 {(PIol~ + 2 k~(pkl + Pk'_1) e k' ? " 4 .36 

The vertical velocities which are required in equations 

4 .34 and 4 .35 are computed from the continuity equation, 

L **(l) = o 4 .37 

and the surface boundary condition, w=0 . 

The finite difference vorticiLy equation for the 

stream function is derived by a procedure exactly anal-

ogus to that in section 3 . The resulting equation is 
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a {a~( m ~ d~D) + d~( 1 ~ a ~D,} 

aH amH 

~~))~}Q-1 4waot 
{g~~aH lz¢~

.a~~~ - d~(aH' (dX 

KL 

+ 2 atm {S~,(N S;~R~ak+2)~ - d~(N E ~R~o~+.,2)X} 4 .3$ 
k :~ 

,~,herc~ D = y, ~+l- T Q-1 . Equation 4 .38 is in the form of a 

Poisson equation for D . The left hand side of the equa- 

tion is a 5-point approximation to the Laplacian . The 

equation is solved by successive over relaxation (SOR) 

(Forsythe and Wasow ; 1960) More efficient methods for 

solving Poisson's equation exist but SOR allows the most 

generality in the shape of the boundary . 

The equation of state takes advantage of the discreet 

layering of the model . In fact, there are separate 

equations for each layer of the model . Each equation 

represents a least squares f.it of a polynomial with 

ten terms to the empirical Knudsen-Ekman formul~.~ for 

density (Fofonoff, 19G2a), Because each equation is 

applied only at one level , pressure does not appear ex- 

plicitly . Each least squares fib is made to a range of 

values of potential temperature and salinity appropriate 

to the particular layer . The polynomial has the form : 

(ak - 1)X10 =,=Ckl + Ck29k + Ck3sk + Ck4ek2 

+ Ck5sk2 + Ck6Sk°k + Ck7ek3 
+ 
Ck88ksk2 + Ck9skek2 + Ck10sk3 4 .39 
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where 0k-- ek- 0k, sk = sk- sk, and the Cki are the 

coefficients determined by the fitting process ; Ak end 

Sk are the mean values for the range, of data to which 

the fit was made . 

In diagnostic calculations it is more convenient 

to use an equation of state based on the in situ tempera- 

ture . Table 1 summarizes the equation of state based 

on in situ temperature and salinity and used in diagnostic 

calculations in the Gulf of I :exico . The fit was made 

to one hundred pairs of T and s values at each level . 

This type of approximation to the equation of state 

has been discussed by Bryan and Cox (1972) . The approximation 

combines the computational efficiency associated with 

polynomials with the accuracy of the Knudsen-Ekman formula . 

Table 1 

Coefficients for the equation of state 

depth ranges of T,S in fit i=1 2 3 4 5 6 Chi 7 8 9 10 
(Rl) T AT $ G$ 

X1 1 X1 1 x10 3 X1 4 X1 3 X10 5 x10 5 X10 5 X1 5 

~35 . 23 .50 17 .00 35 .75 3.50 24 .53 -2 .932 7 .566 -3 .987 3.590 -1 .253 1 .475 0.503 3.405 0.663 
145 . 18 .50 13 .0 36 .25 1 .50 26 .77 -2 .546 7 .634 -4 .202 3 .562 -1 .587 2 .233 0.228 3 .543 1 .400 
364 . 13 .00 13 .00 35.75 2 .50 28 .66 -2 .091 7 .714 -4 :602 3 .232 -1 .961 3 .381 0.286 3.629 0 .762 
768 . 6 .50 4 .00 35 .00 1 .00 31 .06 -1 .517 7 .823 -5.269 2 .984 -2 .390 5.253 -0 .695 3 .882 -1 .218 

1369 . 4 .50 1 .00 35 .00 1 .00 34 .21 -1 .442 7 .827 -5 .320 2 .913 =2 .466 6 .488 2 .351 6 .571 7 .879 
2145 . 4 .50 1 .00 35 .00 1 .00 37 .64 -1 .621 7 .770 -4.984 3.053 -2 .348 1 .155 -0 .810 8 .74 2 .240 
3035 . 4 .50 1 .00 35 .00 1 .00 41 .62 -1 .817 7 .706 -4.597 3 .070 -2.216 5.655 1 .573 1 .844 0355 
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5 . Cem ptat e r P roqrFr, 

a . Program Structure 

The program is a modification of a program written by 

Semtner (1974) . The major changes were necessary in order to 

include "open boundaries" at the Straits of Florida and Yucatan 

and to improve the potential resolution of the mcdel grid . Any 

future user of the program will, no doubt, have to make similar 

adapti ons of his ovm . The program i s written to be run on a 

UNIVAC 1108 computer . 

The following discussion is essentially that of Semtner (1974) . 

The appropriate changes have been included, usually without comment . 

Figure 1 in section 4b shows the arrangement of grid points 

in a horizontal plane . The indices for e, s, and Y points are 

J = 1, . . ., JMT for the north-south direction and I = 1,- . . .,IMT for the JOIN 
T-k J. 

east-west direction ; the point; J = 1, I = 1 is in the southwest corner . 

The indices for u and v points are J = 1, . . .,JMU and I = 1, . . .,IMU, 

where JMU = JMT-1 and IMU = IMT-1 . The u,v point with the indices 

(J,I) is one-half grid spacing north and east of the o,s point with 

the same indices . In the vertical direction the points are numbered 

by K = 1, . . .,KM with K = 1 for the surface layer . 

The routine that controls the program is called MAIN . 

Here, the basic parameters for an experiment are either defined in_ 

arithmetic statements or read from cards . The coefficients 

associated with the geometry of the spherical coordinate system are 

computed here and then printed out . 

Next she number of levels. at each e,s point is read from 
a 

data cards . The routine then computes the number of levels at each- 
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u, v point and the indices that define the northern and southern 

limits of the basin at each latitudinal line . All of the infor- 

mation is printed out . 

MAIN will either start an experiment from scratch or 

restart an experiment already in progress . In either case, initial 

velocity,temperature,a.nd salinity data are read in from a history tape 

and stored on the magnetic drum . These data will be used and updated 

during the course of an experiment . 

Finally, MAIN steps forward the model integration by making 

calls to the subroutine STEP . 

STEP begins each timcstep by determining whether leapfrog or 

fon,rard time differencing will be used . Then the data for longi- 

tudinal lines, I=1,2,3, and for two time-levels are brought into 

memory from the drum . The computation is then carried eastward, 

one longitudinal line at a time . STEP handles the data transfer 

within memory and between memory and drum so that longitudinal 

lines, I-1, I, and I+1 are available for the computations, while 

the data for lire I+2 are being brought -in for future use and the 

most recently computed data for line T-c are being written out . The 

actual computations are accomplished by calls to CLINIC and iRACEf' 

which update the baroclinic velocity components and the temperature 

and salinity fields, respectively . If the experiment is diagnostic, 

STEP bypasses the call to TRACER . After these calculations are done 

for all the longitudinal lines the stream function is updated by a 

call to RELAX . 
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Finally, STEP attends to the print out of miscellaneous data 

and the writing of a history tape at specified intervals . 

A listing of this program as used at the Atlantic Oceanographic 

and ~,-e-teorological Laboratories is available on request . The program 

is written in FORTRAN V . 

b . Organization of Program Data 

The data within the program are organized into "slabs" . Each 

slab contains all of the data for a single longitudinal line . These 

data include arrays of temperature, salinity and the tyro bat-oclinic 

velocity components as well as miscellaneous boundary data . Each 

array is doubly dimensioned by the number of grid points in the north- 

south direction and the number grid points in the vertical direction . 

At any time the computation requires data at three time levels . 

Therefore, the model has three times as many slabs as there are longi- 

tude lines in the computational grid . 

If all of the slabs are held in the memory of tie computer at 

once, the size of the computational grid will be severly limited . For 

example, a model of Ithe Gulf of Mexico with a grid dimensioned 

24x16x7 would require over 50,000 words of memory and yet it would have 

a resolution of only 3/4 degree . 

The memory requirement of this model is reduced by keeping only 

a few slabs in memory, at one time . While the computation is proceeding, 

the slab which is needed next is being read into a memory buffer from 

the drum and the slab which has been most recently updated is being 

written out . These transfers are actually overlapped with the 
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computations . In this way the time lost while waiting for data 

transfers to be completed is kept to a minimum . 

Althgether the model requires that eleven slabs be held in 

memory at once . They include slabs at three different time levels 

and five different longitude lines . Two of the slabs are input 

buffers and one is an output buffer . 

The memory requirement of the the model is given by 

JMl-*(4XIMT + 62*KM + 93) + 19*JMT 
+ 10*01 + 3000 words , 

where IMT, JMT, and IUD are the number of grid points in the east-west, 

north-south, and vertical directions respectively . Thus, a computer 

with a maximum of 50,000 words of memory can accomodate a model with 

a grid dimensioned by 72X48X7 . In--the Gulf of Mexico this would 

allow a resolution of 1/4 degree . 

c . Treatment of_Opcii Boundarie s 

Although the correct boundary conditions at open boundaries 

have been known for some time fcr barotropic models (Charney, 

Fj¢rtoft, and von Neumanns 1950), the problem remains unsolved for 

fully three dimensional baroclinic models . 

At the open boundaries in the Gulf of Mexico model the baroclinic 

component of velocity is governed only by the condition that its derivative 

normal to the plane of the boundary vanishes . The transport stream 

function is specified'everywhere along the boundary . Although it cannot 

be proved that these boundary conditions are correct, there are precedents 

for their use . 

Holland and Hirschman (1972) used the same open boundary conditions 
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in their diagnostic study of the circulation of the North Atlantic Ocean . 

Cox (1970) also used these conditions in his Indian Ocean model . In 

both cases, the open boundary was the long southern edge of the model 

ocean . The transport across the open boundary was either very small as 

in the Holland and Hirschman model or actually set to zero as in the 

Cox model . Thus, while precedents exist they differ in important 

respects from the Gulf model where the open boundaries are narrow 

and the transport across them is great (30x106 in3 sec-') . ., 

In order to prevent possible spurious effects due to the open 

boundaries from entering the model interior, the Straits of Yucatan 

and Florida are elongated into channels . The open boundary conditions 

are then applied at the outermost ends of the channels . The channels 

are necessary because features such as a strong anomalous upwelling 

appear rear the open boundaries . . The channels are successful in the 

sense that these anomalous features are confined to within a few grid 

points of the boundaries . 

Some further consideration; with regard to open boundaries are 

found in Section 6 . 

d .~ Data Requirements 

To begin an experiment a number of parameters must be specified . 

The horizontal and vertical grid intervals must be set at the start of 

the routine MAIN . The dimensions of the arrays in all of the routines 

must be correctly set . 

A set of data cards are used to specify the following parameters 

needed to run an experiment . 
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1) Control parameters : These parameters determine such 

factors as the starting and stopping points of the experiment, and 

the frequency with which data i s written on the history tape . 

2) The T-imestep Interval : The standard guideline used in 

a timester) selection is that the grid interval divided by the timestep 

interval should be greater than both the speed of the fastest current, 

and the phase speed of the fastest wave present in the model (Courant, 

Friedrich, and Levy, 1928) . 

3) The Eddy Coefficients for Viscosity and Diffusion' 

Actual ocean observations suggest values for the horizontal coefficient 

of eddy viscosity ranging from lOs cm2 sec -1 far small currents to 

101°cm2 sec-1 for the Antarctic Circumpolar Current (Fofonoff, 1962b) . 

Typical values for this coefficient in large three dimensional models 

will range between 107 cm2 sec-1 and 109 cm2 sec-1 . The value depends 

on the resolution of the model ; a -coarser resolution requires a larger 

coefficient . Table 2 shows the eddy coefficients used in Cox's (1970) 

Table 2 . 

Coefficients for Eddy Viscosity and Diffusion 
from Cox's (1970) Indian Ocean Model 

Resolution 4° square 2° square 1° square 

Am(cm2/sec) 2x109 2x108 5x10' 

Ah(cm2/se:.) ~ 10$ 108 5x10' , 

A~, & nicnl2/sec) 1 1 1 

Am = horizontal viscosity coefficient 
AH = horizontal diffusion coefficient 
Av = vertical viscosity coefficient 
n = vertical diffusion coefficient 
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Indian Ocean model ; note that the size of the horizontal coefficients 

decrease by more than an order of magnitude as the resolution improves . 

The value of I cm2 sec - 1 for the vertical eddy coefficients shown in 

the table 1S CG'iPar~able to the value predicted by thermohaline cir=-

culation theory (Veronis, 1969) . The effects of different eddy vis-

cosity coefficients in diagnostic experiments using the Gulf of Mexico 

model are discussed in the section on test results . 

4) The- Transport -Stream Fu nction at the Straits of Yucatan 

and Fl orida : The value of the stream function must be given for each 

point along the open boundaries . The only constraint on the specification 

is that the total volume transport into the model is matched by 

the total transport out . 

5) The Bathymetry : The number of vertical levels at each 

temperature and salinity point muss; be specified_ The bathymetry enters 

the model only in this discrete form . 

In addition to the information an the data cards the program 

requires a history tape which holds an initial data file specifying the 

temperature and salinity at every grid point. The data file also 

specifies the wind stress and the surface boundary conditions for 

temperature and salinity . 

?he type of temperature data used in the model requires some 

comment . As was seen in Szction 2 the equation for the conservation 

of thermal energy is correctly expressed in terms of the potential 

temperature, not the in situ temperature . Thus, to be consistent the 

model calculations should be done using potential temperature . In 

fact, hoarever, the difference between potential temperature and in situ 
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temperature is slight (about 7% at 3000 meters), and would probably 

not be important in r~;ost calculations (Bryan, 1975) . Furthermore, 

the question is only relevant to fully predictive experiments since 

in diagnostic experiments the temperature field is held fixed and an 

equation of state which is a function of in situ temperatures can 

readily be constructed . 

The scale analysis in Section 2b shows that the pressure 

gradient force is a dominant term in the equations of motion . The 

pressure gradient force is determined, in part, by the distribution of 

density . The density field, in turn, is-determined by the distri-

bution of temperature and salinity . Therefore, it is clear that the 

temperature and salinity fields used in diagnostic experiments must he 

prepared carefully . A description of how the data was prepared for 

use in the Gulf of Mexico model can be found in the accompanying 

report, Model Studies of the Currents in the Gulf of Mexico . 

e . Output 

The history tape which is used to initialize the data fields 

for a given experiment i s also used to reca~d the time evolution of 

the experiment . If the experiment continues until a steady stake is 

achieved, then the last pile on the history tape represents tile solution 

to the calculation . 

In order to facilitate the interpretation of the data generated 

in the model a program has been written to produce a variety of illustrations . 

At the option of the user the program will draw contour plots of the 

bathymetry, the transport streamfunction, and the fields of temperature, 
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salinity, and the horizontal velocity components . In addition to 

these fields which are stored directly on tape, the program will also 

contour fields which are computed from the stored fields . These 

include the vertical velocity field, the pressure field, end the 

vertical component of relative vorticity . All of these contour plots 

are available in plan view and where appropriate at each vertical 

level . Contour plots of the velocity, temperature, and salinity 

fields are also available for vertical sections running either east 

and west or north and south . In all plots the appropriate topography 

is included . The user may specify that all or any portion of a field 

be contoured . He may also specify the contouring interval or allow 

the program ~o select it automatically . Finally, the program will also 

prepare vector plots far velocity and nor the surface grind stress . Here 

arrows are drawn with lengths proportional -to the magnitude of the 

velocity and directions parallel to the flow . A11 options available in 

contour plotting are similarly available in vector plotting . 

A listing of this program is available on request . It is written 

in Fortran V and designed for use with a Could 4800 plotting system . 

6 . Test Results 

A number of tests~have been conducted t4 determine the sensitivity 

of the model to variations in the experimental conditions . 

All of the tests were based on the same set of temperature and 

salinity data . In particular, the data were the annual averages over 

one degree squares of all the temperature and salinity observations in 

the NODC raw data file . The data were interpolated onto the model grid 
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using quadratic splines in both vertical and horizontal directions . 

A few obviously bad points were removed by hand, and all the data 

at each level ~~:ere smoothed once by the following rule 

anew = 1 old ~1 4 old 
P 2 OP +gi 

where the summation is over the four surrounding points in the 

horizontal plane . Tire wind stress data were based on the annual 

6 .1 

averages over three degree squares as compiled by Andrew Bakum of the 

Pacific Environmental Group of the National Marine Fishery Service, 

N0k4 . The wind stress components were interpolated onto the surface 

points using quadratic splines . 

All of the test calculal-ions were done on a grid with seven 

vertical layers and a horizontal resolution of 2 degree of longitude 

and latitude . The layer thicknesses were 70, 151, 297, 500, 703, 349, 

and 930 meters from top to bottom . The maximwm depth allowed by the 

grid was 3500 meters . The model bathymetry was based on the bathymetry 

shown i n Figure 2 . The boundary of the model Gulf i s shown i n Figure 3 ; 

the boundary approximates the thirty meter isobath . The overlap of 

the boundary with Cuba was necessary 1;o avoid constricting the Straits 

of Florida to less than three velocity grid points . The computational 

channels, discussed in Section 5c, are shown extending southward from 

21,5°N and eastward from 81,5°4f . . 

In every case the timestep was 0 .5 hours and the vertical 

coefficient of eddy viscosity was 1 cm2sec 1 . The parameters which 
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varied from test to test are shown in Table 3 and explained in detail 

be 1 oat . 

All o` the tests (and, indeed all of the subse quent experiments) were 

energet ically consis tent . In every ca se a steady state was ach ieved in 

which t he mean kinet ic energy per unit volume chan ged less than 0 .1% 

over th e course of a time step . 

Table 3 . 

Horizontal 
coefficient 

Transyt of viscosity Boundary Wind Wide 
Test X106 m /sec cm 2sec-1 Conditions Stress Shelf 

Zero 
T1 25 2x10' gradient yes' no 

T2 25 2x10 geostrophi c yes no 

Zero 
T3 25 4x70' gradient yes no 

Zero 
T4 30 4x1 07 gradient yes no 

Zero 
T5 25 1x108 gradient yes no 

T6 25 2x10' geostrophic no no 

.Zero 
T7 30 4x10' gradient yes `yes 
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Figure 4 shows the typical evolution of an experiment in terms of the 

mean kinetic energy per unit volume . 

_ a . Differences in Boundary Conditions . 

Because of uncertainties in choosing the correct open boundary 

conditions (§5c), two distinct kinds of conditions were tested . 

In Section 3c the horizontal velocity components (u, v), are 

partitioned into vertical averages, (u,v), and deviations from the 

averages, (u,v) , such that ., 

+ (U'v) " 6 .2 

The standard boundary conditions for u and v at the entrance to 

the elongated Straits of Yucatan and the exit from the elongated Straits 

of Florida are 
,. 

(u n ,vn) = 0 6.3 ~' 

where the supscript,n , indicates the partial derivative in the 

direction normal to the plane of the boundary . Ire Table 3 these 

conditions are referred to as zero gradient boundary conditions . 

The second kind of boundary condition specifies u and v, The 

components are set by the thermal wind equation such that 

fvZ = - gpX 
6,4 .. 

u = 0 
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and 

- fuZ = - gpy 
6.5 

v=0 

Here, f= 2wsi~-~ is the Coriolis parameter, g is the gravitational 

acceleration, and pis the density determined by the temperature and 

salinity data . In addition, a special viscosity is applied in the 

immediate vicinity of the open boundaries to damp away any compu- 

tational noise which may arise there . Thus, extra terms are added 

to the 1"l Cilt hand side of tf,-- n;oirentum equations 3 .3 and 3 .4 ; the 

terms, hair? the form v(ub-u) and v(vb-v), respectively, where the 

superscript indicates a boundary value . The form of v is 

v = a exp {- sinh(sinh(r/ro))} 6 .6 

where r is the distance from the boundary, a = 10-4 sec-1, and ro= 150 km ; 

ro is chosen so that v vanishes within a distance less than the length 

of the computational channel . These boundary conditions are referred 

to as geostrophic in Table 2 . 

The effects of the different specifications can be seen by 

comparing test experiments T1 (zero gradient) and T2 (geostrophic) . 

Figures 5a and 5b . show the horizontal velocity vectors for the surface 

layers of T1 and T2, respectively . There are only minor differences . 

The . results suggest that either kind of boundary condition is 

adequate . The zero gradient condition was decided upon because it is 

simpler to apply and it has precedents (§5c) . 
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b . Differences in Transport through the Straits 

Experiment T3 has a transport of 25X106 m3/sec through the Straits 

of Yucatan and Florida . Experiment T4 has been run under identical 

conditions except that she transport through the Straits is specified at 

30X106 M3 /sec . Figures 6a and 6b shew the transaort streamlines for 

experiments T3 and T4, respectively. In the western Gulf the stream- 

line patterns are essentially the same and in the eastern Gulf they 

are remarkably similar. Assume that the correct transport through 

tree Straits is 30X10 m3/sec . Then a comparison of Figures 6a and 

6b shows that the main effect of under-specifying the transport by 

17% is to cause a recirculation of water within the Loop Current and 

a westward flow of water along the northwestern coast of Cuba . 

Away from the Cuban coast the circulation is affected only slightly . 

This result leads us to believe that small errors in the transport 

specified at~the open boundary will not radically affect the interior 

circulation in a diagnostic experiment . 

c . Experiments with and without Wind Stress 

This section examines the importance of variations in the remaining 

boundary condition : the wind stress at the sea surface . First, an 

experiment, TI, was run using the wind stress field shown in Figure 7 . 

Then a second calculation, T6, was made using the same conditions 

except that the wind stress was set to zero . Figures 8a and 8b show 

the streamline patterns from Tl and T6, respectively . 
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There is a close similarity between the two pictures . The 

differences are mainly in regions where the circulation is weakest . 

(It should be remembered that in areas of weak circulation the 

streamfunction field is relatively .flat . Thus, small changes in 

the choice of a contour can cause the patterns in Figures 8a and 

8b to be more or less comparably .) The differences in the velocities 

for the surface layer (Figures 9a and 9b) and the deeper layers 

(not shown) are also negligible . There are small differences in the 

current on the Campeche Bank where the wind stress has caused some 

enhancement in the flow in experiment T1 . 

The negligible effect of the wind stress field on the circulation 

in these calculations agrees with the results of Holland and Hirschman 

(1972) for their diagnostic calculations of the circulation in the 

North Atlantic Ocean . The reason for this result is considered in 

the discussion concluding this section . 

d . Differences in Viscosity 

In Section l, the results of two studies (Bryan, 1963 and Veronis, 

1966) were quoted to the .effect that the strength of the currents in a 

circulation model was ultimately determined by the amount of viscosity 

in the model . It is important, therefore, to test the sensitivity of 

the model in this regard . The horizontal coefficient of eddy viscosity 

must be large enough so that the frictional boundary layer is resolved 

by the grid ; the width of this boundary layer is given by 2(Am/s)it3 

where ~ =,(2wcosVa) and a is the radius of the earth (Munk,~1950) . 

Experiment 72 was run with an eddy coefficient sufficiently small so 
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that the frictional boundary layer was barely resolved . Two more 

experiments, T3 and T5, were run with larger coefficients . 

Table 4 lists some of the parameters and results from the experiment, 

It can be seen that increasing the viscosity by a factor of 5 reduces 

the transport in the central western gyre by 35% and the transport 

in the Loop Current by 28% . The mean kinetic energy is decreased by 

29% . 

'Figures 10a, .lOb, and 1.Oc show the streamlines for T2, T3, and T5, 

respectively . Experiment T2 shows a considerable amount of noise 

on the scale of the grid spacing . In experiment T3, the noise is 

greatly reduced, and in T5, it is essentially gone . On the other hand, 

all of the large scale features appear in each experiment . The 

Table 4 . 

Results from Experiments with Varying Viscosity 

Am 2(Am/a )1/3 B C D 
cm 2sec'' Km 1012M2 /sec 1012M2 /sec gm/cm sect 

T2 2x10' 90 20 36 45 

T3 4x10' 120 16 32 38 

T5 108 160 13 26 32 

Am=.Horizontal coefficien t eddy viscosity 

2(Am/g)'P= Width of the frictional boundary layer 

B = Maximum transport in the central western gyre 

C = Maximum transport in the Loop Current 

D = Mean kinetic energy per unit volume 

.0 
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effect of increasing viscosity is clearly evident on the Loop Current . 

In addition to becoming smoother, the Loop broadens and the stream 

function gradients become smaller . Since the vertically averaged 

velocity is proportional to the gradient of the stream function, the 

,more widely spaced streamlines are associated with lower velocities . 

On the basis of these results the compromise value of m =4x10' cm2/sec 

was chosen for subsequent experiments . 

e . Effect of Extending the Shallow Shelves 

The extensive shelves in the Gulf of Mexico represent a serious 

difficulty for the model . In the present model the thickness of the 

topmost layer in the standard grid is 70 meters . This layer extends 

horizontally inshore as far as the 35 meter isobath . As seen in 

Figure 3, the standard grid excludes a fair sized portion of the 

shelf waters . In order to resolve these areas more efficiently one 

or more additional thin layers would have to be added to the top 

of the model . This would increase the size of the grid and, therefore, 

decrease the possible horizontal resolution of the model . 

In order to explore a simpler alternative, an experiment was 

performed on a grid in which the tap layer had been extended shore- 

ward to the 15 meter isobath . The results of this experiment, T7, 

can be compared with those of experiment T4, done on. the standard 

grid . Although, the expanded grid only has about one additional row 

of grid points around the edge, the difference between the two experi- 

ments is striking (Figures lla and lib) . On the expanded grid, a 

vigorous current has appeared flowing from the Mississippi Delta 
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south ;;ard across the west Florida Shelf, in place of the much weaker 

southward flow in experiment T4 . Such a strong current, with velocities 

as large as those in the Loop Current, is not realistic . The reasons 

for its appearance are not known . -The shallow shelf is already quite 

wide in the standard grid, and it is difficult to imagine why the 

addition of one more row of points should have such a drastic effect . 

In both experiments there are strong currents along the Campeche 

Bank west of 880 4! longitude . The current speeds here are also prob- 

ably too lane . On the other hand, the current direction is consistent 

with the interior flow and the currents are probably correct in 

this sense . 

As a result of this test the expanded grid was rejected . Also 

' in response to this test a small amount of bottom friction was added 

to the model . Wherever the grid is only one layer thick a bottom 

stress is applied . It has the form 

Tb=Yu 
6 .7 

Tb = Yv 

where u and v are the zcnal and meridional co.mponents of velocity, 

Tb and Tb are the .corresponding bottom stresses, and Y = 1X10_8 sec 
1 

is the constant coefficient of proportionality . 

f. Discussio n 

Perhaps the most important results of the test experiments 

were those which showed that large changes in the applied wind stress 
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and in the transport through the Straits of Yucatan and Florida 

had relatively little effect on the circulation in the interior 

of the basin. . These results suggest that observational uncertainties 

leading to errors in these boundary conditions will not destroy the 

value of a diagnostic experiment . It is interesting to speculate 

about why this is so . 

To begin, it is convenient to refer to the vorticity equation 

for the transport streamfunction, the equation which governs the 

vertically averaged flow in the model . Equation 3 .22 can be written 

i n the form : 
pH~rt = - a (2wn)~~~ - a {gym )~ - ~'~~)a} + a {(Pb)xh~ - (pb)~hx} 

+ ~ {G~ - ( m )~} 6 .8 

where T ~ Tf =components of wind stress, 40 

and pb =pressure at the bottom . (The bottom refers not 

only to the deepest parts of the basin, but to the 

entire ocean-earth interface .) 

The remaining quantities are defined in Section 3a : The terms on the 

right hand side represent in order the so-called planetary vorticity 

tendency, the curl of the grind stress, the bottom pressure torque, 

and the combined effects of non-linearities and lateral viscosity . 

The wind stess appears,, explicitly in equation 6 .8 ; the transport 

through open boundaries enters the solution to equation 6 .8 

through the boundary condition on 
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Traditionally, circulation theory argues that in the interior 

of the ocean basins lateral friction and non-linear effects are not 

important, and that,therefore,the last term in equation 6,8 can be 

neglected . Then, if either the depth or the bottom pressure is 

constant, the third term on the right in equation 6 .8 vanishes, and 

for steady flow the planetary vorticity tendency is balanced by 

the curl of the wind stress (Sverdrup, 1947) . In other words, 

when the pressure gradient goes to zero at same level above the 

bc~t-,o ;:1, the t'rarspor " Z. in the ocean interior is completely deter- 

mined by the wind stress . Eowever, if the depth and the bottom pressure 

are variable, then the bottom pressure torque term remains and it may 

be important . In fact, Holland and Hirschman (1972) have found the 

' bottom pressure torque to be the most important determinant of the 

transport .n their diagnostic mode-1 of the North Atlantic Ocean . 

In order to show that the bottom pressure torque is important 

in the Gulf of Mexico model it must first be shown that the nonlinear 

and frictional effects are negligible in the interior of the basin . 

By an extension of the scaling arguments in Section 2b it can be 

shown that, relative to the planetary vorticity term in equation 6 .8, 

the non-linear and. frictional effects are scaled by the Rossby Number 

for the vertically averaged flow and the Horizontal Ekman number, 

respectively . . In the interior the largest vertically averaged 

velocities in the Loop Current do not exceed 50 cm/sec end the 

length scale over which the flow varies is about 100 km . Using. these 
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values and the value of 4X10 cm2/sec for the horizontal coefficient 

of eddy viscosity the Pessby Number is 5X10'2, and the Ekman 

Humber 4Y,10'3, both much less than unity . Thus, the last term in 

equation E .8 ray be reflected . If .the flca: is steady, then the 

remaining terms in the equation are the planetary vorticity ten-

dency, the curl of the wind stress, and the the bottom pressure torque . 

In section 6c it was sown that removing the wind stress had only 

a slight e`fect on the model circulation (Figures 8a, 8b, 9a, and 9b) . 

The result suggests that the interior balance is primarily between 

the planetary vorticity tendency and the bottom pressure torque . 

Finally, in section 6b it was demonstrated that a 17°ro reduction of the 

transport through the Straits of Yucatan and Florida caused signi- 

ficant changes in the transport only near the Cuban coast (Figures 

6a and 6b) . This suggests that the interior balance remains un- 

changed and the adjustment to the transport boundary condition 

occurs only in a narrow boundary layer along the Cuban coast . 

The above discussion refers only to the dynamics of the model . 

It does not suggest that the grind stress and variations in the trans- 

port through the Straits are got important in the actual Gulf or 

in a fully predictive model of the Gulf. 
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The Department of the Interior Mission 
 
As the Nation's principal conservation agency, the Department of the Interior has responsibility 
for most of our nationally owned public lands and natural resources.  This includes fostering 
sound use of our land and water resources; protecting our fish, wildlife, and biological diversity; 
preserving the environmental and cultural values of our national parks and historical places; 
and providing for the enjoyment of life through outdoor recreation. The Department assesses 
our energy and mineral resources and works to ensure that their development is in the best 
interests of all our people by encouraging stewardship and citizen participation in their care. 
The Department also has a major responsibility for American Indian reservation communities 
and for people who live in island territories under U.S. administration. 
 
 
 
The Minerals Management Service Mission 
 
As a bureau of the Department of the Interior, the Minerals Management Service's (MMS) 
primary responsibilities are to manage the mineral resources located on the Nation's Outer 
Continental Shelf (OCS), collect revenue from the Federal OCS and onshore Federal and Indian 
lands, and distribute those revenues. 
 
Moreover, in working to meet its responsibilities, the Offshore Minerals Management Program 
administers the OCS competitive leasing program and oversees the safe and environmentally 
sound exploration and production of our Nation's offshore natural gas, oil and other mineral 
resources.  The MMS Minerals Revenue Management meets its responsibilities by ensuring the 
efficient, timely and accurate collection and disbursement of revenue from mineral leasing and 
production due to Indian tribes and allottees, States and the U.S. Treasury. 
 
The MMS strives to fulfill its responsibilities through the general guiding principles of:  (1) being 
responsive to the public's concerns and interests by maintaining a dialogue with all potentially 
affected parties and (2) carrying out its programs with an emphasis on working to enhance the 
quality of life for all Americans by lending MMS assistance and expertise to economic  
development and environmental protection. 
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