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PREFACE

As the finishing touches are being put on this report, it appears
that SEASAT has failed in orbit and that no more data will be avail-
able from it. The test of these concepts in a real time operational
setting to prepare improved weather and wave forecasts is thus not pos-
sible at the present time.

Excellent data was obtained with the SASS, the altimeter, and
the SMMR for 99 days (a few less for the altimeter). Depending on
the mode, there were either about 100,000 or about 200,000 vector
winds obtained each day for a total of somewhere between 10 and 20
million vector winds (and their aliases). There are more than enough
data and surface truth available to meet nearly all of the objectives
of the SASS Experiment Team and to simulate, if desired, some real

time applications of the data to determine their impact on forecasts.




1. INTRODUCTION

il il i
i

As designed, the SASS on SEASAT yields from two to four possible

- vector winds as candidates for the true wind to be used for specifying

the winds near the surface of the ocean. The theory and computer

programs that have been developed to obtain these vector winds and aliases 3
have been described in Parts 1 and 2 of this final report. In this

; part of the final report, (Part 3), ways to select the true winds,

given the true winds and their aliases from the SASS, by means of an 1
independent model of the winds based on meteorological field variables 5
will be described.

The winds near the surface of the ocean are determined at the
synoptic scale from the field of mass of the atmosphere. The details
of the field of mass throughout a substantial layer (500 meters to one
kilometer) of the atmosphere are required, and, in turn, the winds near
the surface of the ocean provide valuable information on the field of
mass for this same layer.

5 A fundamental feature of the models for winds near the ocean

surface is that they require modern turbulence theory. The variation
of the wind with height between the surface of the ocean and either
the gradient wind level in extra tropical regions or the base of the
cumulus clouds in tropical regions can then be properly described. i
There are some aspects of modern turbulence theory that are
presently not universally accepted by the scientific community. A
particularly vexing aspect is that of the relationship between

. roughness length and friction velocity so as to define the winds for the

first few meters above the sea surface. Another is the form of
certain non-dimensional functions used in the Monin Obukhoff theory
for the effects of atmospheric stability on the wind profile. Even

deeper lies the problem of the partitioning of the atmospheric
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momentum flux into wave generation effects, current production, and
dissipation effects. The impact of these uncertainties on the interpre-
tation of the SASS data is considerable because the wind very close to the
ocean surface generates the capillary waves that in turn determine most of the
backscatter measured by the SASS. In a neutral atmosphere, a synoptic

scale average wind at say, 19.5 meters, will produce some stress, some

value of u, and some backscatter versus wind direction and incidence

*
angle relationship. The direct correlation of the 19.5 meter wind with
the backscatter avoids specifying a particular relationship for z and u.

The removal of the SASS aliases will require the use of some
boundary layer model over the ocean. Even if the alias problem is elimi=-
nated (and it may be in modes 3 and 4 as described in Part 1), the
vector winds from the SASS must be used in a way that will influence
the analysis of the field of mass or the specification of the initial
value conditions in a numerical meteorological forecast.

Plans are already under way to eliminate the alias problem in
future oceanic satellites. Nevertheless, a sophisticated model of the
winds over the ocean will always be needed for the optimum application
of highly accurate remotely sensed vector winds.

Ship reports of the wind speed and direction are among the poorest
of the meteorological data conventionally available. These observations
are well recognized as being ''moisy" - that is, having a large error
component. Understandably, with poor data, the various planetary
boundary layer models have not had to be very sophisticated so as
to "fit" the data with tolerable accuracy.

To further complicate the pre-SEASAT situation, the paucity of
ship reports introduces another source of error, The widely scattered
reports by ships have to be interpolated and extrapolated over great
distances in order to derive the meteorological fields needed to

describe the initial state of the atmosphere.
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The present state of affairs, that is the pre-SEASAT situation, is
indicated in a number of recent studies. One is the S193 report for
SKYIAB by Cardone, Young, Pierson, lMoore, et al (1976) that showed how
poorely conventionally reported winds specified the winds for the
SKYLAB program. Another is the study by Pierson and Salfi (1978) that
showed that the major source of error in the SOWM forecasts was probably
the winds that drove the model. The last is the report, based on
research at the Goddard Space Flight Center, given by Cardone to the
National Ocean Satellite System User Working Group on July 20, 1978,
which showed that simulated SEASAT data would be capable of correcting
erroneous wind fields with errors of 3 M/S to 6 M/S over the North
Pacific.

In the SEASAT era, the winds over the ocean will become the
most accurately and most densely observed quantity over the ocean.

When the information that they provide is properly incorporated
into the analysis of the planetary boundary layer over the oceans, the
improved specification of the various meteorological fields that

result will have a direct impact on improved meterological forecasts.

2. THE NATURE OF THE SASS WINDS

For scanning mode 1, (vertical polarization all beams), the output
of a SASS wind vector algorithm will be from two to four vector winds
for each pair of close-by cells in the two swaths. It is assumed
that the '"Model Fun:tion'" has been correctly defined. For moderate
and high winds, and for incident angles near 400, it is expected
that the errors in the vector winds (once the aliases are removed and
corrections for attenuation are applied) will be about t 0.5 M/s

and t 5o to 10o if the wind is not too close to upwind or down-

4

wind for one of the beams. Moreover there will be sixteen, or

so, winds near a given point of a numerical model, and vector avera-

+
See Cane, Cardone, Halem et al. (1978).

*
And all other modes except 3 and 4,
L




ging should yield errors of about £ 0,12 M/S and % 1.25° to 2.5°. Near
upwind or downwind, there will be a tendency to "lock on'" the upwind
and downwind values. The speeds will be very accurate, and a wider
range of direction errors will occur. Typical uncertainties in the
winds and typical patterns for the directions and speeds of the ''true"
and aliased winds are shown in both Appendix B and Appendix C of

this final report. When four winds are recovered, they can be as

much as 90° apart and as little as 15° or 20° apart.

Once the model function is perfected, there will be numerous
points for which one of the two recovered winds will have a very
high probability of being the correct wind and that will have a narrow
range for direction and speed errors. At other points, a decision
will have to be made between two wind vectors that are 180o apart
in direction. At still other points in the same field, there will
be three vector winds, forming a "Y" pattern with the base of the

"Y" at either upwind or downwind.
3. SURFACE WINDS, THE ATMOSPHERIC FIELD OF MASS, AND TURBULENCE

Efforts to relate the surface winds and the atmospheric field
of mass are as old as the science of synoptic meteorology. Given
a single wind speed and direction, ways to use that information have
been the subject of study for many decades, going back to a meteoro-
logical law, first proposed by William Ferrel, which stated that
high pressure would be at the right if a person stood with his
back to the wind in the northern hemisphere. This meteorological
law is usually attributed to Christopher Hendrik Didericus Buys Ballot

who also stated it in 1854, It has become known as Buys Ballot's Law.
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Although stated, the relationshop was not particulaly quantitative

as in Brunt (1942), Brunt (1944) and Petterssen (1940). Minor modifica-
tions such as a 300 correction, or so, toward low pressure over the oceans
were quickly made, and it was recognized that the law did not work well
in the tropics.
Since isobars could 'easily" be drawn into areas where there were
no ship reports, there followed efforts to calculate the winds near
the surface of the ocean by means of empirical corrections to the
gradient and geostrophic vector winds calculated from the isobaric
pattern. Johnson (1955) was an early effort to do this, in which air-
sea temperatures differences were shown to have an effect vu the ratio of the
sea surface wind to the geostrophic wind. ‘ |
The need to relate the surface winds over the ocean to synoptic
meteorological fields resulted in a study by Thomasell and Welsh (1963),
which was an effort to improve on the specification of the winds for
numerical wave specification and forecasting as illustrated by the work
of Baer (1962). Multiple regression techniques were developed that
predicted the surface wind as reported by both weather ships and
transient ships. Many different variables were used to predict the
wind such as the gradient and geostrophic winds, the air-sea temperature
difference, the gradient of the 1000 mb to 700 mb thickness and various
vorticity fields. About 557 of the variance of the magnitude of the
wind, as reported by both weather ships and transient ships, could
be specified, and only 5% of the variability in direction could be
accounted for., The error in specifying the direction was 350. The
mean inflow angle (or cross isobar angle) was 15.50.
In retrospect, this research was only partially on the right
track. The physics of the planetary boundary layer did not enter into
the model equations in a satisfactory way. As examples, the 1000 to 7u0

mb thickness is too great to allow the proper treatment of thermal wind




effects, and the air sea temperature difference has subtle effects that
cannot be modeled as a linear term. Moreover, the other half of the
problem, namely the accuracy of the wind speed and direction as reported
by the ships was not considered as a source of the differences between
the values specified by the regression equations and the values reported
by the ships.

A problem of the time was that of the value of what is now called
the Charnock constant, (See Mellville (1977)) say, aé, in the non-

dimensional relationship given by equation (1) for ocean wave heights.

3%=a (1)
v

Charnock (1955) pointed out that this constant varied by a factor of

about two, depeading on the source. Pierson (1964) noticed that one of the
major sources for the differences in the value of o was that the winds used
in (1) had been referred to different anemometer heights varying from 7.5
to 19.5 meters. The differences in wind speeds at these different

heights, as calculated for various drag coefficients, explained a major
part, but not all, of the differences between the various values of

the Charnock constant. The important point though, with reference to the
measurement and specification of the winds over the ocean, is that varia-
tions in the anemometer height need to be calibrated out in any effort

to compare winds reported by ships to winds specified from meteorological
fields. Variations in anemometer height were one of the sources of

the residual unexplained variance in the study by Thomasell and Welsh (1963).




4. THE OCEANIC BOUNDARY LAYER MODEL OF CARDONE

A continued effort to improve on the specification of the winds
near the surface of the ocean for wave forecasting purposes lead to an
oceanic boundary layer model developed by Cardone (1969). Because of
the absence of strong diurnal heating effects over the ocean, the
specification of the winds for the first kilometer above the ocean
surface is somewhat simpler than the corresponding problem over land.

The boundary layer model of Cardone (1969) was used in the develop-
ment of the spectral ocean wave model (SOWM) described by Salfi (1974)
and Lazanoff and Stevenson (1975). It applies to extratropical regions
and is not expected to provide useful results close to the equator.

Also strong inversions in the first kilometer above the surface do
not coincide with the assumptions of the model.

The model developed for SEASAT is essentially this boundary layer
model of Cardone extended to a 123 by 123 grid, instead of a 63 X 63 grid,
on a polar stereographic projection. It has been modified for tropical
areas on the basis of a note prepared by V. Wong and T.N. Krishnamurti
(1978). Tests of the 63 X 63 grid showed poor resolution of synoptic
scale features so that the 123 by 123 grid becomes an important extension.

The boundary layer model that results from combining the Cardone
model for the extratropical regions and the Wong and Krishnamurti results
for the tropical regions on a 123 by 123 grid will be referrred to as
TWINDX, for trade w'nds and winds, expanded scale. The initial programs
developed for these models start with the work of Thomasell and Welsh
(1963). The technical details of the computer program will be given
first, and then the theories involved in the two boundary layer models
will be summarized. The programs still have to be modified for the

southern hemisphere.
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5. PROGRAM TWINDX

5.1 Inputs
The inputs to PROGRAM TWINDX (TRADE WINDS AND WINDS EXPANDED) are

four fields for the ocean points of a 123 by 123 FNWC polar stereographic
grid. The fields are sea surface pressure in millibars, air temperature
in degrees Celsius at 10 meters above the sea surface, sea surface tempera-
ture in degrees Celsius and the height of the lifting condensation level.
Pressures and temperatures over nearby land are also needed so that gradiants
near ocean points can be found.
5.2 Qutputs

The outputs are the synoptic scale average wind speed in m/s and wind
direction in degrees (meteorological convention) at each ocean grid point
at an elevation of 19.5 meters above the sea surface. Both the actual
wind and the equivalent wind for a neutrally stratified atmosphere can
be obtained. The equivalent wind for a neutrally stratified atmosphere
is the value obtained by SEASAT.
5.3 Supplementary Outputs

Additional outputs for analysis purposes can be the direction and

speed of the gradient wind in extratropical regions; the vector wind

stress at the sea surface for any one of three z, versus n, relationships, the
friction velocityf the Monin-Obukhoff 1length, and the height of the

constant flux layer. 1In the tropics, the wind from the top of the log-
arithmic profile layer to the cloud base can be obtained.

5.4 Constraints and Options

Any one of three roughness length versus friction velocity relation-
ships can be used. The Cardone-low, Garratt high relationship is
recommended.

For extratropical areas, the geostrorhic wind is calculated from

the surface isobaric field. This wind is corrected for isobaric

%*

as a vector




curvature to obtain the gradient wind., Bounds are placed on the deter-

mination of the gradient wind so that it is not less than 0.7 times
the geostrophic wind for cyclonically curved isobars and not greater ;‘
than 1.3 times the geostrophic wind for anticyclonically curved isobars. ?Q
These bounds can be changed by changing two lines of code in the program. il

The curvature of the isobars can be calculated either from the ;i
spacings of the 123 by 123 grid or from points twice as far away (to

smooth the calculation) by setting KV equal to either one or two.

For light winds in extratropical regions, 0.7 times the geostrophic
wind has been used, and the wind direction has been turned 15o toward
low pressure. The variation with height of the geostrophic wind is
found from the air temperature field so as to account for thermal
wind effects.

Below the height, h, the wind direction is constant with height and
is defined by the Monin-Obukhoff theory, which requires information on

the air-sea temperature difference, so as to determine the Monin-

e et e

Obukheff stability length where

L > 0 stable (Ga > 98), 93 not greater than 4 c + es
L < 0 unstable (9a < Gs)
L = ©. neutral (infinite is listed as zero)

An internal boundary condition is satisfied at the height, h, such
that the eddy viscosity is constant above h and an Ekman spiral plus the
thermal wind define the wind and such that below, h, the Monin-

Obukhoff wind profile applies in the constant flux layer. The internal
boundary conditions are that wind speed and direction are continuous at
h and that the wind shear is continuous at h. The height, h, is checked
to be sure that it is always greater than or equal to 19.5 meters.

The tropical model assumes a logarithmic profile below 35 meters
and a constant wind speed and direction to the lifting condensation

level. The balance of forces that is used are for the atmospheric




e layer between 35m and the lifting condensation level. This balance is
between the pressure gradient acceleration and the coriolis acceleration
and a term involving the wind stress, <u'w'>, and the thickness of
the layer from 35 m to the LCL. Vector wind fields are continuous at .
the equator.
The choice of points for which the tropical model is used is as
follows. All points equatorward of 20°N and 20°S use the tropical
model. If the wind has a component toward the equator, and if the
LCL is known, and if the grid point is between 30°N and 20°S, the
tropical model is used. Minor changes in the program can extend or i
decrease the area for the tropical analysis. In an earlier version,
without the tropical portion, the coriolis term equatorward of 10°N

(or S) was set equal to the value at 10° and the winds were computed

using the Cardone boundary layer theory.
6. THEORY OF THE EXTRATROPICAL BOUNDARY LAYER

6.1 Ekman

The governing diagnostic equations for the time averaged horizontal

synoptic scale winds above some height, h, and up to the gradient wind

level are given by equations (2) and (3).

u, + uu vuy fv px/p + KMuzz (2) ‘
- + - + - - - = e - B '3
o Hee + fu py/p + KM‘vzz (3)

For Px and P constant with height and no local isobaric curvature
so that the geostrophic wind is constant with height, and for the

é boundary condition that

*
Momentum flux through the cloud base is also needed in principle, but

it has been assumed to be zero.

-10-
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at the surface (which is not actually used), and for non accelerated
motion (i.e. Gt = ;t = 0) , the solution is the well known Ekman

spiral, referred to a coordinate system where P is zero as in equation (6).
X

u = VG(l - e-'ah cos ah ) (6a)

v = VG e-'ah sin ah (6b)
where

1 -
Ve * > £ dp/dy €))
E %
and a= (f/2 KM)
(8)

The Ekman spiral is unrealistic near the ocean surface because KM cannot
be treated as a constant,

In TWINDX, the¢ gradient wind is calculated and used to replace the
geostrophic wind, but the shape of the Ekman spiral is not corrected
for the effect of the curved isobars.

For anticyclonic curvature,

(9

<l
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<
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and conversely for cyclonic curvature

-

v v
GrR < "GEO (10)

Bounds are placed on the gradient wind so that it lies within 0.7
to 1.3 times the geostrophic wind,

The curvature of the sea surface isobars is used to convert from
the geostrophic wind to the gradient wind, It is calculated from the
finite difference version of equation (11), and as such involves the
second differences of pressures at a given point in the field and the

eight surrounding points.

2 2 3 2
.3__3@_2\ +3_§<§2>_l.3_2_..32_52
3x y/ 2y ox 2 3xdy 3x dy
i 2 3 K
<"_3P.> /_3.2\, % 2
\\ax ‘\By; }

In (11), the sign of K accounts for cyclonic or anticyclonic curvature.
This particular finite difference computation can produce erratic
values for the factor that multiplies the geostrophic wind to generate
the gradient wind, and so an option is provided that permits using grid
points that are twice as far apart for this finite difference calcu-
lation,
The gradient wind is calculated from the geostrophic wind by

means of equation (12), where r = 1/K.

—r—+V =V (12)

12




6.2 The Variation of the Gradient Wind With Height

In general, Ex and ;y are not constant with height from the surface
to the gradient wind level. At each elevation, z, above the surface,
the geostrophic wind has a different speed and direction. If the rate
of change with height of the geostrophic wind is constant throughout
the boundary layer above the height, h, it is possible to write equation
(13) in which (z-h)(dE/dz) would be the thermal wind vector at z. The

quantity, dG/dz, is treated as a constant.

d

£ 13
Ekman e (d z @3

VTotal Ler = ¥

Ql
~—~
]
=
—
Du'Q.
) Ql
b S

The quantity, |da/dz|, can be calculated from the horizontal
gradient of the input air temperature field, at 10 meters above the
sea surface, where the magnitude of the vector is given by (14). One
of the disadvantages of the model.is that it requires the air tempera-
ture as an input and that air temperature is presently not a remotely
sensed quantity. The direction of daldz lies parallel to the

surface isotherms and high temperature is on the right.

— dv
dG GEO dT/dn
Blg =t = - (14)

An important feature of equation (13) is that equation (15) still
holds so that the F.man solution for equations (2) and (3) is still

valid at and above h.

23 al ¥
Total _ Ekman (15)
azz oz

v A




6.3 The height, h
*
The vector wind is thus defined as the sum of an Ekman Spiral and

the appropriate portion of the thermal wind at each elevation, z, above
the height, h. This height is defined by equation (16) if h > 19.5
meters and by h = 19,5 meters if (16) yields a value less than 19.5
meters when the wind is light.

- _4-0
h=B = 1
s |vGR |/ £=3x10 v _|/¢ (16)

GR|

6.4 The Monin-Obukhoff Similarity Theory for the Surface Boundary Layer

Below the height, h, the eddy viscosity is no longer a constant
and is defined as Ku instead of KM' Horizontal pressure gradients
and the various other terms in the equations of motion are all relati-
vely unimportant. The wind does not change direction with height and
is a function of height only as in equation (17) in which the wind vector

direction is the mean wind direction,

u=u (z) (17)

The governing equation is the requirement that the eddy flux of

momentum is constant with height as in equation (18).

— <w'u'>=0 (18)

%
The Ekman spiral that results is not the one from (6a) and (6b)
as will be shown later.
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This implies that

du 2
- ! = b e =
<whu'> K 3z = % T/p (19)
; and that
. ;i e
Az R (20)

so that the layer from the surface to h is a constant stress layer.
The eddy viscosity in this layer increases linearly with height
and can be defined in terms of a mixing length as in equation (21) where

¥ = 0.41 for this model

K =ul=¢u 2z (21)

g Jog
u az o U* (22)
it follows that
w K E d G/dz (23)
or that
au _
- 3z Kz (24)

For a neutrally stratified atmosphere, this equation integrates to
the logarithmic wind profile as given by equation (25) .

u(z) - {;(zo) = % (2/z) (25)

Yy
K
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» 1f zo were known, the wind speed would be given as a function of

; height above the sea surface. u(zo) is usually set equal to zero.

i For a non-neutrally statified atmosphere, the Monin-Obukhoff (1954)
similarity theory is applied in terms of the non-dimensional wind and

temperature profiles above the sea surface. The requirement is that

the flux of heat be constant as in equation (26).

5 <w'e'>=H=Q/p Cp (26)

A non-dimensional length scale, i = z/L is used in which L is the

Monin-Obukhoff stability length defined by
g wtut 5 e G
PR 5% (27
<w'e'> kg

The fluxes are given by equation (28) and (29) (Tchen (1977)).

-<w"u'>=1<udﬁ/dz (28)

-<w'e'>

Ked'i'/dz (29)

By means of the mixing length hypothesis

- -1
K =ku,z ' s (C):l (30)
PE -1
Kg=Ku, 2z 9 (C)] (31)
: and the Prandtl Number, say, A is then
K ¢
) ~
A = l-(—- = -2 =1 (32)
u Yo

which is assumed to be nearly equal to one.
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The nondimensional wind shear and temperature gradient are then

given by equations (33) and (34) where T, is given by (35).

du
}::Ti' a—z' = (Pu(g) (33)
7 (34)
Kz dT _ >
T, dz P (€) = @, (©)
™M (35)

Yy
For the variation of wind with height between the surface and z = h,
the problems then become those of finding the value of L, the functional
form for p ({) and of integrating equation (28),
u
Tormally, the solutions are given by (36) and (37) where it should

be noted that (37) can be rewritten as (38).

u
u(z) = ‘f (@n(z/zo) - ¥ (z/L")) (36)
DA
u, 8¢z z) -V (z /L")
L= — 2 2 37
kKeg (® =-6)
b a (a) 5 i >
LY e (38)
K 8 (9a-es)

For (37) and (38), the wind speed has to be evaluated at 10 meters,
which is assumed to he the elevation above the sea surface at which the
air temperature is measured. The quantity, L', is an estimate of L
(equation 25) in bulk aerodynamic form in terms of quantities that
can be measured on a ship, with the exception of u,. If the air
temperature, ea , is greater than the sea surface temperature, es s I’

is greater than zero (the stable case). If ea < 98, L' is less

than zero (the unstable case). For Ga = es , L' is infinite and equation (33)

17 =




Ei} is used (the neutral case).

Equation (33) can formally be integrated as follows in (39).

z ¢ (z'/L )
“(2) = j —_———d !

However it is more instructive to define

z/L'

viE) -] [(t-e@)/c]ac

z /L'
o

and to note that the derivative of (36) is

= u
&

and that from (40)

[1- ?@/L") ]
3%~ @) (z/L')

so that

- 18 =

(39)

(40)

(41)

(42)

(43)
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The nondimensional wind shear, ¢‘1(z/L'), has to be determined from
experiment. There have been many different functions of x/L'= { proposed.
8 A few of them for an unstable atmosphere are given below along with the source

(from Tchen (1977) and Meresca (1977)).

= (1 15 -%
9, = (1=-150) e
-+ |
= 0,7 1-9
9, = 0.74 (L= 9C) W |
from Dyer and Hicks (1970) |
1 16 %
@ = (1-160) s
from Panofsky and Peterson (1972) é
1 15 ),%
e Seels ¢ (462)
4 -5
Pg = 1l-15¢) (46b)
from Businger et al. (1971). |
For a stable atmosphere, |
=1+8' ;
9,©) B' ¢ -

with B' variously given as 5 or 7. |
The form actually used in TWINDX is the one proposed by Panofsky
(1963), the so-called KEYPs formulation, for unstable conditions and

B'= 7 for stable conditions.




For stable conditions, from equation (40), *

f"' |
i X z/L' |
] w(.f') —~ _Jr Bl dlc - Bl Z/L' (48)

z /L' ,
a a
so that :
u 1
. (=) —K’-‘(m-:- + %) 49)
o

The KEYPS relationship is given by equation (50).

4 T3 i
g, - 18 (z/L'") g el =y (50)

It is necessary to express @u as a function of z/L' and to

evaluate equation (40) in order to find W¥(z/L'). This is accomplished

by defining an auxiliary parametric variable Ri (a Richardson number)
such that both z/L' and ¢, are functions of Ri' Then as Ri is
varied, the pairs of values of 2z/L' and P that result define .

as a function of z/L'., This Richardson number is defined by equation (51).

_ g (d&/dz) z 1

i 8 (du/dz)? © El CPu(Z/L') (51)
From (51),
z 1
% (52)
1 i

20 =




and (52) can be substituted into (50) to obtain

<

4
£ty - g 1o

From (53), the result is that z/L' can be expressed in terms of ﬁi

as equation (54), ;

f, =@, (- 18R1)-% (54)
This expression can then be substituted into equation (52) to obtain

equation (55). {

9, = (- 18%;) " (55)

As Ri is varied in convenient steps, pairs of values =z/L', and wu

are obtained from (54) and (55) that yield ¢, asa function of z/L'
and that satisfy equation (48).

The last part of the definition of (39) is to integrate equation
(50). To accomplish this, { is expressed as a function of @u and the
integrand is transformed from a function of { to a function of vu.

From equation (50),

=@ - 1) (18 (56)

N




&, and
S5
&A@ 0 3en” L (@M -1
e b (57)
dep 18 18
so that
.I_C‘L* ld =<3 g % i 4 (%) 3 )dcp* (58)
(p*+1) ((p*) + 1)

In partial fraction form, the last term of equation (58) can be

written as equation (59).

4 (9%)° P s R R
(@*+1) (g% + 1) YT Thee0? T e’ sn

The function, W(z/L'), can then be represented by equation (60), and

the integrations are straight forward as given by equation (61).

, 3 2 2 2%

Ue/L') = 1=g = 3ing + 208 (4 )/2) + 2 tan g -7

+on ((1+cpu3)/2> (61)

- 22 -




6.5 The Relationship Between z, and u_

The definition of the wind as a function of height below the height, h,

is still not complete because the roughness length has still not been

specified. The problem can be closed by giving a functional relationship
be tween z, and u . Cardone (1969) proposed the relationship given by
equation (62a). Garratt (1977) has proposed equation (62b), and Pierson
(1978) proposed the compromise between the two given by (62c). In these

equations z, is in centimeters and u, is in cm/sec.

*
-1 -5 2

Z. . = 0.684u* + 4.28x10 "u, - 0.0443 (62a)
o *

=5 2
zo = 1.469 x 10 u, (62b)
=1 =5 2
zo = 0.3905u* + 1.6046 x 10 U, = 0.01747 (62¢c)

(Note the typographical and drafting errors in 5A and Fig. 1 of
Pierson (1978) which are corrected by 62a,)*

In TWINDX, z is in feet and u, is in ft/sec for the actual
calculations (a throwback to the original program from Thomasell
and Welsh (1963)). For these units, these equations become (63a),
(63b) and (63c).

- 4 _1 -32 _3
'+3627x10 u, + 1.3045x10 u, = 1,4534z10 (63a)

z =
o
4 2
B - 4.474x10  u, —~— (63b)
& i A S &
zo = 4,203x10 w, ¥ 4,891x10 W . 5.73x10 (63c)

KMost recent copies have been corrected.
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The choice of any one of these relationships closes the problem, and

makes it possible to evaluate the wind speed as a function of height
given the average wind at any elevation and the air sea temperature dif-
ference.

There are some fundamental differences of philosophy involved in
relating the SASS backscatter values to the friction velocity and the
wind as measured at some fixed elevation abouve the sea surface. These
differences have been discussed in Part 1 of this final report and in
Appendix E. Since o is a difficult quantity to measure routinely,
even if the model function is determined in terms of u,, it will be
necessary to use some relationship such as equation (62a), (62b) or
(62¢c) to compute the wind that will be measured at the surface truth site
for verification purposes,

It is also necessary to correct the wind at the chosen anemometer
height to the effective neutral stability wind if the atmosphere is not

neutrally stratified, For the same u,, the actual wind will be stronger

*’
at the height z for a stable atmosphere and weaker for an unstable
atmosphere. Conversely, for the same wind speed at the height z, the
value of u; is higher in an unstable atmosphere and lower in a stable

atmosphere, compared to the neutrally stratified atmosphere.

6.6 The Internal Boundary Condition

The Cardone model for the winds over the ocean surface is a two layer
model. The wind above the level, h, is defined by a form of the Ekman
spiral, as determined by the gradient wind, and the thermal wind. Be-
low the level h the wind is defined by equation (36) and the ac-

companying definitions of L' and z .

24
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The Cardone model matches the wind speed and direction for the

upper level to the wind speed and direction for the lower level by

setting them equal at the height, h, and by imposing the continuity of the
wind shear at h. Let .VT(z) be the total wind above h, and ;(z) be
the Monin=Obukhoff wind below h. At the height, h, the internal bound-
ary conditions are given by equations (64), (65), and (66).

v () = uh) (64)
av_ (2) =
2 _ du(z) (65)
dz z=h dz z=nh
Ku = KM at z = h (66)
The procedure for satisfying these intermal boundary conditions
is illustrated by Figure 1A. Figure 1A is for the simpler case for

which there is no variation of the gradient wind with height. It cor-
responds to barotropic conditions locally in the field.
The wind in the surface layer can be described by equation (36)

and an unknown direction as in either equation (67) or (68).

u = a(z) cos @ (67a)
v = u(z) sin « (67b)
(e) = Ge) o2 (68)

for 0O<z<h

e
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The barotropic condition can be treated simply. Since there is
usually some contribution from the thermal wind, only a few of the points

in an actual wind field will be solutions for this condition. In compon-

P T RS AT - P P P

ent form, the appropriate Ekman solution at and above the height, h, is

2

given by equation (69) where the u component is parallel to the grad-
ient wind. In complex notation, the same solution is given by equation

(60) where G is the gradient wind.

T T e

Upoany - 1 e-a(z-h)(;(h) cos (o#ah-az) - G cos (ah-az)) (69a)

e

_ =a(z=h)
- VERMAN ~ ©

(u(h) sin (o#ah-az) - G sin (ah-az)) (69b)

-

VEKMAN e

=6 ) eah + i(a + ah)(e-a(l + i)z)

ah + iah( -a(l + i)z)
e e

for  h<zc<co (70)

For (69). when 2z = h, the equations become

uEKMAN u(h) cos & (71a)

VEKMAN u(h) sin & (71b)
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' and (70) becomes

- ia
VEKMAN = u(h) e (72)

If the wind from the surface to the height, h, is evaluated at
h, it should also have the magnitude, ﬁ(h), and the direction, @, to
impose the condition for the continuity of the vector wind with height.
The value of « for this condition is clearly unknown since the con=-
dition can be satisfied for any angle.
! The shear for the wind in the lower layer from equation (68) is

i given by equation (73) at h.

Butz) / 3 g 73)
dz z=h & ¢u

The shear for the wind in the upper layer is given by equation (74)
| at ho

av
EKMAN _[2aQ+ i) (. o -
. kg (c; e u(h)) (74)

The right hand sides of equations (73) and (74) must be equal in
both direction and magnitude to satisfy equation (65).
The situation is illustrated in Figure 1A, The solid lines re=-

present the vector winds, The dashed lines represent properties of

- 2] -
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the vector shears. The shear of the wind in the lower layer lies in
the same direction as the vector wind. It is shown by an appropriate

dashed line,.
Although with different dimensions, the other dashed line must

have the same direction as the difference vector given by (75).

Fsop L8y & (75)

But from equation (72), this difference vector is multiplied by (1 + i)/
which is the equivalent of rotating it m/4 radian (or 450) in the clock=-
wise direction? The vector shears can only be identical at the height,
h, if the three interior angles of the triangle 6, ﬁ, U are as shown

in Figure 1A. One of the interior angles must equal 3 mA4 and since

the difference in direction between the surface wind and the gradient
wind is @, the remaining angle must be m/4 - a.

These angular relationships then transform the problem of finding
the properties of the wind in the surface layer to a problem in trigo-
nometry that uses only the magnitude of the various vectors, IE l,l:(h)|
and |‘a(h)| and these angles.

The condition given by equation (66) can be satisfied by noting that

syl '
Ky = € U, h @ (/LY =k u B G/Ep (R/L') (76)

at h which in turn yields the value of a as in equation (77)

ae f[vu(h/x.')/zx u, BG ]” | (77)

*
It is slightly displaced for clarity in the figure.

- 29 -




» The magnitude of G = eia u(h) is defined to be | w(h)| and from

L

(73), (74) and (16), it follows that

| Weh) |

w, £ ¢u(Z/L')A/2 K BOGa

s . 5
= u, [cpu(h/L )/« BG] i

The law of sines applied to | U(h)l and ] G| in Figure 1A yields

u(h)
'JTjgr'l = /7 sin (

NE

. a) (79)

When applied to ! a(h)l and | EI, it yields

W(h
A T P (80)

K

When equation (78) is substituted into equation (80), the re-

sult is equation (81)

3 1
u, 2 2 KB 2
( 'éi ) = (_t_p:(hTz'-)_> sin « (81)
oy equivalently, equation (82).
u, 2 %
v [2 K Bo(sin a) / cpu(h/L')] (82)
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With equation (36) evaluated at z = h = BOG/f, equation (77) be-

comes equation

:—* - /2% sin (3 - @) /(m(—i&(:- ) - wh/Lh) (83)
o

Equations (82) and (83), along with a relationship for z

as a function of u (in the program 63a or b or ¢c) and the equation

*
for L' as in equation (37) form a set of four equations in four un-
knowns (or with zO eliminated by expressing it as a function of u*)
a set of three equations in three unknowns. They are written out com-
pletely in equations (84), (85), and (86)
j U g 5
= EK B_(sin o) i ¢, (B_G/E L')] (84)

= /2 ¢ sin (§ - a)/(m (i{ % o (8 G/EL'))  (85)
o *

Ol*c

2 '
1.V §<% (f_g/_zo(u*)> “¥ (Za/L )) (86)

2
K g(9a - es)

For this particular model wu is found from (47) for a stable
atmosphere and from (54) and (55) for an unstable atmosphere, and
¥ (h/L') (or za/L'\ is found from ¢u (h/L'). The unknowns in (84),
(85) and (86) are u,, o, and L', The values of G, f, 8, Ga and
98 are obtained from the input fields, and, of course, the various
constants are known. The value of z, is 10 meters. Once the values
of u,, o and L' are found, the wind at any height from the surface

to the gradient wind level can be computed.

- 31 -

e s

B 114 - D T - ————— gl




The internal boundary condition for the baroclinic case is illustrated
in Figure 1B. The vector wind from the surface to h is given by equa-
tion (68), and the shear at h computed in the surface layer is given
by (73).

The vector wind above h is given by equation (87)

ah+i(osah) ( -a(1+i)z)
e 2

v =G+ (z-h)|§—g]ein + a(h) ;

TOTAL

ah+iah < -a(l+i)z\
e e )

-G (87)

The shear of the wind at h calculated from the total wind above h
is given by (88).

-

av
TOTAL
/z

e g0 . a(1+i)(c-ﬁ(h)eia>

oy kg te
in/4

dG , i - io
= ‘E; s + /2 a(G—u(h)e )e (88)

In Figure 1B, an attempt is made to clarify one of the more incompre-
hensible figures in the Cardone model by keeping the vector wind shear
balance separate from the vector wind balance. Dashed vectors represent
shears, and solid vectors represent winds. The sum of a(h) and E must
equal ;(h), as shown, to satisfy the internal boundary condition given
be equation (64).

As shown by the dashed line, the shear of the wind in the surface
layer lies parallel to the surface wind. Since the shear has a different

dimension, the fact that it is drawn to the same length is at the moment

. P
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irrelevent. The shear in the upper layer evaluated at h is the sum of two
vectors as shown in equation (88). The first vector in (88) 1is the shear

of the gradient wind. The second vector results from au operation on

W(h) = Geuh)el®

which is shown parallel to a(h) at the origin., After it is multiplied by
a(l + i), or equivalently by /2 a eiﬂ/a, G - G(h)eia is changed to a shear,
which changes its dimensions and rotates it m/4 radians in the counter-
clockwise direction. This component of the shear in the upper layer is
also shown as a vector at the origin. When added to the shear of the gradient
wind (as shown) the sum of the two vectors from (88) must equal the shear
for the surface layer at h.

By the very nature of its construction, the second term in equation (88)
must make an angle of 3m/4 with ﬁ(h) as shown in Figure 1B, and thus
the value of 1 and this one interior angle are known.

The next step as shown in Figure 1€ 1is to convert shears to velocities

by multiplying each of the dashed vectors by a constant given by equation (89).

P = u(h)/(qu(z)/dz),._ (89)

This step transforms all of the vectors involved into velocity vectors
so that the dashed vector for the shear of the wind in the surface layer
as evaluated at h would then have the same length at the velocity vector
at h for the surface layer. This last step yields Figure 1C which is
the one given by Cardone (1969). The problem of finding the various un-
known quantity is reduced to a problem in trigonometry upon evaluation
of the unknowns in this figure. @ye quantities that are known at this
stage of the analysis are E, Iy de ¥ the angle 3m/4, the air-sea tempera-

ture difference and numerous relationships between the various unknowns.
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From the available definitions,

B G B_G
p=}';‘[0n't?'z" - 7] (90)
u o]
and from
aw o
- = /29"
p!dzl/z=h P' W) | (91)
so that
2 5
£ 9y
' = (92
F < 2 ¢ u, BOG ) r )

The quantity, r, is defined by (93). It is the nondimen-

sional form for the magnitude of the thermal wind.

_1,46, _g (d7fdn;
r"f]dz] ‘fz( T ) (93)

Also it is possible to define an r' given by

r

B B G
r' = qﬁj [?n (}ft;> - W’]

£ 1 (d1/dn)
= !f g | (94)
so that
.,
Pl | =t @ (95)

From these various definitions, and the use of the law of cosine for
the triangle with the side, M, and the angle at A, the result is equation (96),
- 2 2 -

2 - -
W=l S Tm) - 20188 V)| cos (3r/a) (%)
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" which can be reduced to

2 i 2

M = |W () | (2(p') +2p' 4 1) (97)
A 2

=|Wh) | s

2

For the triangle with the side M and the angle, T,

- —

M2=,p2—:f +E, -2pl:-S'HE!cosT] (98)

which can be reduced to

A ) \ = 2
M2 =lw(h)|2k1 + (r")2 - 2r' cos T]) = | W(h)| q2 (99)

From triangle, ABD, the law of sines, and equation (97),

= P_@!&' =p'/s (100)

sin 6 = Trw -

From triangle, BCD the law of sines, and equation (99),

sin vy = P"“QG—:‘E‘L sin 1) = i" sin 7 (101)

From triangle ABC, and the law of sines,

|a (h)] =|W (h)] sin (6 + y)/sin & (102)

and from the same triangle and law of cosines,

. -~ SR R
luh)] =G| +|w()| = 2/G]l W(h)lcos (6 + vy) (103)




Also from the triangle involving &,

w2 =1am|? +18%- 213 @] |G | cos @ (104)

From (102) and (104),

216l | Wh) lsin (y +8)

tan @ = 3 (105)
- - 2 —_ 2
lel + (u(h)|"=| W(h)|
Equation (105) can be transformed to equation (106) by means
of equations (103) and (99).
5 +
tan & = sin ( ¥) (106)
2. cos 0+ v)
q
From the definition of ;(h), from (102) and from
!ﬁkh)|= q! 6]/5, the result is equation (107).
Y« « qsin (6 +Y)
S (107)
(2 B G
|G

s sin « I:F/n (‘f‘;'o) - ‘I’(h/Lv]

Matching the velocity and shear at the height, h, given by equation
(16) can lead to problems for light gradient winds because h can be
less than 19,5 meters, which is the height at which the wind is to be
specified, There are two possible ways to treat the problem when h
is less than 19.5 meters and, yet, when the short cut solution for very
light winds is not applied. One would be to use the computed value of

h and obtain the wind at 19.5 meters from equation (87) since z = 19.5m




would be greater than h, The other way would be to set h equal to

19.5m and to be sure to use that height in all subsequent calculations.
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