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ABSTRACT

Rossby number similarity theory has been used to calculate surface
winds and transport of an o0il slick over the ocean. Calculations were
compared with observed data from the ARGO MERCHANT wreck site during
the month of December, 1976. When baroclinicity was included, agreement
of calculations with observed data was very good. The model has been
run with different limitations on the roughness parameter, the drag
coefficient, and the baroclinicity. Baroclinicity appeared to be much

more significant than either of the other two parameters in producing

an oil slick path resembling the observed slick.
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CHAPTER 1
INTRODUCTION

ARGO MERCHANT. AMOCO CADIZ. BRAVO. O0il gushes forth onto the sea,
destroying wild life in its path and wild, scenic beauty on the coasts of
three continents. Can we determine where this oil will go? Will it touch
land? The answers depend upon our ability to predict the transport of
0oil on the ocean. This research evolved a model to aid in the study of
0il slick movement and winds near the earth's surface.

The model was derived by employing Rossby number similarity theory
and was implemented on the CDC 6600 Computer in FORTRAN. Rossby number
similarity describes the planetary boundary layer (PBL) by the surface
Rossby number, the geostrophic drag coefficient, the von Karman constant
k, and two universal functions. The surface Rossby number is defined as
the non-dimensional product of the magnitude of the mean surface geostrophic
wind Vg, the Coriolis parameter f, and the surface roughness height z
such that R0 = Vg/fzo' The geostrophic drag coefficient is another non-
dimensional product, defined as cg = u*/Vg, where u, is the friction
velocity. The universal functions have been empirically determined for
neutral, diabatic, and baroclinic cases (e.g., Clarke & Hess, 1974, 1975;
Arya & Wyngaard, 1975), and it was these functions which were incorporated

into the model. The input to the model was easily obtainable meteorological
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data (vertical and horizontal temperature gradients, sea-level
atmospheric pressure data). Using this data, the model produced a
reasonable estimate of surface winds, sea surface drift, and movement
of an o0il slick.

The first model which was studied employed a no-slip lower
boundary to coincide with the conditions under which the universal
functions were derived. The neutral, barotropic model was then expanded
to accomodate the most general diabatic, baroclinic cases. Sensitivity
studies were run and results were compared with observed data of Clarke &
Hess (1974, 1975) and Hasse & Dunckel (1974). The reasonable agreement with
observed data suggested this portion of the model was working properly.

The next addition to the model was the incorporation of sea surface
drift. The drift model was derived by coupling a moving lower boundary
to the atmosphere. To do this, the surface drift was assumed to be
equal in magnitude to the friction velocity and to be in the direction
of the surface geostrophic wind. The drift velocities produced by this model
were used to forecast the advection of hypothetical "oil slicks" down-
stream. The mass of these slicks was assumed constant and only the mean
motion of the slick centroids was considered. 0il slick motion and wind
speed and direction obtained from the model were compared to data collected
during the investigation of the ARGO MERCHANT oil spill of December 15, 1976.
Although this spill occurred within 30 nautical miles of land, where
mesoscale effects and currents (not included in the model) could be
important, the model results compared favorably with the observations.
Thus, Rossby number similarity theory appears to be applicable to the

problem of determining surface winds and oil slick movement over the open ocean.



CHAPTER II
ROSSBY NUMBER SIMILARITY THEORY

Outside of the ivory towers and laboratory, it is difficult to
undertake controlled experiments to understand and measure nature. We
are fortunate to have another tool at our disposal--similarity theory.
Using this theory, we attempt to select the variables governing the
phenomenon in question, non-dimensionalize them with scaling variables,
and organize them such that they might yield universal functions.

Consider the flow within the neutral, steady state barotropic
planetary boundary layer (PBL). This flow is essentially governed by a
height z within the layer, the geostrophic wind speed Vg, the Coriolis
parameter f, and the surface roughness length 2. One can presume that
this flow is a function of the non-dimensional ratio V /fzo, known as the
surface Rossby number Ro' The equations of motion for this flow, with

horizontally homogeneous turbulence, and without heat transfer are

(u'w") 1)

- - d
-f(v 5 Vg) E

and

e = ¥ e ¢
f(u ug) iz (v'w'), (2)
where u, ;, and Gg, ;g are the horizontal x- and y-components of the
mean boundary layer and geostrophic winds, and u', v', and w' are the

horizontal and vertical velocity fluctuations. We wish to non-dimen-



sionalize these equations for the boundary layer and keep them well-
behaved at both some scale height h above the surface and at z  mnear
the earth's surface. Hence we want to select an appropriate scaling
velocity to make the scaled flow field independent of zo/h, and thus
finite.

Orienting the flow field such that the x-axis is aligned with the

surface stress, we begin to non-dimensionalize the equations with the

surface stress Tx = pu*2 & Ty = 0. Then,
e o -
N ey et )Y 3
o} u, dz *

and likewise for equation (2). Furthermore,

(0w JRAE TR d(u'w")

u, F L flu, . dz

2
/pu,

so that we have a non-dimensional set of equations, not explicitly
dependent upon'Vg/sz (the governing variables in non-dimensional form),
with a scale velocity u, (the friction velocity) and scale height h = u*/f:

V-V _ d(u'w')/u.,_2
u d zf/u*

(3)

*

b O o e TR 2

: u*ug ¥ Z(ngui/u* (4)
However, since Vg/u* is implicitly a function of Vg/fzo, we approach
a stress singularity near the surface in the formal limit process as
Vg/fzo <+ ©, Thus we can assume the above equations to be valid in an
outer layer and must reevaluate the scaling factors for flow near the

lower boundary, the inner or surface layer.



Near the surface, z/zo is finite and thus useful for a non-dimensional
height, and in the formal limit as vg/fzo -+ o, the flow cannot ''feel" the

geostrophic wind, so we are left with

X e z

Tt e (5)
and

i z

& T (6)

The next step is to solve these equations and determine the final
non-dimensional description of the flow field within the PBL, with the
restrictions of neutral stratification and no heat transfer, as mentioned
above. This can be accomplished by matching the inner and outer layers,
requiring the similarity laws for the inner and outer layers to be the

same in the limit as both zf/u, -~ 0 and z/zo -+ ®» gimultaneously. This is

3du

accomplished by matching the x-component of wind shear Nz

for both (4) and

(6) and doing likewise for-%%-with equation (3) and (5). For a complete
discussion of this process see Blackadar and Tennekes (1968). The

resulting equations, after separation of variables and integration,

satisfying the boundary conditions, are

il z
u, e 1n r (7)
o
and
ég w i 1ha Ha (8)
uy k fz
o

when matching x-components, and similarly for y-components,

-B
4 (9

e <l
* 09
I

where A and B are universal functions, constants when the atmosphere is

neutral and barotropic. Using equations (8) and (9), simple algebra takes



us to the equations of Rossby number similarity:

> u k2vy,2 2%
1n(R°) = A - 1n v* - (E_Zg - B%) (10)
g *
sin a = %“E* (1)
g

where a is the cross-isobaric angle and u*/Vg is the geostrophic drag

coefficient Cg'



CHAPTER III
THE MODEL

Similarity theory requires that the non-dimensional functions
involved be determined experimentally. This has been done with Rossby
number similarity theory by Clarke & Hess (1975) and Arya (1975). If
these constants have been determined correctly, we should be able to
apply the theory, using these functions, at any location. Hence a computer
model was developed to apply this theory to the problem of calculating
surface winds in the boundary layer and surface drift of the ocean's waters.
The computer model was run in FORTRAN on the CDC 6600/6400 computer
of the University of Texas at Austin. The code consisted of a driver and
two subroutines, WIND and GWIND (see Appendix A). GWIND calculated
geostrophic wind and direction and oriented the axes to determine thermal
wind components. WIND utilized Rossby number similarity theory to
calculate the cross-isobaric angle a, the friction velocity u,, the surface

roughness length z,» and the 10 meter surface wind U (or U Since the

10)'
equations are non-linear, an iterative technique was employed to determine
u, and z, The non-dimensional functions, functions of stability u and
baroclinicity S, were redefined to allow for these conditions. Later a
moving lower boundary was added to simulate water below the atmosphere.

Given the horizontal temperature gradient, air-sea temperature

difference, mean air column temperature, and the surface geostrophic wind

7



speed and direction, the model determined the friction velocity u,
and the cross-isobaric angle o. From these, a drag coefficient 4 was
used to calculate the surface wind speed and direction.

The universal functions A and B were determined using stability
coefficients derived from Arya (1975) and baroclinic coefficients from
Clarke & Hess (1975). Using Rossby number similarity, it is possible to
define a function F(cg) = 1n R0 - A+ ln(cg) - (%E - BZ);i (see equation 10)
and its derivative F'(cg). For the barotropic cage (see Appendix B), we
solve for either neutral or diabatic conditions. For neutral stability,
A= Ao =1.1, B = Bo = 4.3 (Clarke & Hess, 1974); otherwise the stability

parameter p is calculated, and thereafter A and B are computed as a function

of p, which is defined according to Hasse & Dunckel (1974) such that

- kzg (Ta - Tp)
fuT .
a

H

which differs from the u of Clarke & Hess, among others, as discussed
below. (Ta - To) is the air-sea temperature difference, Ta the air
temperature (also referred to as T, for notation simplicity), and g the
acceleration of gravity.

Knowing F(cg) and F'(cg),Newton's Method is utilized to solve for
cg by iteration. Then u, = (cg)(Vg). The surface roughness length z
was updated using Charnock's equation such that s T mu*Z/g where m = 0.016
and g = 981 cm/sec?. Convergence was assumed when z changed by less than
a specified small amount.

The surface wind was computed as U o u*/VE; where c the surface

10 d’

drag coefficient,is initially a constant 1.24 x 107 3. This value was

chosen in order to compare results with those of Hasse & Dunckel (1974),



which were taken from observations over the open ocean. It is also a
reasonable mean value of the drag coefficients determined by Deacon (1973a),
Hsu (1974), Smith & Banke (1975), and others in the literature. Hsu and
others have also reminded us that stability can be a factor in determining
the drag coefficient. Stability affects u,, and this is turn affects the
value attributed to c,. However, since in this model, u

d
using A and B as functions of stability, this could allow the constant c

« 1s determined by

d

to be used to calculate UlO' The drag coefficient will be modified for
results over the open ocean and will be discussed further in the section

on the Drift Model. The model was then run to compare output values with

those determined by other investigators.

No-Slip Model

Barotropic Conditions

Recall that a neutral, steady state, barotropic PBL was a basic
assumption for Rossby number similarity theory. Under these conditions,
the universal functions A and B are constants, A = 1.1 and B = 4.3.

A glance at most thermodynamic diagrams of the lower atmosphere
will show that the boundary layer is seldom neutral over a period of time.
Thus, stability of the layer must also be considered when determining A
and B. The stability parameter can be determined from the Obukhov length

LA
Uy Tap EQ_J where cp is the specific heat capacity at constant

k g Qn
pressure, p is the density of air, Ta is the mean air column temperature

L =

and Qh is the heat flux, assumed to be Qh = pcp DU (TO - Ta), and D is
the heat transfer coefficient. Given that u = ku*/fL, substitution of

terms yield X kzg DU (T, - Ia)
Fe . UF T
d a

U=
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recalling that cq = (u*/U)z. Then, if we assume that D and c, vary

d
similarly with respect to air-sea temperature differences and that

they are of approximately the same magnitude (Hicks, 1974; SethuRamen &

Raynor, 1975), they will counteract each other and leave us with

i k2g (T, - To) ey
£UT_ WO

the y' as defined by Hasse & Dunckel (1974) and written as u hereafter.
Arya (1975) has determined coefficients for p to show how A and B
vary with stability. However, since p will not be as large over the ocean
as over land, generally |u| < 90, his cubic term can be neglected.
Slightly modifying the other coefficients to compensate for this, we

have

A(u)
B(n)

A - 0.10 u - 0.001 p2
B, + 0.13 u - 0.001 ul,

where Ao and Bo are the neutral, barotropic values for A and B. The
computer model, however, is still sensitive to this stability parameter
and will not converge for values |u| > 70 under barotropic conditioms.

This limitation should still be sufficient for most oceanic applications.

Baroclinic Conditions
Baroclinic conditions in the atmosphere must also be considered
in a boundary layer model. Temperature advection and simple differences
in insolation heating will contribute to baroclinicity. Hence, the
universal functions A and B must be adjusted for baroclinicity S as well
as stability u.
Clarke & Hess (1975), assumed h = u*/f to be the appropriate scale

height in the boundary layer, and experimentally obtained values for



Bé L. EEL-, 3§~ , where S has been non-dimensionalized by k?/f

~

3S_ 7 3S_ ’ 9S_ 3§
2 y X y
and éx’ §y are the x- and y-components of baroclinicity, x being in the

direction of surface stress. Then

& g Rela s YA
Sx_f -g_z—g_—fz'% 1

and

- e N rpahaliy
Be ™7 BT

Then for -90 < h/L < 90, (where h/L = u/k),

A=A+ ( )s b

= A +0.208 -0.048 ,
o X y

o)
]

= = - 0.325_+0.358_.
B (aS )sx 7y (8§ )s B0 OFB8 Sx 0.35 Sy

With these baroclinic parameters, they used Rossby number similarity to
plot the change in the cross-isobaric angle o with respect to the angle
between the thermal and geostrophic wind .

Arya and Wyngaard (1975) take a different approach. They suggest that
the scale height be the height of the inversion z, and therefore that A

i

and B are, respectively, universal functions of zi/L and fzi/u*. Then,

Ai =1n 21 - {E&>
Z0 Uy

Bi =k <Vg sign f
Uy

where <ug>, <vg> are the vertically averaged boundary layer components
of the geostrophic wind, valid for both baroclinic and barotropic
atmospheres. When surface geostrophic winds are used, the authors

expand their definitions to account for baroclinicity such that

18l
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A= Ai + A' and B = Bi + B', where A' and B' are functions of the
geostrophic shear, normalized by (zi)/u*. This formulation differs
from Clarke & Hess in that Clarke & Hess use the thermal wind. However,
comparisons of results from both methods (with each other and with
observations) show quite similar results.

The Clarke & Hess method eliminates the need for detgrmining z,
and the geostrophic shear. However, because of this we must assume
temperature gradients to be invariant with height, within our area of
interests, for purposes of determining the thermal wind. Since upper air
soundings are not always available for a large part of the open ocean,
we would prefer a model which does not rely on these soundings in order
to calculate the thermal wind from geostrophic wind shear. Thus, the
Clarke & Hess method was selected for this model as the simpler of the

two methods.

Sensitivity Analysis of No-Slip Model

Stability effects

Stability was computed for the air-sea temperature difference at 5°¢
increments, holding the geostrophic wind speed constant. This was done
for 3 geostrophic winds: 10, 13, and 16 m sec !. The stability for a given
air-sea temperature difference varied for different geostrophic wind speeds,
and the cross-isobaric angle a increased with increasing stability. Thus,
the model depicts conditions of momentum transfer in the boundary layer.
Under stable conditions, the lower boundary increases the turning of the
surface winds and decreases the inertial effects. Figure 1 describes the

normalized surface wind as a function of stability for each of the above
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Figure 1. The non-dimensionalized ten-meter
wind as a function of stability in a barotropic
boundary layer.
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geostrophic winds. This shows the surface wind speed increasing with
decreasing stability.

Hasse & Dunckel (1974) calculated surface geostrophic winds from
3-hourly pressure observations at German and Danish synoptic weather
stations and measured the surface winds over the Baltic. They obtained

a mean surface to geostrophic wind speed ratio U

lO/Vg = 0.63. The Rossby

number similarity theory model output also has this approximate ratio for
neutral conditions, where U10 » Uy /E;. Hasse & Dunckel obtained data
under conditions of strong stability and determined a speed ratio of
0.39. The model curves also show this magnitude for strong stability.
Hasse & Dunckel obtained their friction velocity e Yt/p from the
tangential stress, determined by the eddy-correlation technique from wind
fluctuation measurements over the Baltic. From this and the surface
geostrophic wind, they obtained geostrophic drag coefficients, cg, which
they plotted as a function of stability. Figure 2 shows the model output
as having the same range of values in the domain which the authors show. The
mean characteristic variables of the eddy-flux determinations and model
input parameters and results are presented for reference in Table I.
Results of calculating the universal functions A(u) and B(u) are
compared with Clarke and Hess (1974) data in Figure 3. Within the

stability range |u| < 70, the curves are quite similar. Their values

were determined using surface geostrophic winds.

Baroclinic effects

Neutral baroclinic conditions were next investigated. It was
desirable to determine the change in cross-isobaric angle, calling the

change a', due to changes of magnitude and direction of the thermal wind.
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Figure 2. The geostrophic drag coefficient
behavior under diabatic conditions. (Upper graph
from Haase and Dunckel (1974)).



Table I:

Data for Sensitivity Studies

Geostrophic wind speed Vg (m sec™!)
Air-sea temperature difference (CO)
Stability u

Mean surface drag coefficient

Mean surface Rossby Number

Hasse & Dunckel data

Model Input and Results

(1974)
14.31 + 3.4 10 13 16
-0.77 *+ 1.04 -8 to +4 -10 to 5 -13 to 25
-5.29 + 6.53 -70 to 70 -70 to 70 =70 to 70
(1.24 + .33) x 103 [1.24 x 10-3| 1.24 x 1073| 1.24 x 1073
1.2 x 10° 1.41 x 10° | 1.04 x 102 | 0.80 x 10°

91
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For various combinations of geostrophic winds and temperature gradients,

a' was calculated for thermal wind directions around the compass, shown

in Figure 4.

Drift Model
Changes in Code to Accomodate Surface Drift

The sea surface drift, Us’ was next incorporated into the model.
It was desirable that incorporating a moving lower boundary maintain
the integrity of similarity theory. Zilitinkevich, Hess, and Clarke & Hess
offered possible solutions.

Zilitinkevich (1978) proposed a simplified model using Rossby number
similarity and matching the theories for ocean and atmosphere at the
air-sea interface, assuming the vertical momentum flux to be continuous

2 - 2

= pu,“, where pw and v, are the density and friction

such that pwv* o

velocity for water. With some order of magnitude simplifications and

assumptions of neutral stratification in both water and air boundary layers

and a homogeneous ocean, he arrived at the approximation that Hi = 10 =~ 0.032,
v

w
o_ = o, where o is the angle between the surface drift current direction

s
and the wind stress. This method was rejected as a first approach because
1) he assumed the universal functions A and B to be the same in water as
well as air, something possible but not empirically determined; 2) a neutral
barotropic case is not general enough for the problem; 3) the upper 500 to
1000 meters of the oceans are especially baroclinic (Von Arx, 1967).

Hess (1974) advanced a different method for determining the surface
drift using similarity theory. He also considered the universal functions

A and B to be the same for air and ocean and assumed a continuous stress at

the interface. He then further simplified the problem by assuming that the
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Figure 4. The change in the cross-isobaric angle due to baroclinicity.
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roughness length in water equals the roughness length felt by the
atmosphere. This approach was not utilized due to the assumptions
concerning the water.

The method chosen for the code was proposed by Clarke & Hess (1975).
They initiate a moving lower boundary into the governing equations such

that, after asymptotic matching, the similarity equations become

k u

;: (ug - us) = 1n ?fg - A (12)

E—* (v, S = (13)
where |Us| = |u*| in the direction of the geostrophic wind Vg. Recalling
that w, = V. cos a, v, = —Vg sin a, we can write i A |US| cos a = u, COS a,
LIS, —IUSI sin a = -u, sin a. Squaring both (12) and (13) and substituting

forhusi v g u, v, we find that

ln(R ) - A - 11'1(_‘L8_) B [kz (Xg_ s 1)2 ol BZ]/2= 0.
(o] u P

* *

Letting c = l/cg, we can define a function G(c) = L.H.S. and its derivative
G'(c).

Logically, the cross-isobaric angle o will be affected by a moving
lower boundary to the atmosphere. From the definitions above for B, Vg’

and vs, it can be shown that

= (v - US) sin a = B.

ays 9
Then, again assuming the magnitudes of Us and u, to be equal,
UM By SRR ST
a = sin v
k=8~ 1)
u

*
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Using G(c) and G'(c) in the code in place of F(cg), F'(cg) we can
again solve for u,, @, etc. In the literature there are numerous

cases supporting similar values for US/U and u*/U10 = Vo, where c

a’ d
is the surface drag coefficient, thereby justifying the approximation

10

U AIES US (e.g., Hasse & Dunckel, 1974; Lange & Hiithnerfuss, 1978). Then,

*
if we assume the drift to be generally to the right of the wind stress,

US in the direction of Vg is a reasonable simplification.

Verification

The code was modified to compute geostrophic winds from National
Weather Service sea level pressure data in the vicinity of the wreck of
the ARGO MERCHANT, using the subroutine GWIND. Horizontal temperature
gradients and air-sea temperature differences measured on three occasions
were additional input parameters. Such a small sampling could not give a
useful estimate of computational accuracy. However, it did yield
sufficiently reasonable values of the surface wind to encourage additional

development of the model (Table II).

Table II

Er Date T iy~Tocean Direction Direction |Ulo| knots lUlOI knots
(EST) (c®) Observed Computed it e Compited
1900 22 Dec 76 -4.3 280 2475 15 14.9
0700 23 Dec 76 1 240 223 5 15.8

1900 04 Jan 77 -1.0 320 359 25 10.5




CHAPTER IV

OIL TRANSPORT

The ultimate goal of this research is to apply Rossby number
similarity theory to the understanding of stresses on the open ocean
and transport of oil slicks on this ocean. The most recent oil spill
data available was from the ARGO MERCHANT oil spill, which occurred from
the grounding of this vessel off the coast of Massachusetts on
December 15, 1976. Many public and private research groups studied
this spill, taking various measurements and samples. Our interest here
is the meteorological data: wind speed and direction at the wreck site
and air and sea temperatures. Flights were also taken over the oil, and
position and sometimes speed and direction of oil and water surface were
noted.

Because the ARGO MERCHANT studies indicated the oil slick moved
in the direction of the wind, the accurate simulation of the wind speed
and direction in the general area was considered important. Thence, not
only would the slick transport be calculable, but also this model would
show in general the ability of Rossby number similarity theory to predict

surface winds.

Prediction of winds

A drag coefficient c, is commonly used to express the relationship

d
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between the mean wind U at a given height and the friction velocity u,
such that cd = (u*/U)Z. The drag coefficient is assumed to be a function
of height z, surface roughness 2 and stability. For neutral conditions,
we often see the familiar logarithmic profile U = (u*/k) 1n (z/zo). A
number of values have been calculated for C4q> SOme as a function of wind
speed, some of sea surface roughness, and some remaining constant. In the

following, c, refers to the drag coefficient for a 10 meter wind. Hsu (1974)

d

suggested a constant drag coefficient of 1.2 x 1073 for deep water ocean

applications since a large diabatic range does not usually exist over the

open ocean. For near neutral conditions, Ruggles (1970) found ¢4 to be

approximately 1.6 x 1073 for all wind speeds, excluding singularities at

2, 4, and 8.5 m/sec, and Hasse & Dunckle (1974) found ey = 1.24 x 1073,

SethuRaman & Raynor (1975) also investigated drag coefficients and found
that for a given sea surface state, either smooth (z0 < 0.0015 cm,

= 0.69 x 1073), moderate (0.0015 cm < z $40.015 am, ;0 ;v5 ka6 1073),

€4

or rough (zo > 0.015 cm, c

d
= 1.75.% 10'3), the drag coefficient remains

d

constant within that class.
Because observations tend to show a relationship between the surface

drift on the ocean and the wind speed at 10 meters as US =1 0.035 (Ulo)

(ARGO MERCHANT spill, Torrey Canyon spill, experiments) this would

approximate Hasse & Dunckel's coefficient of /Eg = 0.0352 = (u*/UlO) if we

assume the surface drift to be of approximately the same magnitude as the

friction velocity. The test is how closely will the calculated surface

wind speed agree with measured data, assuming the magnitude to be determined

by Uypo® u*//E;.

The determination of z0 must also be considered. The model used here
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utilizes Charnock's (1955) Bt (g)u*z , m = 0.016 having been

verified by Wu (1969), SethuRaman & Raynor (1975), and others.

While there have been some suggestions of an upper bound on the

surface roughness over the ocean of 0.02 cm, data from Barger, et. al.

(1970) show z, values greater than 0.1 cm for a '"clean" ocean and at

least 0.06 cm with sea slicks. From their observations, there are

indications, however, of an upper bound for z0 under neutral conditions.
To test these hypotheses about z, and cd, the model was run for a

variety of cases:

Case la: The magnitude of z  was bounded above by 0.10 cm.
Then, the value of c
ZA R <MOL0i5,™c

o

q vas a step function of z such that for

g = 1-26 x 1073, and for z_ > 0.015, c; = 1.75 x 10-3.

Case lb: The same restriction as Case la, but the PBL was assumed to

be only diabatic and barotropic.

Case 2: The magnitude of z  was unbounded. The value of cq Was a

step function of z such that for z £ 0.02 cm, c, = 1.24 x 10'3,

and for z_ > 0.02, cy = 1.75 x 1073,

Case 3: The magnitude of z  was bounded above by 0.02 cm, and for

alid suchdziy, CER=N1II248x 10-3.
o d

Case 4a: The magnitude of z was constant such that z = 0.02 cm,

and cg = 1.24 x 10-3,

Case 4b: The same restrictions as Case 4a, but the PBL was assumed

d

to be only diabatic and barotropic.
Case 5: The magnitude of z  was unbounded and o 1.24 x 1073,
The surface geostrophic wind for 41°N latitude, 69.5°W longitude (the
wreck's location) was obtained from sea level pressure surface maps and

computed by subroutine GWIND. The horizontal temperature gradient was

interpolated for this region from the 700 mb pressure height charts. The
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air-sea temperature difference is one indicator of surface stability
and was utilized in the computer model to determine the stability
parameter p. During the time period over which the sea level pressures
were obtained to compute surface winds and ocean drift, very little
air-sea temperature difference information was available. However,
synoptics suggested a slightly unstable regime, so the model assumed

an air-sea difference of -3C°. This was an average value from available
data.

For wind speed (in knots) and wind direction (in degrees) the mean
error, root mean square of the error, mean absolute error, and estimates
of simulation skill are shown in Table III. The error was determined as
the difference between the computed and observed parameter; computed via
Rossby number similarity and observed at the ARGO MERCHANT site. The
observed parameter was either the hourly observed datum at time t or the
mean of three hourly observed data, centered about time t, The skill
estimates were determined from NWS criteria (Grose & Mattson, 1977).

By NWS experience, a wind direction forecast that verifies within 30° is
considered as excellent and within 60° as good to excellent; wind speed
error of 5 knots as excellent, 10 knots as good to excellent. While these
computations were not forecasts but rather simulations, these criteria
can give us an estimate of the model's usefulness.

Results of these comparisons imply that all the above cases for
determining surface winds yield reasonable numbers. Thus, for a given
problem, the user must decide what kind of error values are acceptable
and what level is necessary and/or sufficient to yield useful output.

It would appear, from the root mean squares, that the calculation of
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TABLE III. Statistical Results of Model Cases*

Case la 1b 2 3 4a 4b 5
(0 gD 1.30" ["'<1.26'] 144 |"2)38 3.23 | -1.15 | 4.05
(U.-1)2 6.67 5.85 | 6.57 | 7.04 7.39 | 8.39 | 8.68
|Uc-U| 4.90 | 4.56 4.94 5.05 5.16 6.63 5.99
Excellent U, 16 17 45 ¥ 17 11 15
Good U, 5 5 6 & 4 7 5
(D.-D) 16.71 15844 216.54_| 16.8% 16.68 | 14.99 | 16.20
YD.-D) ? 28.06 26.90 | 27.96 | 27.82 28.10 | 27.43 | 27.67
| D.-D| 23.67 | 23.03 | 23.50 | 23.64 | 23.65 | 23.65 | 23.19
Excellent D, 16 ‘ 17 16 16 16 17 16
Good Dca 7 6 7 7) 7 6 7
(Ue-U) 159571 9-1738 1.39 2.34 3.19 | -1.20 | 4.00
KT-0) 2 7.10 6.67 7.04 7.48 Juid 9.26 8.92
|Uc-U] 5.44 S 12k 5655 o Ba74 5204 Lo 27860 o luiaee
Excellent Uc 12 15 11 13 16 9 12
Good Ug 9 6 10 7 4 8 8
(De-D) 18.53 17.25 | 18.35 | 18.68 18.49 | 16.81 | 18.02
(Dc-D) ? 3d222 29.93 | 31.17 | 31.03 31.27 | 30.55 | 30.89
|D.-D| 27.11 25.34 | 27.12 | 26.98 | 27.02 | 25.73 | 26.82
Excellent D¢q 13 14 13 83 13 14 7.9]
Good D, 10 8 10 10 10 9 10

*Computed surface wind speed (Uc) and direction (Dg¢) are_compared with
observed wind (U, D) and three-hour mean observed winds (U, D). Wind
speed is in knots and direction is in degrees. The overbar indicates
a mean quantity derived as 1/n I (quantity), n = 23. Excellent and good
forecast speed and direction refer to the number of times the absolute
value of the difference of (calculated-mean observed), subscripted ca,
or difference of (calculated-observed), subscripted co, were in the good
and excellent range used by NWS.
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U10 with no temperature advection yields the smallest deviation from
observed. However, this method consistently underestimates the observed
speeds. The next smaller root mean square value for wind speed error

was derived from case la. The surface roughness parameter was given

a least upper bound of 0.1 cm with the surface drag coefficient as a
function of 2. This method yielded the smallest mean error in comparison
with instantaneous wind speed data. The output from these two runs

(u*, UlO’ direction) were used as input into the o0il spill movement model
and movement results, to be discussed under Transport of 0il, were compared

to an observed slick.

Transport of 0il

The movement of 0il on the ocean involves the spreading and transport
of the oil. In an instantaneous spill there is initially a gravity spread
with viscosity being important in limiting its extent. After a few hours,
the slick's thickness will decrease to approximately 1 mm and from then
on, horizontal turbulent diffusion becomes the dominant factor in spreading
(Ichiye, 1973). After a time, an emulsion of oil and water forms, and there-
after, gravity effects are negligible, and the oil is transported as a
passive mass by surface forces: winds, currents, tides, and flows caused
by surface slope and density gradients. While both spreading and transport
are important, it was decided to simulate the transport of the centroid
of o0il under conditions of a continuous spill, neglecting for now the
effects of spreading.

Texas A & M investigators estimate the transport of oil on the sea
surface as the vector sum of the water current and 3.1% of the wind

(Wesly, et. al., 1972). Five models were used to forecast or hindcast
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the movement of the oil spilled from the ARGO MERCHANT (Grose & Mattson, 1977).
These all determined advection by currents and a differential oil-to-water
velocity, differing in choices of sources of wind and currents and of

wind effects (or wind factor). This wind factor was assumed to incorporate
the effects of Ekman currents, Stokes drift, and momentum transfer by

waves.

The wind sources for the NOAA study (Grose & Mattson, 1977) were
either observed on site and NWS forecasts or climatological winds. Wind
factors for 4 of the models were 37 to 3.5% of the wind speed at 00, 150,
or 20° to the right of the wind. This wind factor is quite close to the
value of the drag coefficient utilized in this model. Their observed
wind factor averaged out to 3.567% over a 4-day period, quite close to
the 3.57 value used in their models.

The United States Geological Survey (USGS), in studying the spill,
found that no conclusion could be drawn about the accuracy of prediction
using a 0° or 20° drift angle. Measurements of the oil speed relative to
water and wind showed the oil moving in the same direction as the wind
at a speed, relative to the surface current, of 1.17 of the wind speed.
That is, the o0il slicks would overtake a dye pill which was assumed to
move with the surface drift.

With these methods and observations in mind, for simplicity's sake,
the oil was moved in the direction of the wind and with the speed of
the surface drift plus 1.1% of the wind speed. The movement was
simulated using winds and surface drift calculated by Rossby number

similarity theory and with wind observations at the ARGO MERCHANT site,

with surface drift computed as a function of the drag coefficient. The
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0il was assumed to be emitted continuously from the ARGO MERCHANT. Every
12 hours the slicks would be moved by a vector calculated to be the
distance the oil would move in 12 hours given a steady wind.

Both of these computations overestimated the longitudinal (east-west)
drift of the slick after a 13 day time period (December 15 to December 27,
1976) . However, when oil was constrained to move with the speed of the
drift alone, the calculated path from model output (case la) closely
resembled the mean observed path, longitudinally and latitudinally.

The observed 12 hour wind data, as input, had underestimated the latitudi-
nal extent. Case lb output was also utilized as input to the oil slick
movement code, and showed the observed oil slick to be longitudinally
underestimated and greatly overestimated in its southern extent (Figure 5).
The only difference between cases la and 1b was that 1b was barotropic.
This suggested that baroclinicity was a significant factor in the model.
The importance of baroclinicity was confirmed from the results of cases 2
through 5. Except for 4b, cases 2 through 5 closely resembled the observed

oil path. Case 4b was the other case which was barotropic.

Discussion

Case la data slightly overestimated the east-west and north-south
extent of the slick and followed the centroid better than the other two
cases discussed. From the vantage point of risk estimation, a slight over-
estimation of total extent would be better than large overestimation in one
direction and large underestimation in the other. Also dissipative effects
have not yet been incorporated into the model. These effects would tend
to decrease the computed progress of the slick, thereby modifying

slight overestimations. However, they would negatively bias an already
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underestimated slick.

Recall, now, that the slick movement calculated from observed winds
was based on the premise that the slick really did move at the speed of
the sum of surface current and 1.1% of wind speed. If the latter para-
meter were not utilized in determining the oil movement, the southern
extent of oil would have been even more in error compared with the observed
slick. Because case la simulates the oil movement so well, one could question
the accuracy of the observed wind speed and direction measurements obtained
near the ARGO MERCHANT during this time. Perhaps there is even less error
between the winds generated by Rossby number similarity theory and the
actual winds than is indicated in Table III.

One could agree that the surface current magnitude computed from
observed winds could be improved with a variable drag coefficient such
as utilized by case 1. If the aerodynamic roughness exceeded the criteria
for moderate seas, a larger 4 could have been used. This would increase
the drift magnitude but also the east-west 0il boundary error. Because
the roughness cannot be determined by a surface wind speed alone, any
improved drift by this method is questionable.

When there is o0il on the ocean, we are considering a complex set of
events. A thin slick is being acted upon by the atmosphere above and
the ocean below. Near a coastline, complications continue to mount. Land
mass and ocean bottom effects are experienced by the ocean. Established
currents and tides affect the water's motion. Meteorologically, mesoscale
effects such as a land-sea breeze are a possibility. These complications
were basically neglected in the model. This can be justified if we assume

there exists more homogeneity over the open ocean, where the model is
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intended for use.

Nevertheless, the verification for this model was an oil slick
emmanating from the ARGO MERCHANT wreck. This wreck was located only
29 nautical miles southeast of Nantucket Island, Massachusetts. Thus
tides and currents, along with diffusion, probably did play a part in
the oil slick's eventual expanse. The United States Coast Guard (USCG)
Research & Development Center determined that while tides and winds
would control the movement of the oil over the short term (24 hours),
the wind would dominate its progress over the long run (NOAA, 1977).
This could explain the favorable comparison of case la simulation to
the observed slick.

Land-sea breezes would account for discrepancies in the measured
wind from computed wind which were not explainable from large scale
synoptics. It must be remembered that the forces determining the flow
field in this model are pressure and frictional. Centripetal forces
have thus been excluded from outright consideration. Sometimes, the
surface wind under analysis from December 15 to December 27 was gradient

(curved) flow. This could also affect observed wind values.



CHAPTER V
CONCLUSION

This study was undertaken to determine the validity of utilizing
Rossby number similarity theory to calculate surface winds and movement
of an o0il slick's centroid over the open ocean. Rossby number similarity
necessitated assumptions of a neutral, steady state, horizontally homo-
geneous atmosphere with no heat transfer. This simple model was then
expanded to encompass diabatic and baroclinic conditions and later a
moving lower boundary. The model has limitations, however, involving
these latter conditions. The stability factor u is bounded by +70, beyond
which the model will not converge. Likewise, large horizontal temperature
gradients (greater than 4°c/100 km) will require larger geostrophic wind
speeds to effect convergence. The implication is that Rossby number
similarity does not adequately describe an environment where the thermal
wind is the dominant driving mechanism. This is to be expected when one
recalls that the pressure, coriolis, and frictional forces are the basis
of the theory. Under steady state conditions, one would not often expect
large horizontal temperature gradients in middle latitudes over the open
ocean.

Of the five variables in the Rossby number similarity model, Vg’ =y z s
U, and §, the surface roughness z0 and the baroclinicity S were varied in an

attempt to obtain an oil slick path from the calculated friction velocity

38
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u, and surface cross isobaric angle o. The input data was the calculated

*
surface geostrophic wind, calculated baroclinicity, and approximated
diabaticity. The o0il slick path calculated using Rossby number similarity
theory was obtained by moving the oil in the computed direction of the
surface wind with the speed of the friction velocity u,. Seven cases were
run to calculate paths. Within the range of the roughness parameter
considered, the results show that variations in baroclinicity are more
significant than any reasonable variations in roughness in reproducing
the observed oil slick path.

The drag coefficient cq was also varied in the seven cases in this
study. This coefficient was utilized to obtain
information from the u, calculated in the model. This information was
then compared with observed data. Assuming a constant drag coefficient
tended to result in slightly larger errors. However, for all seven cases,
the mean error between calculated and mean observed wind speeds did not
exceed 4.1 knots, and the direction difference error did not exceed 170.
It can therefore be concluded that this model can be useful in
determining the surface winds over the open ocean.

Much work remains to be done. Spreading has been neglected, and
refinements to include evaporation, dissolution, and dispersion should
enhance the o0il slick model's predictive capability. Results from the

Rossby number similarity theory model have been shown to be useful input

for an oil slick model.



APPENDIX A

The programs and subroutines
utilized in obtaining results
presented in the text.
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PROGRAM THESIS(INPUT,TTY,CARDS,0UTPUT,TAPESECARDS, TAPEGBDOUTPUT,

1 TAPEA)

DIMENSION ITITLECO)
REAL LRMA,K,LL,X2,LCyMU,L,KYV
COMMON/G/ IDMAYX, JOMAX,XLAT,COR(C4),TWRD(6,4),0X(4),DY(4),

1 RRyICMAX,JCMAXpOMEGA,BLP(6,4),PH]O(6,4),VGR(6,4) y
DATA OX/8539800,,8413000,,8285%500,/,0Y/111047%50,,11106690,/
COMMON/W/ RP,vG,21,8X0,8Y0,A0,B0,PH11,DELTA,EP8,GM,RGM,

1 x2sGoITERY,ITER2)ITERI,DELHT,OT0A,T,K,RCH,IDEBUG
COMMON/WO/ U,THETA,USTAR
DIMENSION XNIL(¢34)oYOILC34)

COMMON AVU(M&),Athaa).AV'R(&B).AVGGC“B)pUSYRfﬂl).P!(da)
KASE=3
LMxs 121
X02sY0083,0
NL INS@
DELTA® | ,AE=?
NsQ
NSLICK=O
ITERISITYER2SITER3Im20
NTIME=O
CC=0,016
Ks0,4 (] Gs981,0 S RHOs1,2E~3
GMs G/CC [ ] RGMs §,0/GM
K2s KwK
RRs 1000,/RHO
21s U.u‘ X
SXo=s8Y0=23,0
AGs 1,1 8 Bas 4.3
EPSsi ,0¢=NS
OMEGABTY ,292F RS
DATA IN CGS SYSTEM
INPUT INITYIAL VALUES OF GEOSTROPHIC WIND VvG/,SFC, ROUGHNESS ?nm
SHEAR SX AND SY-_SIM!LARIYV THEORY AP AND 80, ]
THE HORIZONTAL TEMP, GRADIENT AND ANGLE RELATIVE YO sFC.GTRESSp
HEAY FLUX, AND TEMP ¥
PHI1 IS ANGLE OF TEMP GRADIENY VECTOR FROM COLD TO WARM WHEN COMPUTING
FROM SYNPTIC MAPS, LATER MADE RELATIVE YO GEOSTROPHIC WIND 8S Pn8
100 IF(KASE_EG,@) GO TO 3
READ(D) (‘VU(!).X.‘.?"“)
00 2 Is1,34
IF¢MOD(I+1,2).,E0,1) GO YO 1

READ(S,10A6) IVG,DELHT,UL,T,DTOA,CD,XLAT,

1 IDEBUG, IDMA X, JDMAX
XLATSXLATSY]

"VG- ‘VGG‘I)

PHI1® FI(T)

GEDOSTROPHIC WINDS WILL NOY BE CALULATED FROM 8LP,

FF 8 2,04OMEGAXSINIXLAT#0,01745)

RFs {,0/FF ] RCOs 1,0/8QRT(CD)

CALL WIND,
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998
999

1999

100S
1006
1007

1008
1009

1011

CONTINUE

8§YoP

BELOW COMPUTES GEOSTROPMIC WINDS WITH CALL TO GWINO
READ(S,10@6) IVG,DELHT,PHI1,T,0T0A,CD,XLAT,IDEBUG, IDMAX,JDMAY
IF(IVG,LY.®) GO YO 1999

PHIB(1,1)s PHYY

CALL GWIND

CONTINUE
READ(S5,1011) ITITLE

WRITE(6,1005) ITITLE
WRITE(6,1007) IVG,DELMT,PHI{,T,DT0A,CD,XLAT,IDEBUG,IDMAX,JOMAX

ROM=Q, $ SHME @,
RCDOs 1,8/8QRT(CD)
CONTINUE

DO 999 J=m2, JCMAX .

FFaCOR(J) L ] RFs {,0/FF
USAVEES@, § DSAVEsD,

DO 998 I=m2,TCMAX

PHI1Z PHIA(YT,J)

VGs VvGO(I,J)

IF(VG,LE,.S20,) DELHT®R{,2F=8

CALL WIND

DIRE TWRO(I,J)+THETA

TEMPE 270 ,eDIR*S7 .3
FROMaAMOD(TEMP,360,)

WRITE(C6,108R) FROM,VG,PHI1
NTIMESNTIME4

USTR(NTIME)BUSTAR $ FICNTIME)SPHI{
AVGG(NTIME)EBYVG 8 AVFR(NTIME)SFROM
AVUINTIME)RY 8 AVOC(NTIME)S DIR
CONTINUE

CONTINUE

GO T0 i@@

CONTINyE

WRITE(S8) AVU,AVD, AVFR,AVGG,USTR,FI

FORMAT(///,6A10)

FORMAT(1S,7PFS,0,0P,3FS,0,3PFS, 2,0PF5,0,31%)

FORMAT (w IVGI&,!S.SX.Q DELHTE® ,E9,2,5X,#PHTI{mwn, FS.8,5X,2TR4a,
1FS,8,5%X,«DTAASe,FS,2/,% DRAG COEF FOR U1882,E9,2,SX,*LATITUDR,

2 FS 1 +5%,#DEBUG FLAGS®,T1,S5X,#IDMAXE%,]I3,Sx,*JDMAXS®,]13)

'ORM‘T(l"" SBy,w » FROM# ,FS ,0,%, G"p'ﬁo‘oip PHIlsw,FS,0)
FORMAT (1K 'iYOY‘L NUMBER OF SLICx POINTSEw,14,% X,Y %,
{#CORDINATES IN METERS PROM NRIGIN 'OLLONI/'

2 (601X, 1HE,EQ,2,1H,,E9,1,1H) H))

FORMAT(6A10)
END
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SUBROUTINE WIND

COMMON/W/ RP,VG,21,8XP,8Y0,A0,88,PHI1,DELTA,EPS,GM,RGM,
1 KZ.G,IT!R!,ITER!;ITERJ,DELHT,DTOA,T,K,RCD;IDE!UG
COMMON/W0O/ U, THETA,USTAR

REAL K2,K,LRMA,My

FCC)s LRMA®ALDG(C)® SORT(K2w(Cel,)*(Cui,) oB2)
FP(C)E ot B/C ek2*C/ SQRT(K2w(Cey )ttc-l ) =82)
AA(C)® Ao-a,la.c ° 0,001%C*C

BR(C)s RP+d.13+4C ¢0,001#CwC

l0a21} (] sX=8X9 [ syYa8Yp

AmAG L ] AwBP

PHI® PHI1#0_01745S

RVGs (% @/VG

B2=BwB

USTARE SQRT(ZOwgM)

Xis VG/USTAR

ITR=0

ITER=O

IBFLGsY .

1F(Y, LE o ] OR ABS (DELHMT) . GT,1,0C020) IBPLGEQ

THIS IBFLGIQ IMPLIES Ap,B WILL NOT BE COMPUTED AS FCN

OF MU ONLY

IF(T,LE,2,0) GO TO 100

AMUs K2#GwOTOA%RF/T

888 K2#GueRFwRF /T

Us USTAR#RCDT

IF(20,6T,P.31%) Us USTAR/SQRT (1, 7SE=83)

FOR ROUGH SFA STATE, CHANGE ORAG COEF,

MUs AMU/ZU

ABTAA (MU)

8s BB(MU)

B2s BwB
BAROTROPIC CASE

109 RO= VGwRF/20

39

3

LRMAm ALOG(RO)wA

XmX1

ITERATE ON (VG/USTAR)

DO 22 I=1,ITERI

Xis xoF(x)/FP(X)

Ysp(X1)

ITal 1
IF(ABS(XieXY, LT, EPS ) GO TO 30
Xsx1

WRITE(6,1081@)YTER]

GO YO 999

IF(IDEAUG.EN,1) WRITE(GH,1020) IT,Xi,Y
COMPUTE UBTAR

USTARS VG/ X1

21820

102 RGMaUSTAR«USTAR

UPPER BOUND ON 2@

1P (20.L7.3,10) GO TO 3¢
2082}

GO YO 2a0

CONTINUE

ITERSITERS


https://1,cz0�GT.0.e1

o000

39

IFC ABB(21220),LT,1,0E=4) GO YO 200
IF(ITER,LT,ITER2) GO TO (9@,100) IBFLG
WRITE(6,1030)ITER,USTAR,RN, 20,21

CONVERGES
CLACULATE THETA
200 THETaAm ASINCB#USTAR/(K%VG))
200 THETAS ASIN(B/(Kw(Xi®i1,@8)) )
IF(ITR,EQ.0) ALPHASTHETA
THETS THETA#S7,3 .
1P (10EBUG.ED, 1) WRITE(6,1340) USTAR,RN,2Z0,THEY
!P(ABS(DELHT) LT.1.,8E=2a8) GO TO 980

BAROCLINIC CASE

P8Iz PHleTHETA

COMPUTE x, Y COMPONENTS OF TEMP, GRADIENT ALIGNED WITH SFC, wIND
DTxs DELHT*COS(P8Y)

DYYs DELHT#SIN(PSI)

COMPUTE 8X,8Y

$XHBe8SaDTY

SYHs 8S#DTX { B 4
IF(ABS(SXHaSX)LT,DELTA.AND,ABS(SYHeSY) LT DELTA) GO TO 28¢
COMPUTE MUy,A,R

Us USTARwRCD :

IF(20,67,0,315) Us USTAR/SQRT(1,7SE=03)

FOR ROUGH SEA STATE, CHANGE DRAG COEF,

MUs AMU/ZU

ABAA (MU

8888 (MU) .

AB A$0,200SXHe@,04n8YN (L } 88 Be@,32w8XH¢0,3308YH

203 ITREITRey
IF(1DEBUG,ED,1) WRITE(H,1M08) U,MU,A,B
IF(ITR,GT,ITER1) GO TO 99e
82sRwR
SXs8 XN s sSysSYN
I1TER=Q
Go Yo 100

280 SHESORT(SXHaSXHeSYHaSYH)
ALPHAPS S7 3w (THETA@ALPHA)
FORKS PRI!#QG "}
IF(IDEAUG.NE,2) GO TO 999
uRITE(e.leSS) ALPHAP,FORK
WRITE(6,1050)8XH,8YH,SH

980 WRITE(6,1040m) USTAR,R0,Z20,THET
WRITE(6,1708) U,MU,A,B8
GO 70 999

993 WRITE(6,107R8)A,B,PHIY
WRITE(6,1060)8Xs8Y,8XH,SYH
999 CONTINUE ’ : s
1008 FORMAT(1IH ,wUsBw,E10,2,%, MUBw,E10,2,%, AB%,F7,2,%, Ban,F7,2)
1010 FORMAT(23HAFAILED TO CONVERGE IN ,I3,11H ITERATIONS)
1920 FORMAT({4H CONVERGES IN ,13,16H ITERATIONS, Xim, F11,7,
{ 14H FOR Un/VG, Y8 ,F11.6)
1030 FORMAT(i{H ,* SFC, aoucuness ITERATIONS=®,13,% USTARE#,F10 3,
1 %y ROSAY NO,s#,E10,2,%, SFC, ROUGHNESSSw,2010,1)
1038 FORMAT (% A_PHA PRIMES®,F9_3,4, ANGLE OF THERMAL WINO=#,Fq.3)
1040 FORMAT(w LISTARE®,F10,3,
{ », ROSAY NO.-t.E!O Z/t 8FC, ROUGHNESSEw, E10,1,%, THETARW,PF6.2)
1080 FORMAT(IH ,v SXHBw,E10,2,%) SYNB®,E10,2,%, SHEw,E10,2)
1060 FORMAT (% SX,8Y,8XH,8YH®#,04E15,3)
1070 FORMAT(w» A AND B FAILED TO CONVERGE, A,8m#,2E15,3,%, PHIaw,F5o4)
RETURN

ENO
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10
20

123

SUBROUTINE GWIND

COMMON/G/ IDMAX,JDMAX,XLAT,COR(CU),TWRD(6,4),DX(8),NY(4),

{ RR,ICMAX,JCMAX,0MEGA,SLP(6,4),PHTIB(6,4),VGR(6,4)
JCMAXZJDMAXwY % ICMAXZ IDMAXe{

PHTIS PHIA(1,1Y

INPUT PRESSURES

PN S Jzil, 1DMAYX

READ(S,123) (SLP(1,J),I=21,INMAX)

DO 20 Jz2,JgMAX

xLATstATfl.G

COR(J)I= 2,0wNMEGARSINI(XLAT®A #3174S)

JPi=g+1 $ JMizJel

RDX=2 A,5/nX¢J) $ ROY=1,/7(DYCJMLIY+DY (JY)
COEFX= RR%RDX/COR(CJ) ] COEFYZ «RR*RDY/CORC(J)
DN 14 I32,ICMAX

Gvz COEFX®(SLP(T¢+lsJ)aSLPlIlml,J))

GUzs COEFY®(SLP(1,JPW)eaSLP(I, JM1))

VGACI,J)S SQERT(GVRGV+GUAGY)

TWRD(T,J)=s ATAN2(GV,GU)

TEMPZ 270 ,AmTWRN(T,J)2S57,3

FROMs AMOD(TEMP,SbB;l

PHIG(T,0)e AMOD(FROMaPHI14360,3,360,1)
CONTINUE

CONTINUE

FORMAT(12F6.1)
RETURN
END
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PROGRAM MOVEIT(INPUT,OUTPUT,TTY,TAREGEOUTPT,TAPES,TAPED)
COMMON AVU(4B8),AVD(48),AVF(Aa8),AVGG(AB8) ,USTR(AB),FT(U8),
1 X0IL(C24), YO!L(ZG)
XMA!.YNAXIO
XMINIVHINID'
cp2® SQRT(1_24p=03)
J=o
READ(9) (AVU(I),I=i,288)
DO 10 K=i,24
IF(k.EQ.3) GO YO 1@
Jejé2 S JMimJey
AVU(K)S @, 2005w (AVUCJ) $AVUCIML))
AVD(K)e O, St(AvDCJ)OAVDtJnli)
USTR(K)s @ DBSth’TR(J)#USTR(Jnl))

10 lOIL(K)IVOXL(K)IG.
AVU(3)E1S, L} AVD(3)E «1SQ.%w0,01748 § USTR(3)SCD2+AVU(3Iw 5340
DO S0 Nl!pid
OILVE USTR(N)
DISTs OILVw3600,
X0s D!STnCOS(AVD(Ni)-lZ /784139,
YOs DISTtSIN(AVD(N))-Iz /111850
DO 20 NNsi,N
XOIL(NN)® xothuuaoxo
YOIL(NN)S YOIL(NN)*YO
IF(N,LT.24) GO YO 20
XMINS AMINLEXMIN,XOILCNN))
YMINS AMINSC(YMIN,YOIL (NN))
XMAX® AMAXY (XMAX,XOILCNN))
YMAXS AMAXECYMAX,YOIL (NN)Y)

0 CONTINUE

8@ CONTINUE
WRITE(6,1081) xMIN.XMAX;YMIN YMAX

1001 PORMAY(HnXM:NIMEIG oW, XMAX'.aE‘G Qo%, V"INI..!‘G.!O
1 %) YMAXSB@,F10,2)
WRITE(B) XO!L.VO!L
END






Define F(c)= Bw Ro-A+fvic)-+/K/7c2-B% |, and F'(c)

((mput IVgy| +Zo. Sx . Sy . Ro.Bo VT, ® = ¥ -90.T, AT, €. 1, Cqf

IBFLG =1

Neutrol
Barotropic or
Baroclinic

false
Corr:puie 1
S et A
Define 20 @ Sx s Sy
Constants
90
Compute &, =1 A
A(r), B(K) %°&P‘é'e§y-)“(#»5xv5y‘~
v OXs
@ RE IBFLG

Newton's Method Calculate §,
to solve for V,a' and print
¢ = U/ Vgl

2max | informative

no. of
iterations

increments effect
for multiple
runs

Calculate
mean values

Baroclinic
case

£w
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