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ABSTRACT

Specification of parameters defining the mean, as well as the
turbulent properties, of the over water surface layer is examined. A
baroclinic boundary layer model is considered using Cardone's modifi-
cations for the marine environment.

Data fields of pressure and temperature were selected as input,
and original ship observations were utilized to verify the predicted
surface parameters. The effects of stability changes, isobaric curva-
ture, thermal wind, and the value of the von Kirmin constant in the
model were examined with results shown.

Iteration criteria used in the model were evaluated with respect
to operational application. Winds calculated by the model at the height
of 19.5 meters were incorporated into the current FNWC wave height
program, and the results compared with observed wave data. Turbulent
parameters describing the properties of the index of refraction (C‘f) were

also computed and evaluated with respect to laser propagation criteria.
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I. INTRODUCTION

Parameterization of the boundary layer over the sea surface has
been receiving increased attention in recent years. Fortunately much

of the theory developed for low level turbulence over a land surface is

also appltcable over the oceans. But the air-water dnterface.does pre-
sent some unique problems. For instance a fluid surface, rather than a !

fixed one, results in mobile surface roughness elements. Because of

the presence of a fluid surface, any parameterization requires a knowl-
edge of the processes which transfer heat and momentur;i energy across
the boundary and ultimately influence such variables as wave generation
and index of refraction.

The purpose of this study was to examine and evaluate several
features of a recently formulated marine boundary layer model which was
designed for operational use. The model is a two-layer baroclinic model
for the marine boundary layer and the formulation examined was that
developed by Cardone (1969). Cardone based his formulation on an
earlier two-layer model due to Blackadar (1965a). Features of interest
in the model are related to the physics of the planetary boundary layer
and include the effect of atmospheric stability, baroclinicity, coriolis
acceleration and changes in the surface roughness parameter on the

pressure driven surface wind.

13



The scope of the study was to examine the model in the context of
its operational usage. As such, it was a case study in which the data
represented pressure and temperature observations from sequential
12-hour periods when a large cyclonic pressure system dominated the
Central North Pacific Ocean. This particular synoptic situation provided
the necessary relations between the scalar fields to examine features
associated with baroclinicity, stability and wind speed categories.

Because these data represent scalar fields which had to be de-
fined by some analysis scheme before being used as input to the two-
layer model, the differences which arise due to procedures in the external
field specifications are considered. The effect of isobaric curvature on
the surface wind fields is examined and this effect is compared to the
changes associated with the physics in the model. The differences
which may arise solely because the fields are defined by an objective
versus a subjective analysis are considered.

Finally, expressions describing the boundery layer are, by their
very nature, empirical. As such, they contain empirical constants and
the von Kirman constant (k) is one whose value has recently been ques-
tioned. The importance of a suggested change from k=0.40 to 0.35 was

coneidered.

14



II. ASPECTS OF A PLANETARY BOUNDARY LAYER

A. SURFACE BOUNDARY LAYER
1. Bagic Structure of the Boundary Layer

Recent advances in the study of atmospheric turbulence
have led to a greater confidence in describing the distribution of wind
and temperature in the atmospheric baundary layer over a solid surface.
This progress has arisen largely through the application of the Monin-
Obukhov similarity theory which has been supported by recent observa-
tional studies. Cardone's contribution was primarily to extend
Blackadar's two-layer neutral baroclinic boundary layer model over fixed
terrain, and then to apply this model to the boundary layer over a nuld.
surface. The major difference petween these boundaries {s that the sea
surface changes its character as the wind blows over it.

In general, Blackadar's model treats the boundary layer as
being formed by both turbulent friction and the coriolis acceleration. All
processes are considered to be three dimensional, and the layer {s char-
acterized by a density stratification. It is conveniently separated into
the three regions depicted in Figure 1. In this delineation the important
consideration is the specification of Km which is the turbulent transfer

coefficient for momentum.
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Fig. 1. Diagram of the planetary boundary layer

a. Viscous Sublayer (less than 1 cm)
In this near surface layer the stress is supported by
viscosity (aerodynamically smooth flow), and the mean velocity

increases linearly according to

z (1)

where v is the kinematic viscosity and U, is the friction velocity.
b. Surface Layer (up to 50 meters)
This is the constant stress layer in which the coriolis
parameter can be neglected and Km increases linearly with height. For

neutral stratification the logarithmic law is valid

16



u,

Gz - = log z/zo (2)

where k=0.4 is the von K&rmé&n constant.

c. Ekman Layer (50-600 meters)

This layer is characterized by the stress decreasing
with height and Km constant throughout the layer.

In formulating the boundary layer model, Cardone (1969)
considered the validity of the "log law" for the surface layer over water,
which has been experimentally documented down to near surface limits
(Phillips, 1966: Paulson, 1967). He also assumed that the process of
wave generation did not seriously affect the surface layer since under
neutral and steady conditions a logarithmic shear zone should be estab-
lished. Accepting the log profile as being valid, Cardone was able to
apply much of the surface layer turbulence theory developed over land
to over-water conditions. However Cardone did take into account the
action of the waves when specifying the effective roughness parameter
for the sea surface.

2. milarity T or the Surfa r

The Monin-Obukhov "similarity theory"” has led to consider-
able progress in the specification of the distribution of wind and tem-
perature in the boundary layer. The basis of this theory is that near
the ground there exist velocity (U,), length (L), and temperature (6,)
scales which are essentially invarfant with height. When the principle

variebles such as temperature (T), wind (U), and height (z) are expressed

17



as nondimensional fractions of these quantities, a series of nondimen-
sional equations can be formed which are of general validity in the sur-
face boundary layer (Lumley and Panofsky, 1964). Recent analyses of
the oceanic wind data (e.g. Phelps and Pond, 1971) have indicated that
the Monin-Obukhov theory is valid for over-water application. These
results support Cardone's inclusion of the Monin-Obukhov stabflity
criteria in the boundary layer model.

Similarity theory predicts that a universal relation should

exist for the nondimensional wind shear

kz QU
Use dz ‘c (3)

and the nondimensional temperature gradient

2z 96 _
Oe 92 ,t @

where ’t and ’u are functions of the dimensionless ratio z/L. Here

0 1s the potential temperature, 6. is the scaling temperature defined by

g H
9 kUe Cp Pa (s)

and L is the Lettau-Monin-Obukhov stability length defined by
[+
al (6)

The heat flux (H) is not easily measured, so a modified stability length

was defined by Panofsky (1963)
Ky  U,T duwdz

L‘-ahL-EL-m. (7)



The assumption that L' is independent of height implies that ay is con-

stant, which in turn implies similarity between wind and temperature

profiles.
If L' is a valid scaling length, similarity theory predicts
that
ke QU :
U, dz L ﬂu (z/L') (8)
z 20 _ ﬂ! (z/L')
0 dz ap ‘ (9)
Integration of these formulae (Panofsky, 1963) yields
u, = ‘:_* In z/z - w(z/L')] (10)
0.
Q= q + o [ln z/z, - W(z/l-')] . (11)
where the relation between ¥ and ﬂu is
2/L' 1-g, (§)
w(z/L') -/ (— df, §= z/L'. (12)
o

Paulson (1970), using the KEYPS formula, integrated (12) by parts to

obtain the following expression for W

2
W=1-4,-3Ing, +2In (“T’“)'PZtan.lﬂu- —!21-+ln('l'+2ﬁ").(l3)

Within the scope of an operational application, these
expressions for the surface layer would be used to determine the wind
speed given Ue, or to determine U« given the wind speed at a particular
level. For this reason the partial derivatives in (7) are replaced by

expressions involving height differences and ajr-sea temperature

19
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differences. This is achieved by substituting the following expression
for 28 , obtained by combining (9) and (11)

oz
4
20 _ g, (1?) (e, - 0,) _
3z = z [1n(28/z0)- w(23/L)]

(14)

where z, Is the height at which 8, is measured (chosen as 10 meters by
Cardone).

Substituting (14) and (8) into (7) yields

uis [in @) - w(Za/1)]

Ll
kzg (83 - 9g)

(15)
Equation (10) is then solved for U,
k Up,

Uy = , 16
. In ®m/z,) - W(Em/L) Lo

where zZn is the height at which the wind speed is measured (chosen as
19.5 meters by Cardone). Equations (15) and (16) can then be solved
for U, given the wind speed at some level (Uz) and the air-sea tempera-

ture difference.

3. Consideration of the Drag Coefficient (C2) and Roughness
Parameter (%0)

The surface roughness parameter and the influence of thermal

stratification have received considerable attention in the definition of
the relation between the nondimensional drag coefficient (C;) and the
wind speed at a certain height (usually 10 meters). The need for such a

relation arises from the "bulk aerodynamic" formula for estimating

20



momentum flux. This equation, deduced from dimensional analysis, has

the form

= p, U2 =p,C U2, (17)

~

where 1 is the surface stress. From this expression the drag coefficient

is defined as

(18)

Rearranging and squaring (10) yields the following expression for the

drag coefficient at a level z in terms of z 5 and stability
2
k
C, = 3 (19)
z In %/z, - w(*/L)

which was the form considered by Cardone.

Observations have indicated that over the sea, z, is depend-
enton U,. This dependence, however, changes as the wind speed
changes. For the case of light winds (aerodynamically smooth flow),
the drag coefficient Cz decreases with increasing wind speed (Kraus,

1966) and z, has the form

v

o~ T1.00 U, (20)

For aerodynamically rough flow, Cz increases with increasing wind

speed according to

anr
zZ =

° g

(21)

where (a) is a constant = 0,035 (Charnock, 1955). A summary of field

21



observations indicates that the change betweea rough and smooth flow
occurs at wind speeds of 5-6 meters/second.
Cardone proposed the following simple expression for z,

covering a wide range of wind speeds (both rough and smooth flow)

% 2
2, = 7. * Ca2Us« + C3. (22)
*

The constants were chosen so that Cz was a minimum for a value of
6 meters/second at the 10 meter height under neutral conditions, and
above this speed the relation approximated Charnock's results. For Ux

in meters/second and z, in meters, the resulting expression was

4

Svl-4.43x 1070 (23)

Zy = 6.84% 107°/Us + 4.28 x 10°

Other representations of Cz versus Uz have been published.
A few of these appear in Figure 2 along with Cardone's approximation.

It is clear from the scatter of curves in Figure 2 that the specification

‘- of the drag coefficient was a primary decision in Cardcne's formulation.

This choice of C, versus Uz will be examined during the discussion on
results from this investigation.

With the equations for stability length (15), friction velocity
(16), and surface roughness parameter (23), the surface layer wind dis-
tribution is completely described within the framework of the similarity
theory. These three equations can be solved simultaneously for Ux
using iteration techniques with the external parameters described below

as input.

22
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Fig. 2. Various suggested forms of the drag
coefficlent (C,) versus windspeed (Uz)
at 10 meters
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B. PLANETARY BOUNDARY LAYER | ' \ |
1,! Backgroupd \ '

ﬁp developing a model for the entire boundary layer, con- \
gideration has to be -given tb the possible external parameters. In
Cardone's formulation these para‘]xneters were t}\ie geostrophic\wind (G),
the air-sea te‘)rnperature difference (9 -9 ), the coriolis parémeter (f),
and the thermal wind (r)X He considered previousiy suggested empirical
relations between the geostrophic drag cc&efﬁclent (U+/G) and the sur-

face Rossby number (Lettau, 1959)
i
R = —2- | (24)

o f 2, g
\ ‘
where G is the surface geostrophic wlnd speed. Empirical relations

have also been suggested betweén the cross isobar-flow angle Y, and .

|

RO. \ \) \ - \
Blackadar (1965a) developed a two-layer\boundary layer

| N\
model, consiﬁting of a Prandtl surface layer and an Ekman layer, which

was w\lerlﬁed on the basis of the above relations.

1
1 .

Cardone's formulation was closely related to Blackadar's
work. In particular ) the height of the surface layer (h) was specified

explicitly in terms of the external para‘-\meters

_BoG y
h—_'f :

where B, was a nondlmens§0n31 constant equal to 3.0x 10 § as deter-

(25)

mh\:‘ned by Blackadar. ' : \ \



By applying proper boundary conditions and requiring that
; \ \

continuity of wind and wind shear exist at level h, the following solu-

tions for Us+/G and W, (along with the solution for zo) completely \

define the surface boundary layer wind distribution under neutral

conditions. 4 ,
u, \, , 3/2
\ \ G = |2kBysin® W, (26)
‘ |
Up | kY2 sin (1/4- W,) |
e InB_ R | {22)
G oo

Implicit in such an approach is that the valuz of Km at the internal

boundary betwAeen the surface layer and the Ekm?n layer is given by

3

kU, G | .
x . (28)

y Km =\ -

\

2, Cardone's Extension of Blackadar's Two-Layer Mc‘)del
|

The sdccess of Blackadar's two-layer model in predicting

the essential characteristics of the neutral surface boundary layer, along
\ |

} |
with its relative ease of application, suggested its extension to the non-

neutral marine boundary layer. Cardone extended the diabatic model to
| I

over-water flow by reyarding z, as a functﬂm of Ug.
\ ‘: ]
The eddy viscosity in the constant stress la§rer for the non-

neutral case was expressed by Cardone in terms of the nondimensional

wind shear as

\ | kUxz '
\ | Ky = ——— . (29)
| g, (2/1)



o}

Since Km is constant with height above h, its value in the Ekman layer

is then
kU,B,G

. ) Km = ——————f ﬂu /L) o . (30)

The wind speed at h was given by

- e
Uh = k—' [ln BORO- W (/L )] . (31)

Internal boundary conditions applied at level h appear in Figure 3 and

follow from the fact that _g?w always makes an angle of to

4
the ageostrophic wind (W) and that % is parallel to U in the

constant stress layer.

Fig. 3. Wind vector diagram applicable at level h.

By requiring continuity of wind shear at h, as well as directional
continuity, Cardone was able to reduce the problem (analogous to (26)

and (27)) to

. 1/2

—Gi = [2 k B, sin’ W, 4, (h/L')] (32)

Ux . kyfZ sin (n/4-W) (33)
G InByRo - @ (h/L)
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These equations are solved simultaneously for 3 and wo from the

external parameters G, f, and (ea-o ). In addition, a dimensionless

s
stability parameter was defined as
Bo G

L =
* o fL

(34)

which represented the ratio of the surface layer h to the stability
length L' (Blackadar and Ching, 1965).

The relationships determined by Cardone for U+/G and wo
as functions of R, and L, appear in Figures 4 and 5. For all surface
Rossby numbers, Ux/G increases and W > decreases with decreasing
stability. In general, stable conditions have a more pronounced effect
on the surface layer wind characteristics than unstable conditions. In
comparing the results from the model with observations, Cardone noted
that Us+/G increased by roughly 30% in unstable conditions, with no
marked tendency to decrease at great instability, and decreased roughly
70% in stable conditious. These features in the observed results will
be discussed later.

The effects of baroclinicity were also included by assuming
that the geostrophic wind was a linear function of height (Blackadar,
1965b). Blackadar (1965a) introduced a parameter, p, which was defined
at level h by

U, B,G

- _ ot =
A (du/3z), ~ £#, (h/L) [l“ BoR, W (/L )]. (35)
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Fig. 4. Variation of the geostrorhic drag coefficlient

with surface Rossby number and dimensionless
stability length (L,) (Cardone, 1969)
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Fig. 5. Variation of surface croas 1sobar ~nrle with
surface Rossdby nuzbor and stabllity (Cardone,

1969)
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The requirement of continuity of wind shear for the baroclinic case took

U, = p‘[( -g—fh gTw]h . (36)

Figure 6 {llustrates the geometrical implication of (36). From the Ekman

the form

layer solution of the ageostrophic wind, the following equation can be

,—g;l vz » iwp | (37)

where p' is a dimensionless parameter defined by

,ﬂ (/L) N
p' = ﬂ (h/L' 2k U, B_G [ln Bo Ry - w(/v)]. (38)

obtained

Fig. 6. Geometrical relationships resulting from the
requirement of the continuity of wind shear at
the internal boundary level h (Blackadar, 1965b).

Next the thermal wind vector was replaced by its dimensionless

magnitude

:-—}-lgfl (39)
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where the direction of g—?— relative to the surface geostrophic wind
was implied by angle N in Figure 6. Still another dimensionless

quantity was defined
rr = rB [InB R - W ("/L)] (40)

and (35) was then rewritten as

i

By applying the law of cosines to each of the two smaller triangles in

= rG. (41)

Figure 6 that have M for one side, the following relations were determined

2
M - |Wh I 32 - G2 q2 (42)
.2 = (1+2p+ Zp'z) (43)
2 2o
q = (1+rc-2rrcosn). (44)

N is the angle between the geostrophic wind and the thermal wind (see
Figure 6). Then the law of sines was applied to yield
sine = P'/g (45)

sinY = ;—. sin N (46)

The following relations apply to the large triangle (ABC) in Figure 6.

Uh- Iwhl sin (e + Y)/sin wo (47)
2

vie G2+ | Wy | - 26 [Wy] cos (e +7) (48)
2 _ 42, a2

|wh| vl+ec’-20Geosw . . (49)

From equations (31), (45), (46), (47), (48), and (49), the following
equations describing the surface boundary layer characteristics were

obtained
30



sin(a + v)

(s/Q)-cos (s + 7)

kGqgsin(e + v)
s sin W ﬁnBORo- wh/L)]

(s0)

Tan wo -

u, = (s1)

By including (23) and (15), Cardone obtained a system of equations that
could be solved for U, and wo from the input parameters G, {,
(6,-9), E-SI . and N . These equations were calculated from a
knowledge of sea level pressure, surface air temperature, sea surface
temperature, and latitude.

3. Some Churacteristics of the Marine Surface Boundary Layer

A primary effort of Cardone's work was to determine how

well the planetary boundary layer model, using only large-scale synoptic
parameters as input, specified the surface boundary layer wind distribu-
tion over the sea surface. Cardone considered several studies relating
the geostrophic wind ratio Uz/G and the air-sea temperature difference.
The results of an extensive study by Carstensen (1967) at Flcet Numerical
Weather Central (FNWC) appear in Figure 7 along with earlier results
due to Bleeker. The ratio of surface wind (V) to geostrophic wind (G)
is tabulated for each degree of the reported ajr-sea temperature differ-
ence, and the median value for each interval is plotted as an x in
Figure 7. The validity of the results was limited to the air-sea tempera-
ture difference range -4 to +1°C. In order to include observed winds
in the surface pressurc analysis, FNWC uses a constant value for V/G

of 0.78 and a turning angle of 15° toward lower pressure. This selection

could produce significant error.
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Cardone's model can be used to compute a wind speed at
19.5 meters. Figure 8 illustrates the variation of the ratio of the 19.5
meter wind and surface geostrophic wind with the air-sea temperature
difference. The ratio varied less in unstable conditions than in stable
conditions.

The effects of baroclinicity also appear in Figure 8 and
these effects increase as stability decreases, with the ratio, UlQ.S/G'
increasing with cold advection and decreasing with warm advection.
Mendenhall (1967) also studied the influence of baroclinicity and sta-
bility on the veering of the wind in the planetary layer. He concluded
that over mid-latitude oceans the diurnal variation of frictional veering
of the wind with height was negligible, but that lapse rate and baro-
clinicity were important. Results obtained by Cardone, using the plan-
etary model, showed qualitative agreement with Mendenhall's conclu-
sions. Cardone's results also suggested that baroclinicity was more
significant than stability in determining the veering of the wind in the
planetary boundary layer. For both cases in situations of strong, cold
advection the actual wind may back with height, especially in conjunc-
tion with unstable stratification.

Additional results on the influence of baroclinicity came
from a study by Clarke (1970), who found a tendency for the boundary
layer wind to back instead of veer with height in unstable conditions.
He stated that this could have been due to baroclinicity or to accelera-

v,

tion. He noted that it could have occurred {f 3z Was systematically
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negative in convective conditions up to a level of about 0.2 L;—'

instead of being positive as in the normal case. This latter interpreta-
tion was based on the observation that the wind appeared to be sub-
geostrophic in the convective layer and reached geostrophic values only

after a rapid increase through the overlying inversion.
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III. COMPUTATIONS AND NUMERICAL PROCEDURES

A, EXTERNAL WIND FIELD SPECIFICATIONS

All computations were made with data defined on a subset of the
FNWC 63X63 grid which covered the North Pacific Ocean (Figure 9).
Data fields included sea level-pressure, sea surface temperature, and
surface air temperature at each of 315 grid points spaced 381 km apart
at 60°N. The necessary map factor was included for a 1:30 million
polar stereographic projection.

The coriolis term appears as an external parameter and therefore
poses a limitation on the lowest geographical latitude where the geo-
strophic relation would be valid. It has already been established that
the dynamic boundary layer was formed by the surface stress and the
coriolis acceleration. Pushistov (1970) concluded that manifestations
of the nonlinearity in the dynamics of the boundary layer and the appear-
ance of a perceptible ageostrophic component of velocity in the free
atmosphere were to be expected near latitudes of 7-10°. Sheppard
(1970) suggested 20°N as a limiting latitude for application to boundary
layer models. A limiting value of 15° latitude was used in this program
as the limit on geostrophic flow. For latitudes below 15°, the coriolis
parameter would be kept constant.

1. Geostrophic Wind Computations

The geostrophic wind components were computed from the

surface pressure field (P) as follows
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P
U T—af 3y (52)
1 _dP
vg - Faf ox (s3)

using a centered explicit finite difference technique. The density was
‘determined from the equation of state

— _ _P
pa_RdOa

(54)

where R 4 is the gas constant for dry air, and Qa the surface air tempera-
ture in degrees Kelvin. The magnitude of the geostrophic wind was

computed at each grid point from

la] =Ju§+v§ . (55)

2. Correction for Curvature

A gradient wind was calculated to correct for the effect of
curvature on the surface geostrophic wind. Two basic principles were
required for this correction. The first was that following an air parcel

along an isobar, the total derivative was zero or
dP(x,y) = 0. (56)

The second requirement was the mathematical statement of curvature

- Y
Kby = g0t 1972

1
R (57)

where y' and y w re the first and second derivatives with respect to x,

and R was the radius of curvature. By expanding the total derivative of
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Pl obtaining y' and y", and rearranging, the following result was ob-
| :

tained for the radius of curvature

_ y 3
dP /2
QP 2[ /axz]
( ay) 1+ ( _

- 5!/by) J e
R = Z 2 . (58)
‘ 9P 3“P  .3° P J3Pdx|_ _dP d°P
4 dx Ox dy R_dy4 APy dy ox?
\ . i
Next the gradient wind was computed from
V2
,VG‘= G- _G . & (59)
\ ! fR

Solving fér VG and rearranging led to a workable form of the equation

' _ \ G ll .
VVG - 1/2+V1/4+G/Rf T ‘ (60)

!

l

ture would be allowed. The maximum values were chosen to be -3/16 .
for anticyclonic curvature and f3/4 for cyclonic curvature which yielded

a range of VG =1,33G for anticyclonic curvature and VG= 0.67G for

cyclonlc curvature. This agreed with generally accepted synoptic limits.

|
. \ \
Subroutine GRADWD (Appendix A) makes the necessary com-

putations and follows a similar schéme utilized by FNWC (Kaitala, 1971

unpublished). Centered finite difference schemes were used to calculate -

the derivatives. \

3. Thermal Wind Correction

The nondimensional thermal wind components were deter-
\

\ mined fron'} '
!
—9 . 38

___"<
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| For this case the magnitude of the term G/Rf determined how much curva-
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and the total thermal wind was civen by ‘ ]

\ r = u% + V% g , | (63)
| ,
For this model, r had a limiting value of 100. The geostrophic and
‘,,\thexrmal swind.angles were calculuted from the prevlously com;iuted wh)d

components . This proceHure was repeated for each grid point and was

\ l
used as input data to the boundary layer model.

B. PROCEDURES IN SOLVING THE BOUNDARY LAYER EQUA'J{IONS

1. Initial Conditions | ‘

a. \\ Geostrophic Wind Speed Less Than Or Equal to 5.0

'

meters/second: ' -
This case was associated with the aerodynamically

Lmooth flow region described earlier. \For this case no corrections were \
\ | | .
made for stability and a constant drag coefficient of 0.022 was assumed.

This resulted in a constant inflow angle of 15°, The 19.5 meter wind

wa% determined from -

U19.5 = 0.7G (64)\';

The choice of the drag coefficient was not arbitrary, but depended on the

; _ \ l
relationship between Cz and Uz (see Figure 2). The value of C10 was

a minimum at 6 meters/second under neutral conditions. The value of
| I !

C19 5 was extrapolated from this curve.

+
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b. Geostrophic Wind Speed Greater Than 5.0 meters/
second and Absolute Value of Air-Sea Temperature

Difference Less Than or Equal to 1°C: |

Initially the drag coefficient was Cz = 0.0245, with
the thermal wind (r) and the angle between the geostrophic and thermal
wind (N) set equal to zero. For this case L,, L' and W (h/L') were
set equal to zero and ﬂu (h/L')=1.0. A solution was then obtained using
the modified baroclinic model of Blackadar described below,

c. Geostrophic Wind Speed Greater Than 5.0 meters/
second and Absolute Value of Air-Sea Temperature

Difference Greater than 1°C:

The drag coefficient Cz= 0.0245 is used to estimate
the initial Uy and r and n are set equal to zero. Ga-Gs was restricted
to the range -15 to +4,0°C. The values of L,, L', W (h/L'), and
ﬂu (h/L') were computed fromz_, 8_-8_ and U, and a solution was
obtained using the modified Blackadar model described below.

L, was computed from (34) and L' from (15) using as

a first approximation

Ww(%a/1') = 10 - In (%a/z,) . (65)

W(h/L') was computed from SUBROUTINE PSI (Appendix A). If L, was
greater than zero (stable case), then

W(h/L') = 0.7 L, (66)
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If L, was less than or equal to zero (unstable case), a value of
Richardson number and ﬂu (h/L') had to be computed. This was accom-
plished in SUBROUTINE SHR (Appendix A). Then W (h/L') was calculated

from (13).

ﬂu (h/L') was computed using SUBROUTINE SHR
(Panofsky, 1968; Cardone, 1969). If L, was greater than zero (stable

case), then
ﬂu (hv/L') = 1+7L, (67)

If L, was less than or equal to zero (unstable case), then a new

Richardson number was determined from

1/4

Ripgw = Le (1= 18Ry ) (68)

where initially Ry . = L, . This iteration was continued until the

fnequality

Rinew ~ Mot < ¢ (69)

was satisfled, where ¢ = 0,01 for this model. Then ﬂu (h/L') was

found from

W= 1
B, L) = (1-18R__ ) /4

(70)

2. The Modified Blackadar Baroclinic Boundary Layer Model

The basis of this model was an iteration procedure which
included the effects of stability and baroclinicity on the computed
wind. The procedure was free of computational instability and converged

rapidly for all reasonable choices of initial U, . First values of z,,
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P.P'.8,q, ¢, 7, W,, and U'new were obtained using recpec-

tively equations (23), (35), (38), (43), (44), (45), (46), (50), and (51).

The iterative procedure was repeated until the inequality

Utnew =Us | € ¢ (71)

was satisfied where ¢« was 0.05. The iteration was repeated, setting

u,=U, . until the inequality was again satisfied. If L, was not
new

zero, then new values of W , P and L' new Were computed where the

argument of W was za/L'. If

L -1

new 2 s (72)

then L' was set equal to L'new * The model was repeated from where
L, was first calculated u'ntll the inequality was satisfied. After com-
pleting the iterations for the case where the thermal wind (r) and n
were equal to zero, the computed values of r and n were substituted
and the model was again repeated until all criteria were satisfied. If
L'#0, then #(z/L') was computed as #(19.5/L') ; otherwise #(19.5/L')
was set equal to zero. Finally the wind at 19.5 meters was determined
from

- U 19,5 19.5
Uie.s T 5 ['“ I 73]

Values of 08-08 , G, z,. z/L', v, u,. UlQ.S' log Ro' UG,

U19 S/G and R; were then available for each grid point.
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C. COMPUTATION OF INDEX OF REFRACTION CONSTANT

In this section possible relationships are considered between the
refractive index structure constant and quantities dependent only on the
wind speed and air-gsea temperature difference. Specifically those
quantities that ~an be predicted from the model considered in this study
are examined.

The propagation of light waves and radio waves is affected pri~
marily by air-density inhomogeneities and therefore by temperature fluc-
tuations. One effect of these fluctuations is scintillation or rapid changes
in Intensity at a point. These are distortions caused by variations in the
speed of propagation through turbulent elements having different densi-
ties, and hence different indexes of refraction. The refractive index
structure constant (an) is the primary parameter characterizing the turbu-
lent {'uctuations of the atmospheric 1 2fractive index for scales from a
few millimeters to scveral meters. If the quantity C,z, is known, cal-
culations can be made on scintillation, beam spreading, and beam wander,
all of which are important in describing light wave propagation.

A relation necessary {n the formulation is the one-dimensional
spectrum for temperature fluctuations in the inertial subrange described
by Corrsin (1951)

/4

l/ -
I NK (75)

. (K=Bc

where € is the rate of dissipation of turbulent kinetic cnergy, N is a

measure of the “smearing” of temperature inhomogencities, B is an
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enpkical constant (= 0.81, Boston, 1970), and K is the streamwise
component of wave number. The structure constant for temperature fluc-

tuations (C.f.) is defined as

-1
c.f. -Bc /3N (76)
and is related to the index of refraction as follows
2 -729x30°5p %2
c? - ,_m;,}_g, & . (77)
a

Another expression which has to be considered is the nondimen-
sional balance equation for turbulent kinetic energy, which, for station-

ary, horizontally homogeneous flow is (Busch and Panofsky, 1968)

g, - YL -8, - By = 0. (78)

'u is the nondimensionc] wind shear (8), ,D represents ine diver-

gence terms, and

5 - —-‘;‘j—'— : (79)

The following relations arise from the definitions in the non-

dimensional turbulent kinetic energy balance and definition of N
3

U.
€ = ’c " (80)
_— 30 FY e
N Ow 3z K‘H ( az) . (81)

Substitution of these two expressions, plus the definition of Km(29)

into the definition of C2 yields (Panofsky, 1968)

T

-1/3 K 4/ 2
;=88 (g gwn (23", (82)
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Equation (82) is not a suitable expression because of the lack of
information on f# e - However if the effect of the divergence terms

is neglected, ﬂ‘ can be expressed in terms of ‘u and z/L as

fo =8 - L. (83)

It is noted that with wind-wave interaction, the assumption that the
divergence terms can be neglected is probably not valid, but the possible
effect this assumption has an predictions of C.f. has not been studled.

Substitution of (83) into (82) yields
Vi [y 43 4z 2
ct -8 [lu - z/L] [K—m- '51— k) (L) (80

This final equation for C% lends itself to the boundary layer model be-
cause all the parameters can be computed within the model. Thus, the
model can be used to obtain a horizontal distribution of C; over water
for various wind and stability conditions. The average stability 09/ dz
is determined from (14).

The ratio of the exchange coefficients KH/Km is set equalto 1.0
in Cardone's formulation. However it has been shown that KH and Km
are not usually identical except for small values of 36/ d= for which
the turbulent motion is not significantly influenced by buoyancy forces.

Businger et al. (1971) suggested the following form for the ratio of eddy

diffusions \
(1-92/1) /2

8s
(1-152/1)1V/4 {952

e = 1.3§

45



Here .h. 1.3S for neutral conditions, which agrees closely with labora-
tory measurements (cf., Hinze, 1959). A value of 1.35 rather than 1.0
for 'h under neutral conditions arises because the von Kérmén constant

was equal to 0.35 Instead of the usual 0.40 (Businger et al., 1971).

D. WAVE HEIGHT ANALYSIS

Wave analysis is another application for the boundary layer model.
For this purpose, a simplified version of the FNWC sea-swell model
(Hubert and Mendenhall, 1970) was utilized. The u and v components
of the 19.5 meter wind determined from the boundary layer model were
used as both current and history input in this analysis.

The FNWC sea-swell model computes a weighted wind from the
wind components as follows:

u= 0.3u_,, * 0.7u

ve 0.3v, ), ¢ 0.7v, (86)

where t-12 is the 12-hour old history wind speed and t is the current
wind speed. These component values are saved as history for the next
analysis run, and then the total wind (V) is computed. The wave heights

(W, ) In feet are then computed from

2 3.3
v Vv
wA-7 [(w) ) ]+ 1.0 (87)

T
Although this Is a very simple empirical method for determining wave
heights, the basic method has been used by FNWC since the mid-1960's

and this particular model has been used operationally since August 1970,
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In addition, the FNWC modsl computed corrections for fetch and
ice, and performed some smoothing of the resulting height field. It was

assumed these corrections would be minimal for this application.
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. V. SPECIFICATION OF EXTERNAL PARAMETERS

A primary objective of this study was to apply the two-level baro-
clinic boundary layer model to actual atmospheric conditions and compare
the computed results with the observed results. The time period 00 GMT
36 November 69 through 00 GMT 02 Deéember 69, with an analysis inter-
val of every 12 hours, was chosen for this comparison for several reasons.
First an intense low pressure system, which influenced most of the central
North Pacific Ocean, developed during this period with the system reach-
ing maximum intensity about 00 GMT 30 November 69. The system pro-
vided input data which allowed the model to predict boundary layer
parameters under varying atmospheric conditions. Secondly considerable
synoptic data had been gathered by the author during an earlier study on
the extreme sea conditions (unpublished) associated with this storm. The
latter gave a good basis for comparing computed values to observed data.
Finally, this storm produced waves and swell which caused considerable
damage to several islands of the Pacific as well as to the spar buoy FLIP.
Therefore a wave generation model was applied using the predicted sur-
face winds, and these predicted waves were compared to the observed
wave conditions.

The 00 GMT 30 November 69 period was of the most interest due
to its extreme conditions, extensive data coverage, and it was the prob-
able period when the destructive waves were being generated. The various

corrections described above were incorporated into the model for this
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time period, and synoptic data were plotted and analyzed for surface
pressure, air-sea temperature difference, surface wind speed and wave
height.

Surface layer parameters were computed including various combina-
tions of stability, curvature, and thermal wind to yield information on
the relative importance of each parameter in the formulation. The follow-
fng notation will be used in describing the results:

NN - non-neutral, correction for stability
N - neutral - no stability correction

NC - no curvature correction applied

C - curvature correction applied

NT - no thermal wind correction applied

T thermal wind correction applied

It was recognized at the onset of the study that the specification
of the external fields (A8 and G) had to be reasonably accurate in
order to evaluate the model on the basis of observed wind fields. For
example, if the observed surface winds were quite different than those
predicted by the model, some estimate had to be available on the possi-
bility that the discrepancies were due to poor specification of the geo-
stophic wind or the air-sea temperature difference. Therefore in this
section consideration is given to the relevant aspects of representing
those flelds which make up the external parameters.

The charts in the following figures correspond to a 1:30 million

polar stereographic projection with the grid as depicted in Figure 9.
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A. FNWC ANALYSIS

Sea level pressure and air-sea temperature difference fields for
00 GMT 30 November appear in Figure 10. A 967 mb low pressure
center was located near 45°N 180° with considerable thermal instability
both ahead of and behind the system. A significant feature of this sys-
tem was the intense isobaric gradient in the western quadrant.

The first consideration was the comparison of the computed surface
geostrophic wind with the co'mputed gradient wind for this period. The
geostrophic and gradient wind fields computed from the surface pressure
fields in Figure 10 appear in Figures 11 and 12 (units of meters/second).
Figure 13 depicts the influence of the curvature correction on the geo-
strophic wind computed as a percent difference from geostrophic wind
minus gradient wind then divided by geostrophic wind.

The two maximum wind centers west and north of the Low are based
on data at one grid point and result from the influence of anticyclonic
curvature, strong isobaric gradients, and finite difference computations.
These features do not appear to be realistic. However, the wind speed
distribution depicted by them is good except that the magnitude of the
wind speed may be a little too large. It was expected that the maximum
change would occur in an area of maximum curvature and maximum pres-
sure gradient from the relation in (60). Generally speaking, the change
in wind speed due to the curvature correction is 10 to 20% with a maxi-

mum change of 34% imposed by the limits placed on the term G/Rf in (60).
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B. SUBJECTIVE ANALYSIS

The results from the hand analyzed surface chart were also used
in comparisons of results. Figure 14 {llustrates the surface pressure
and air-sea temperature difference fields from the subjective analysis
which are analogous to Figure 10. The major variations between Figure
10 and 14 appear to be due to the difference in the number of synoptic
reports used as well as the analysis scheme. Theoretically, Figure 14
should be more representative since more data were included, but it was
a subjective analysis. Figures 15 and 16 depict the geostrophic and
gradient surface winds computed from the subjectively analyzed pressure

field.

SS



—

E—— vIvp po3jold
WO peswq 69 AON Of LD 00 40 spret) (pe311op)

914 p o

”,._..... smisledse) wee-Jiw puw (pIros) eanssead edwjang ‘vl
- -.. - _— ] . [l - - i - ]
ll‘llrll.rg|.._.-.— -

. ]
.. #l”.b_ "ol YL LI e “Ma 4
SRDONE | | PR Lo OWSTREE el
. L = - = i * y . b c . -

56



* -

..-..-......i......

o
e0NJJNE To peswq PIeT) pe
- ‘_ 5 'S

| eandtd) eanssead

8 puta diydoaisoep °*S1 °*914 - ..

$?




= e

(vi ®anaty) sanssead
-n-.-.:.i 4o pescTy plet) peads vnn: .-:-_ni..n a. .u._u

58



V. RESULTS FROM EXPERIMENTS WITH THE MODEL

A, COMPARISONS IN TERMS OF SURFACE ROSSBY NUMBER AND
STABILITY CATEGORIES
Near surface parameters were computed for the 19.5 meter level.
This level'represents an average height of ship anemometers (Bunting,
1968). Theoretically the computed 19.5 meter level winds could be
compared with the observed wind fields and this would yield some
information on the accuracy of the model in predicting surface winds. . |
In order to verify the computations and also to examine the range
of conditions provided by the data, a comparison was made with Cardone's
results which appear in Figures 4 and 5. Results for this comparison
were obtained from computations in which stability was included but not
baroclinicity. Reéults from all nine time periods appear in Figures 17
and 18 where values of the logarithm of the surface Rossby number (24)
range from 7.76 to 9.45. The U,/G versus log Ro results (Figure 17)
agree with Cardone's results (Figure 4) except with regards to the inter-
val between L, isolines. In Figure 17 this interval (spacing) is larger.
With respect to Wo versus log R0 (Figure 18), the unstable results
(negative Li) agree with those in Figure 5 except, again, with regards
to the interval between L, isolines. The stable results (positive L,),
however, deviate considerably from Cardone's results with the veering

angle decreasing as L, increases. The results in Figure 18 would
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indicate that the veering angle decreases with both increasing stability
and increasing instability with a Ztscontinuity occurring near neutral
conditions.

The unusual, and unexpected, features in the results just de-
scribed were examined in considerable detail. The same results were
noted by Pafias (unpublished study, 1971) In an investigation with
Cardone's program. These features in the results are perhaps related
to the drag coefficient representation selected by Cardone and also be-
cause different iteration limits were used in this study than those used
by Cardone.

The range of data with respect to U,/G and Oa = O' was also
examined and the results appear in Figure 19. The computations for
these results were made on the basis of a barotropic atmosphere with no
correction for isobaric curvature. These computations differ from those
used by Cardone for Figure 8 in that a variable coriolis parameter was
used. Isolines have been drawn for geostrophic wind specds ranging
from 1S5S to 75 knots. For those wind speeds considered by Cardone in
Figure 19, and also for wind speeds above 20 knots considered by
Pafias, these results are in agreement. The change in shape of the
curves for winds under 20 knots was not described by Cardone but is
probably due to a combination of the functional forms for the stability

dependence and the drag coefficient as chosen by him.
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B. EXPERIMENTS WITH CHANGING THE PHYSICS IN THE TWO-LAYER
MODEL AND CHANGING THE SPECIFICATION OF THE SURFACE
GEOSTROPHIC WIND
In this section U19 5 results which were obtained from different

computations with the two-layer model are compared, These computations

were varied by including or not including specific parameters or correc-
tions. The variations considered and compared were described earlier
and are 1) N/NC/NT, 2) NN/NC/NT, 3) NN/NC/T, 4) NN/C/T, and

5) NN/NC/T with k=0.35.

These variations will be referred to as Cases 1 through 5. Itis
noted that if the geostrophic wind speed was less than or equal to 5.0
meters/second, stability and baroclinicity were not taken into account
in the iteration schemes. In regions with this wind speed range, espe-
cially in the subtropics, differences will not arise except where isobaric
curvature exists.

Per cent difference (1-2) will be used to compare the two cases

where (1-2) corresponds to the following computation at each grid point:

case 1 result - case 2 result X 100
case 1 result

Although large differences between cases were unexpected, small cor-
rections at low wind speeds could produce large per cent changes.

The surface wind fields corresponding to each of the five cases
are presented in the following paragraphs along with selected comparisons

between pairs of cases.

64



Case 1 (N/NC/NT

This is the simplest case with respect to the possible physics
which are included in the model. The external wind field is defined for
a neutral, barotropic atmosphere with no curvature correction. The wind

field at 19.5 meters for this case appears in Figure 20.

o) W e 2 (NN/NC/NT)

The effects of stability are now included and the 19.5 meter wind
fteld for this case appears in Figure 21. The per cent difference (2-1)
field is shown in Figure 22. Positive values correspond to increases in

the cémputed U ﬁéld due to including the stability effect. This in-

19.5
crease Is quite evident on the western side of the cyclone. The patterns
are not expected to be coincident with the air-water temperature isolines
in Figure 10 because the stability effect is dependent on both the temper-
ature gradjent and the wind speed. The 20% contours near the eastern
border are attributed to small corrections at low wind speeds as dis-

cussed previously.

Case 3 (NN/NC/T)

The effects of including the baroclinicity or thermal wind are now
included and the 19.5 meter wind field for this case appears in Figure
23. The per cent difference (2-3) field is seen in Figure 24. Negative
values correspond to an increase in the computed 19.5 meter wind due
to including the thermal wind in the model. In this difference field, only
20 grid points (6%) appeared to be significantly affected by including the
thermal wind. These grid points generally lie in an area of wérm air

d *
advection 65
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Case 4 (NN/C/T)

In addition to all specifications possible within the physics of the
model, the correction for curvature is applied to the external wind field.
The 19.5 meter wind analysis for this field is shown in Figure 25 and
the per cent difference field (3-4) appears in Figure 26. Negative values
correspond to larger 19.5 metor winds due to including the curvature cor-
rection. Strong wind maximums, noted in comparing the external wind
fields with and without this correction, also appear in Figure 26 as the
predominant feature. In general, the effective change tn the 19.5 meter
wind field specification is larger and covers more area than any of the

other cases.

Case 5 (NN/NC/T with k=0.35)

This case differs from case 3 only with respect to the change of
the von Kirm&n constant from 0.40 to 0.35. The 19.5 meter wind field
for this case appears {n Figure 27 and the per cent difference field (3-5)
is depicted in Figure 28. Negative values correspond to increased 19.5
meter winds due to the change in the value of k. The suggested value
of k=0.35 arose from recent surface layer observational investigations
by Businger et al. (1971). They noted from their results that using
k=0.40 in several empirical expressions led to estimates of U, values
which were 15% too high when compared with direct measurements of
the momentum transfer. The fields in Figure 28 indicate that a general
increase of 12 to 17% occurs in the computed 19.5 meter wind field if

the lower value of k is used. This increase agrees with the U
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discrepancies noted by Businger et al.. Because the von Kfrm&n
constant appears in several expressions in the boundary layer model,
the importance of its change in the two-layer model was not known.
These results indicate that the difference between k=0.35 and k=0.40
is important.

In summary, the five cases described above indicate which terms
were most influential in the model. It should be remembered that most
of the subtropical points were not influenced by the model since the
wind speeds were generally less than 5.0 meters/second. Of all the
" modifications to the model, the curvature correction to the external
field produced the largest variation over the entire grid. Changing k
from 0.40 to 0.35 accounted for the second most significant changa.
Differences in the surface wind fields were evident, however, when
specifications in the model were made. Of the two possible specifica-
tions, stability appeared to be more significant than the thermal wind
with respect to area influenced and per cent difference changes.

Although the influence of the thermal wind in this model appears
to be small with respect to the relative magnitude of fhe computed wind,
the influence it has on the direction of the wind appears to be signifi-
cant. The difference field, in degrees, of the wind direction for
NN/NC/T - NN/NC/NT appears in Figure 29. This field represents the
difference in wind direction between a case with and a case without the
thermal wind specification. The region of significant differences does

not coincide with that region where the thermal wind effect was large
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‘withrespect to wind speed. Positive values in Figure 29 correspond to

a veering wind and negative values correspond to a backing wind. It is
noted that the direction change due to baroclinicity is primarily deter-

mined by the angle between the thermal and geostrophic winds.

C. COMPARISONS OF COMPUTED WINDS WITH OBSERVED WINDS

These comparisons will be described for the case' NN/C/T with
k=0.35. The 19.5 meter wind fields computed from the other cases were
compared to the subjectively analyzed observed surface wind field
(Figure 30) and in all cases the computed winds underestimate the ob-
served winds. This was also the case when the above corrections were
included, but yielded the best results with respect to the magnitude and
patterns of the wind speeds.

Because the previous comparisons revealed the importance of the
specifications of the external wind field with respect to curvature, it
was considered necessary in this comparison to examine the importance
of the initial analysis (FNWC or subjective). The 19.5 meter wind field
computed with the above specifications and with the FNWC analysis is
shown in Figure 31 and the wind field based on subjective analysis is
seen in F'i'gure 32, The observed surface wind field which appears in
Figure 30 was analyzed using only those observations reported above
10 meters/second. In Figures 31 and 32, the maximum contour, 30
meters/second, agrees with the observed maximum wind speed, but the

objective analysis does not indicate the 25 meter/second maximum east

of the low.
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A comparison of computed 19.5 meter winds from the two analyses
(Figures 31 and 32) and the external wind fields (Figures 11 and 15)
shows that differences in the external wind fields are consistently
carried through the model. The model, however, was able to produce
19.5 meter wind fields in both cases which were in good agreement with

the observed wind field, at least for wind speeds over 10 meters/second.

D. RESULTS FROM WAVE HEIGHT COMPU’;‘ATIONS

Wave height fields were computed using the 19.5 meter wind
fields obtained from the boundary layer model and the simplified wave
height program developed from the FNWC operational sea-swell model.
The program was run starting at 00 GMT 28 Nov in order to build history
for this analysis. The 19.5 meter wind computations were obtained
using all specifications and corrections described previously, and they .
were also made on both the FNWC and subjectively analyzed fields. The
computed wave field from the FNWC data is seen in Figure 33 and the
wave field from the subjective analysis appears in Figure 34. The ob-
served wave field obtained from synoptic observations is depicted in
Figure 35. It is noted that wave height is probably the most difficult
parameter to observe and therefore a representative analysis of the ob-
served wave field is difficult to achieve.

The wave field obtained from the subjective analysis, Figure 34,
appears to be in good agreement with the observed heights with maxi-

mum computed heights slightly less than the maximum observed heights.
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Results computed from the FNWC analysis, Figure 33, appear to have
similar agreement with respect to the maximum height but poorer agree-
ment with respect to the overall pattern of the wave _ﬂeld.

In general these results indicate that the two-layer model can
produce surface wind fields which can be used for wave height analysis,
even from a very simple wave model. It is noted that in the subtropics
the wave heights computed from both sets of analysis are considerably
below the observed wave heights. This is probably due to low surface

geostrophic wind speeds in this area and the fact that no corrections are

- made for stability or baroclinicity at low wind speeds. This could pos-

sibly be corrected in the model by selecting a higher initial value for

the drag coefficient.

E. RESULTS FROM INDEX OF REFRACTION COMPUTATIONS

A final application of the boundary layer model was the computa-
tion of the index of refraction structure constant (C,I?) using (84). The
ratio of the exchange coefficients was determined from (85) and the
input data for this equation were obtained by including the stability
effect, the thermal wind effect, the correction for curvature, and using
k=0.35. All parameters needed to compute C,I? were determined in the
model,

The results from these computations appear in Figure 36. Values
of C 2 range from 0.0 in regions of near neutral stratification to a maxi-

T

mum of 0.181 in the region of maximum wind speeds. Comparisons of
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these values with those measured by Portman et al. (1968) indicate that
they are comparable in regions of low wind speed with Oa- Os less than

1 degree. Although no definite relation between C : and wind speed or

T

Oa- Os appears in Figure 36, larger values of C 2 appear to be associ-

T
ated with the greater wind speeds and larger instability (9a - Os ranging

..from -1 to -6°C).

The results indicate that a horizontal distribution of C'I? for a
given height, in this case 19.5 meters, can be computed with the model
with some degree of confidence in the range of values obtained. Com-

parisons should be made between results computed by this model and

observations of C,I? to obtain better verification.
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VI. CONCLUSIONS

The results of this study have indicated that a marine boundary
layer model can be applied to synoptic scale data to obtain various sur-
face parameters. These parameters include friction velocity (U*),
surface roughness (zo) , surface Rossby number (R o) , 19.5 meter wind

(U ), veering angle (W o), and stability length (z/L).

19.5
First, the results indicate that the curvature correction produced

the greatest change to the wind analysis. However, stability and modi-

fication of the von Karman constant produced significant changes in the

field, while changes due to the thermal wind were confined primarily to

changes in wind direction.

Second, the 19.5 meter wind was computed including various
physical specifications and corrections and compared with synoptic
observations. The results indicate that the computed wind was lower
than the observed wind in all areas and for all cases, but the general
patterns agreed well with observations.

Finally, it appears that Cardone's planetary b'qundary model pro-
vides a reasonable framework to specify those surface layer parameters
required for spectral wave forecasting and index of refraction calculations.
Further studies are needed to more completely verify and improve

the model. The specification of the drag coefficient is probably the

aspect in this model which needs the most attention. The dragcoefficient
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has received considerable examination in observational investigations
and the results indicate some disagreement among investigators. A
suggestion of this study is to increase the initial value of Cz to increase
the computed surface wind speeds especially in areas of low wind speed.
Application of this model to a region of reliable synoptic data such as
during the BOMEX experiment in 1969 would reduce some of the errors
due to data input and also test the physics of the model in the tropical
atmosphere. Finally, observations of the index of refraction over a wide
range of wind speed and stability would allow reliable comparisons to be

made of the structure constant (C).

90



RPN vy

TERS USING BLACKADAR BARCCLINIC

-—
-
-

T 19.5 M
ID

Ut (1,1)
0

APPENDIX A

(7]

- (o)

Z Z

=t ]

(w) =

o

-l <z -

(=) [ 8 o - (44

o= = - w) g -

wa; o - o Lo
(X7, 10 ' - ¢ 2 (7]
- o = =
b Y - o [« (a] -l
1w—00 -t [H [1¥] L4 b4 -
—Oauw 0 - -
wa Z (%] O b [+ '4
> o~ Vg & < w W
QY - <t - O (&) - -~
- Io o - (7, I TE] "y
V2] 4LI U] aZ <« - = . o b =
YO ul qdqy O - Q T w «
s @ = o @ - o
X O~ (L] > I uw N O «
wouw o Co - Z ~ 1n Q.
[ S 1V ] Wire C 0O @l = e

o~ (D Or 4 Z m <« T g O >
N~ Ot Ly = Lay = e
—n O LOLM U DO Ta o Ve O~
D (DT > OCawd J O nd « [7,]T - |
N0 4 =~ > = E 200 )~r
D=oOna ONNVNZH © Od o 5 o
- -0z WO~ O O Xyl -0
LY I L T I e gl > 2L

(Vo= TIRIE] ool o Vo Ya W daYs QuSLog 4 SO 1T QAO =N <
DO -V e, 2D S OEZ EmZy Ui
WD AdyZ ZFuOrieag 0D el J-OU=HZNE WV
UG P CZ3 =Z<d JOC3ICZAV
VI Q- Exr~ VT Z N2 aroruy
FTOOL ZNAILATO I >XCIZ T T OS
gqQiul | 0L - HOCUW Q=)0 0.2
o QA LVOZNCYCULUITWLZCVVNIOIVag LS O
AHIZE DO QCNA 0l NZ ZOT0 T
QA.OLWVNEQ  » FICW >V " VI NT v
< WINPT il X et
Wi, JFO Qe OFCOr. >SS OEN"9Z
O «([Ci;CHOXNC IO O N\Y TS
DY oy QL0 U<W ) i g =00 (S
ZUV OO - ZUJWZq:IZLDac.-t;ggQ

c NglLO ZOE A L W

=0 e ) Comt HZE Z0 0 eSay
- Al O GHE 0N " oD
- w I Il . L N T Y L
ZTl Ml I Ze-Dn  Z ot 2

S et o N LT TOOUITCN-=Y O
'L‘Ljn.r-motruol.tumwwo_n.a;crmt-r- S IRNN

o

LOLLOLLLLLLLLLVOLLLLLLVLOLOOLOLULLLOLOLOL

91

U
G
1,41)

Wil
5)
)1J=

u.wn Lo IS

=i - L]
Qe et -
[ o] Sl e (3
0N it > -
N\~ LR Y ] -
~0 el Q.
e all e =

-
-
Ly

—— O+ *
[aV1 S T W ]
L L e |
[» W e
=t ® -
te N —t—
| el ) e Q.
--n O &
-~ Oz I
[Tata P TS MET g
e 2 N LN el 2]
e B e
4o et 7 v
(ALl TN
- [ olamnd el
V) emmDIOC et M
L~OQCO™= I O
XNQOCQCC »» >
Q. e O et e b g Pt o (O
O e =i limDZ
ZFI NI o
I o —
T OOCONN- O T
ENTC( T [T n]. 4a!
[P IFTUN SSLER] o] an TSP § 4 o p2ad
(Bl  H'ds S An] Al alS17 TR
-t
-t [Tal e .Y @
o0

(s ] @)
-

- ST

MP(T,J)

TC

AT(13F6.1)



(s -

SUBROUT INE WNDY63

[Ta Y
-n
[7,] o=
- - e
< Nt
w -\
2 >
(=] no
a [0
5 ~>
(] xS
(&) o
PPy
0 et
< - -
- ol
.0 = 0N
u N~
4 o -
- [1]] 20
- - in>
= w o -
Q = ot
o 0N -~
[a) wn * i - -
o O e -~ o [
v oo ne (] g
Ot - wn [
iy O L 2 4 (72 I3\]
I ¢ Nl = = (UR X
= O < U N =~ + o~
QT ™ o - Ww= e
Z 0 e~y uwln ~N £ eM
- LI = et n Q™
W IZa0 o o— ~ O~
= Sl om0 . - ina +
w o ot Ot (311141 L ¢ EE e~
V) DiF0O0Td Nw = o~ - OQlt=
QU UIZIT w4 o0 -~ = =
We UL * «(N —~— -y (L] [
OO < ) - NN I (U] ONLY, ~
NRO NI NN M= 0O [} NOoo
>nwv XOT O l & -
<t~ 21N ~ 0 «* —C e~ I Z R
b N (T el X T~ NV NT gl
= etz LN . s ~ 0l > [
NLZ 2D e (=) o +x U QO NF
ZNO 10 o  elnN— W ™1 * I «f d LY
O ™ oo -~ m - - I e~ (oA el 2
20U N N M +O NNQ i O 7o~
~ ooNnoaagC ez » QOO (N o 2>y 0O oL
-0 * — I e min B0 W N
OZXEFOF(E i~ < w=N NG -~ s L =
Oy 2 O NO=-nNmO N =0 O NGO 0 b= = 8> oo
OO, Qe riNOC | Pt OOmirN M ON & ZbFgre™
QOO ZOS - Vo= |s N emO+® o - OO O~ < o &
o eQ e IO O e NNCOONS N DO = V) 2OV
OWOLOZOF XNZTOT | ot o~ O IIN = SO e WV et e LY e
260 = € OO0 o 0O HO e =N+~ (1QO=~ & ||T ol
=00 dru,O Qre 9 o3 00O 0 |} 0 el + h e (=] Q. Qe
IO IOV ZTVO0G | ONO!I ZNeN COr= llm 0l O =z
(w] 452 <l QL (2} gL~y «aSCO TN [y ]
A dZOXLICO = N PSO=OF LSl g B N g I
P-4 T SN il QO CZIl o Riwr JO
OXODOICLOVNV C *=miNM O XE<UQXCOm- = 20 W +UI IO
WO 0~ O~Q0LORMFXOODXXZTA ORI X~ (VO] ol A g
= o = ~ -
w00 Nm w
TZZ20Z0F v
[
LOLLOLLVOLLY (8186

92



T UIY SO A

COMPUTE GECSTROPHIC WIND FROM SFC P FIELD

C

-

N
mv.k *
U e~ -
o il= -
Q. » -
e ] her 11
i~ ~~
~ 0 [l ]
-~~~ O
La> -~ C>

o

$e W
Q4+
40

xXITN —~E N
ey O Xy
SN—% OO~y
=N <L~
L= =~ =9
O o COJ
Or Ol
b e (D
V- er~wr()
Aoy CcOw
D oZ XD
-l 0O~ 0 o
o~ Ul L OC
== Il >t

OO —~d I 20
OO Dule Cm
DS ORFOONI

(&
-l

THERMAL WIND

COMPUTE

C

-l
ll-
o
Zw
(=]
(8
ety
Zrt
-
-4
(&)
Ow
o
<O
[+ o) 4
- ¢
4
<Xz
(alw]
g
4T
Oz
<
-
[\ o] o
zZ
it
N
g
g:Z
(w]=]
[+a] B -4
i L I ]
[ dand th
- .o
| » O
e N\ -
L | = wox
(L] Z o eQL
= e u:QO0
ao0. (L
Ty - N (R ) Q
[13]1 M L (&) ™
Ll et - - N
= OZ i + .
——C et oD - no
1 Coeer O Wi N 3] —-
+ KO0~ N O~ nit (&) |
SO0 Z N T o i [my) o 0O
et D> >« il O = - (ARG
-t e O TW [72] K
g o~ e e =M Q> O o~
aa I=-C cC O % Lon o
TTNF > O OO = N s O .
Wld w0 oy & C OgaQOU - 0 ™
[ond o Xl g™ LI oD - % et
-l 0~ LT ¥ 0O + Q ol
P XCOUXOD o < -~ O n Ll $1
ETHODH] ¢ CO © XIOE O o 3 ort @
X wrrmiwe 21y M N % W) e g N [ Iy
[YRUIA] B T AT 4 = N mO> N O ' O Ol e oD
ITXFZ2F ¢ AZyu © W™D o~NO O e o FF
FOCe  VNTE oM My ol o U OQO IO~
I e O - O dOO -t N o ® 9
nn I o QNN il | llw o S O = lolixeon
R dTO ZZ e Wt noOonigiil— J B ok 4 6
OO0 wdldw =0 = -0~ [« < = Il «{OV ™~
Xy>TUQ-U O™ VIOIT~U.COuWdOMm =~ U H2uuu
| e ol o TS TV AT ) SNAZHNWLOA D = D
[+ 4 -
oo © n £ O
Cm~ W -t -
aIN N N
LLOLL LVLL

93



DIFFERENCE LE 1.0

RE

x o
..l<l [ 1 =g

DqHL\. o0
NQ LWL AO

LOLL

A TEMP DIFFERSENCE GT 1.0

EXKXxX2xGRAVTD)

Y
M
)
)

aNOL

ABSCLUTE VALUE OF AIR-S

C
C
C

C

START BLACKACAR BAROCLINIC MODEL

C
c

ALOG(Bx5/(F*Z20) )~

)
*F*xT=CPA%COS(ETA)) /G)

hamnd

-

L L)

<o~

- =S

E -

ar

Oa.

4+ -

o~ = o=t
w N =7, ]

I O <3
- 3| ~a.
‘~—<N [ 7o T
O~ 4 o~
NGO # o~
W r D e~ -
W o ~ O«
e N~ (§ NE
N 4+ Y OF
MOOX NN o el
O 5 = NO
Ot e N -~
Nk -~ T
O>i,0 < Za
NOX @~ E_
TN Lo (N[sW TR - - ¢
& AT YOI N (D

f—-rv I 26 '—-ZA+‘_
U3 NY i F T
>“N<£')'- on>22an
| it~ W s ANE L P I
NO# O F LA
QWU 3OO < s~sh
3 & WOOU=ZO
+ UL N~ gk
~— Nt 2N
N 8 e Ve @
VO =L XZO
P23 (L A g~
N = =~
—~Wax g

o caclu L[}
Hhwnnny STLN

" IDY Z
L I 1AOT ripe Nl ~ ) v
HEXTVN= UL VICL LD QU O 20

oo

}) /7 (XK¥%2%GRAV¥TD)

GO TO 250

0.0) GO TO 270
*2 + C3
06(10. /Z0} -F
T‘s.)

0+290,280

(VSTN-VST)

S

= 0.05).L

N

2) 300,310,300

I
qNO
=N =N A T 0
NPNACUN- ~ OB It
" ZH0.ODN
~ 1oV zmiczhuxo
b =N NS L Lt il
— wlal

B
T
0
c
/
(
v
(
A
p
0

ND
H

NOOGXIILA DU OmEONA MO O o= O
-

[«
uy
N

94

o Q00 (el
o ol
N NN om



« M

[ 3 [ ] [ ]

(U] MmO n

o L ST

- | - o -

(7 L X

(=) N R &

o N B

- oD =~

C) [ X ] [}

- X « W0

» (P TR

[er) o0 -

- -~ o o X

Lond w0 b 3

n (e ] g -
N - xXZ N~
. ~X [T ¢ .S
(o] o xXa > Vm
3 o= M @O u e
: oY TV i~
- [ e OV XU
) (@ 3y 3 -0 M™Me
~N % O [w] 4 «X
* Oy e 0m
- L4 wmwo ~e (O LR
& n gt N &0 0o
(17} ) \NT X We
< -~ ~n «(Ne N
< e~ | =~ N N & *=XL
| e~ W »J -t N0 >
o~ i elL “wZ *QNS X
O IIT - NO Xzw e\
N ot — - QAN Nr-ta ® g &
~N ++¢ ~0 -~ - XN TN
0w z =~ N 0o < ol e
- L -~ “ N Qi o
o VO (8 e -~ - TnIE *xu
— o ~ NO - *De X® *»
= ) ~ - o 11y oS X
O D Z © g O~ OX ermid
o O own (=] wn oVMM ;T " (N® o>
o~ ~ed - ™ n OMNMZE L C = *uwinyg
2 Ta ¥4 - n | AN it U xe L'l o
O o~ O o (.1} NN T 0 N -0
(o] - ™IS o~ <{ - srMINX L = = o<t XU
- L~ e =M OV @ (w] OO XK o~ De U0 =
oY Tty w O W o [ ~=MOns O auwLunm «X
O TN O N 17 (L) =T ¢ e o » =D 0
(1] FWN-HON- O -~ 4 o N~ = D it »
q<Zk o0 -~ ™ - (L) Tt = o - = N
- AV 0l ~0O » w (] VN 3 et o dX e o
0 <« 0T ZO0AHOM o o ® -~ o 8 <[ olUNXNT
o [ Lo N NON>- oo Q <q\0 WOkt~ - NXy) *N ey
] NLZ =il Q= OO0 X . e nEINECE -0\l e o0y
(U] nwonx QU NG e e 0 iU M O 0O miNICUX N e o X
Z O N A mmem D> OO O INNZ o A0 e N OWVedT o r(n o~
o0 O TITION 20 00 Z 09 ~HON 10 AVINV W Il X QeI »
= OOEC OFI O wXw oXyp Fe o OL purd

200N rat™ || = 0Ol N FUN
[\3] ([N}

< [V B T T} N AHMT SHMI = —~0 *D e s~ o
il OO~ IOV (LI [} xO ~Noe WD ZZ =t =T
< (-} —iUD> ¢ CCOoOOxXD F+ g ITC J4Z0F LT 4 O0¢ Ve s 4, S TH
A F A 2N ONNOV b el < QX N YNt D3 S eqe X »
wi'lZ Z PO =NV N D pew T T IO 0 (Ye »= XD
LZUCCOSmTIT~~lOne Vg D ITU JXO LY QX F=FanQivOGC™ = XONZ
=ENONOZAIINArIX O I O NetNXXONHXOXOLOOT IO W L e XNW =

et rd - o~
o] O OO o g 0 o no o OO 8
= N O < S "0 nw o Cn
) © am © (2} () nm 3 0O ~

— -4
LOL

95



SUBROQUTINE PSI(P,B,C)

SyD) 1
30k ALOG(S)+2.*ALOG((1445)/2 )42 FATAN(S ) -1.5708+ALOG( (1.

GO 70 10

)
2,

A WVem

a

O -~ X &

e HNOX 0
« 2~ O

—-— Bl

vad o w2z

=M+ VLA
-t

(=}
—

DEGREES «

1
0

Wixk(l./4.)

(l.-18.*RIN

/
W

T.0.) GO TO 30
let7.*PS

C Il ~ i Z

<
v 2o Ollda’.llﬂ.g
Qg it - puo

W=l et O
OO X Vi

SUBROUTINE GRIDEG (I,J,DEGLAT,DEGLCN)

SUBROUTINE SHR(PS,B8,C)

XP¥%2-YP*>2) /(RE+XP*%2+YP*¥%2) )

SIN((RE-

AR
20

o~ O i
ot Iy «:OO0C
-t Z o oun
M 0
gaaioOnd
0 dX> =
Cuew=e O
tuaoiINuuL 200
0 > X Ot (D LD

N )
o ©
e L



e

e

o
0

uou2u<"0m
<« -
w vavumho

<
g

0
©
-

XP )*57. 2957795
50

- ATAN2(YP
=«0.C) GO TO

ZUWZU 2\

<o—4qv—c<0¢¥.:u

o
N

o
n

n
n

SUBROUTINE GEDGV

[Ta P8
[al'a)
ot
- e
Nt
- N
-3 d
K72\ &
[0 )1
->
> 3 &
® g
[a] PPy}
4 et
< -
[ o]
it
pen N~
-
x 20
O na
o o -
w - -~
U ~N
-— o=l 5
[7e) -~ -~ %
- [Tala ) b B
[a] —ON - ™
w [y - -
w - -
o. N~ O o~
VO >
R TN 4] + 0
Q. =t o
20 0O » o o=t
=4 o=l [« = 4
-3 -\ 0
- o N M ¢
Q= ~0 .
- L S O " N
oy e~ - OO0 ¥
mI NN -4 NN~ o}
Qb s~ (@} - o~
Q e - g1 «O0™
GZ e « ey e
20 wWN - 11 o= &y
ey -~ [ T et Tog
IO N L- ¢ ONCE ™D
L ~0 - = 2z N
QO N < Qg ~—
[ I 4 - «00 (Yl
= - - =Dy o ONT
al et aMMDE O
g0 o X & e T 0
OV Vet N OwwdO_JdTC
(@) Wrdrt ¢ oONWOD>wZg ogqW
w ¢N¢Nmmmummuc -
Ol Qe it OO ™mu W
Z QA o™ttt - p
wo Z=m OXX> ~—mmZZ
=0 Ol O™Om W™= =Y
g Zt— et ot ] || dad o ® oD
) L [ SO = Z O
DV c O-HC) 0O dUZelU w-—-0UUZ
(8 (Bl NalSlal?{SL {a]6L {al JalV 8. g1
-l ~t
L ¢ ©
(8] 4
LOLLL

97

SSARE I1,J COMPONENTS RESPECTIVELY,

X §

SUBROUTINE VANG(A,B,ANGLE)
N
M

= 0.0

0.0) GO TO 20
27C

9

130t
<

0
ANDoB.EQ.0.0) ANGLE

N
G

0) ANGL

3

oD ¢ o
QOO0
[ ) e 0
SO T ol e )
=Z =W

o ol 00
dq.Pq
- s D
L zZuu
Ot gy & et Pt



adlta b e Lol dia o D AV >

(&
[
I
o.
(m ) [Ta P2 (o]
. 4 -0 |
= (Y . =t
(7] - o -
o N —c)
17} -\ ooy
(L) > A4 OC
G B . Y
W [« 10] X
I -> g ¥ x
[ x- [ g c
Som -l ™ Q.
0 -l LW e N
4 et ot o
L 4 -t [ e } n
ol NN\ e >
ut N o~ ey Q
o N~ - a
= -0 = r=d it -0
- pn T, TR &) - ”
S n ST =W ¥ 0
> o - < § U L 3
o -t ol ST 4 =
> U adeder= O N~
Q o= [TRLIS IV, 17, ] ¥ >
. - o0y * O
O ne L 144 ~Q
< - Ooo.0~ >0
>t L L O
n - NN+ + + ax
w > N - ac
) Y \\.‘o- 0 -.Q
O [=] wn Lant b dur 10 xXo
2 2 =t —~ el Q- -~
< | Qe b P TS 1) [ TEF -
o = o o | - 0> w
- e - - N~ oot o (L)
SO - Z -0 Hr—-u:ctl! + 0N %>
~-o - * - w0 0 O Q <l 4
o o - = — NN Y o EXZW
e M O w o [\V]74} vy el s |1 O [THTN,]
© Ni® - o -t u(crNN ~Cr -0 .
W o o~ (SN -'4 a e L nno
- OUuIN - O b N | 1N WO Nt
IO | [TI [N} +¥ CHOFQ Uu-
I =-Oown » < [ ——D e ot
% Zr < ol ~m - *F  CNNO [ L]ed
w —~<i - W -~ et o+ =G OVNOQOOIE ~>DWV
- g - [ I et VN g D ¢ =3 50 OQOUQO usy
O o~ x 2 —-3 NNt o ™ tm iy WA
Z 1DOM aQ a et St L O = D Z X wnZ
< -~ o g X e 0 P NOC i = 100G I Oy
NOW x O NN O . o NN 0y i Q MNOTI ¢« LV
- 2 e OIS el AFOre NS g O X GE LU U.O XXX
00 A WV o\ werlil Ly (0. ¢ oG 0D ¢ o
o0 pJdZ w o e o dO0 X A O - ICA OIS b=l il
OO0 d o« 2 N oM VOQA O ww (i OO0 o AN\ (" o)
(=] O 1y — OA~wO !l 1O ~e ll\ o T o e 0D
L N TR L N T - U o "l > HOX ) uuw a™™
- v Z oS 2 ZTNpEN g wn >—-Q I _ZD Ly oo
oOw OIS, O = oOm < X>rX—=~Q TuZ> CC U =Y
* o JaaD o - II—K.LI-—W.LH}—EDGHEF'CID'IEH >>F wweD
Ow OwOr0 ® D T Jd0-000ALA | == F =Dy =-=0 1 000
Z2uL0Zu ZinZ D O G HEITF L_ving Ny 5w 2wl LUuUuuD oer &
&L ot (D €T g I L S v o D=LLOX X OO000 Sl Qe > =g D>
® - o~
(o] o ¢ - n o
] N M v -t
LOLLL

98

1 3
I



BIBLIOGRAPHY

Blackadar, A. K., 1965a: A simplified two-layer model of the baro-
clinic neutral atmospheric boundary layer. Air Force Cambridge
Research Laboratories Report 65-531, pp. 49-65.

Blackadar, A. K., 1965b: A single layered theory of the vertical dis-
tribution of wind and turbulence in a baroclinic neutral atmn-
spheric boundary layer. Air Force Cambridge Research Labora-
tories Report 65~531, pp. 1-22.

Blackadar, A. K., and J. K. S. Ching, 1965: Wind distribution in a
steady state planetary boundary layer of the atmocsphere with
upward turbulent heat flux. Air Force Cambridge Research Labora-
tories Report 65-531, pp. 23-48,

Boston, N. E., 1970: An investigation of high wave number tempera-
ture and velocity spectra in air. Doctoral Dissertation, University
of British Columbia.

Bunting, D. C., 1968: Ship anemometer heights above mean water
level. U. S. Naval Oceanographic Office, Report IR 68-74,
Washington, D. C.

Busch, N. E., and H. A. Panofsky, 1968: Recent spectra of atmo-
spheric turbulence. Quart. J. Roy. Meteor. Soc., 94, 400.

Businger, J. A., J. C. Wyngaard, U. Izumi, and E. F. Bradley, 1971:
Flux-profile relationships in the atmospheric surface layer.
]J. Atmos. Sci., 28, 181-189. "

Cardone, V. J.. 1969: Specification of the wind distribution in the
marine boundary layer for wave forecasting. New York University,
School of Engineering and Science, Scientific Report GSL-TR69-1,
University Heights, New York.

Carstensen, L. P., 1967: Some effects of air-sea temperature differ-

" ence, latitude and other factors on surface wind-geostrophic wind

ratio and deflection angle. Fleet Numerical Weather Central,
Technical Note 29, Monterey, California. g

Carnock, H., 1955: Wind stress on a water surface. ol
Metcor. Soc., 81, 639. ' , o

99 -



Clark, R, H., 1970: Observational studies in the atmospheric
boundary layer. Quart, J. Roy. Meteor,Soc., 96, 91-114,

Cressman, G. P., 1959: An operational objective analysis system.
Mon. Wea, Rev., 87, 367-374,

Corrsin, S., 1951: On the spectrum of isotropic temperature fluctua-
tions in an isotropic turbulence. ]. Appl. Phys., 22, 469.

Davidson, K. L., and D, J. Portman, 1971: The influence of water
waves on the adjacent airflow. Symposium on Afir-Sea Interaction,
XV'General'Assembly of FUGG, Moscow, USSR (unpublished).

Hinze, J. O., 1959: Turbulence. New York, McGraw Hill, 586 pp.
Hubert, W, E., and B. R. Mendenhall, 1970: The FNWC singular
sea/swell model. Fleet Numerical Weather Central, Technical

Note 59, Monterey, California.

Kraus, E. B., 1966: The aerodynamic roughness of the sea surface.
J. Atmos. Sci., 23, 443-445.

Lettau, H. H., 1959: Wind profile, surface stress and geostrophic
drag coefficients in the atmospheric surface layer. Advances in
Geophysics, 6, 241-257,

Lumley, J. L., and H. A. Panofsky, 1964: The Structure of Atmospheric
Turbulence. New York, Interscience Publishers, 231 pp.

Mendenhall, B. R., 1967: A statistical study of friction wind veering
in the planetary boundary layer. Dept. of Atmospheric Science,
Colorado State University, Atmospheric Science Paper No. 116,
Fort Collins, Colorado.

Panofsky, H. A., 1963: Determination of stress from wind and temper-

ature measurements. Quart. J. Roy. Meteor. Soc., 88, 85-94.

Panofsky, H. A., 1968: The structure constant for the index of refraction
in relation to the gradient of index of refraction in the surface layer.

], Geophys. Res., 73, 6047-6049.

Paulson, C. A., 1967: Profiles of wind speed, temperature, and
humidity over the sea. Dept. of Atmospheric Sciences, Sci. Report
NSF CGP-2418, Unjversity of Washington, Seattle, Washington.

Paulson, C. A., 1970: The mathematical representation of wind speed
and temperature profiles in the unstable atmospheric surface layer.

. Appl. Meteor., 9, 857-861.
100



Phelps, G. T. and S. Pond, 1971: Spectra of the temperature and
humidity fluctuations and the fluxes of moisture and sensible heat
in the marine boundary layer. ]J. Atmos. Sci., 28, 918-928.

Phillips, O. M., 1966: The Dynamics of the Upper Ocean. 'London,
Cambridge University Press, 261 pp.

Portman, D. J., E. Ryznar, and A. A, Wagif, 1968: Laser scintillation
caused by turbulence near the ground. U. S. Army Cold Regions
Research and Engineering Laboratory, Research Report No. 225,
Hanover, N. H.

Pushistov, P. Yu., 1970: The planetary atmospheric boundary layer
in the equatorial region. Izv., Atmos. and Oceanic Phys., 6,
556-564.

Ruggles, K. W., 1970: The vertical mean wind profile over the ocean
for light to moderate winds. J. Appl. Meteor., 9, 389-395.

Sheppard, P. A., 1958: Transfer across the Earth's surface and through
the air above. Quart. J. Roy. Meteor. Soc., 84, 205-224.

Sheppard, P. A., 1969: The atmospheric boundary layer in relation to
large-scale dynamics. Global Circulation of the Atmosphere.
London, Salisbury Press.

Smith, S. D., 1967: Thrust anemometer measurements of wind-velocity
spectra and of Reynolds stress over a coastal inlet. ]. Marine
Res., 25, 239-262.

Weller, H. S., and R, W, Burling, 1967: Direct measurements of
stress and spectra of turbulence in the boundary layer over the

sea. ], Atmos, Sci., 24, 653-664.

101



