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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 t ime operationa l

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 S~1MR 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.
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1. ITf ~])UCTION

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

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

independent mode l of the winds based on meteorological f ield variables

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 f ield of

mass for this same layer.

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 lewl in extra tropical regions or the base of the

cumulus clouds in tropical regions can then be properly described .

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

— 1 -
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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 ~lias 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. Neverthe less , a sophisticated mode l 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 “noisy” - 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.

— 2 -
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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

SKYLAB by Cardone, Young, Pierson, Moore , 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 SO1~JM 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 MIS to 6 M/S over the North
1~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 NNIURE 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 ± 0.5 M/S
and ~ 5

0 
to 10

0
, if the wind is not too close to upwind or down-

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.

— 3 —
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ging should yield errors of about ± 0.12 MIS 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 al i ased 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
0 

or 20
0 
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 1800 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. SURFJ~CE WINDS, THE A~~~SPHERIC FIELD OF MASS, AND ‘IURBULE~~E

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 , f irst 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.

- 4 -



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 wher’~ 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 t~~. the ratio of the

sea surface wind to the geostrophic wind.

The need to relate the surface winds over the ocean to synoptic

meteorological rields 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 f ields. About 55% of the variance of the magnitude of the

wind , as reported by both weather ships and transient ships , could

be specified , and o’~ily 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 71;0

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

- 5 -
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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, in the non-

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

(1)

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

about two, depending on the source. Pierson (1964) noticed that one of the

major sources for the differences in the value of ~~ 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

he ights , 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).

- 6 -
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4. THE ~~EANIC B~*JNDARY LAYER !4])EL OF CARDC*~E

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 mode l 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

mode l 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, ex~panded scale. The initial programs

deve loped for these models start with the work of Thontasell 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 .

— 7 —
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5. P~ JGRAM ‘IWINDX

5.1 Inputs

The inputs to PROGRAM TWINDX (TRADE WIND S AND WINDS EX PANDED) 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.

Pressure s and temperatures over nearby land are also needed so that gradiants

near ocean points can be found.

5.2 Outputs

The outputs are the synoptic scale average wind speed in rn/ 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 Suppl~~~ntary Outputs

Additional o~itputs 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 ti~~ relationships, the
*f riction velocity, the Monin-Obukhoff leng th , and the height of the

constant flux layer. In the tropics, the wind from the top of the log-

F arithmic profile layer to the cloud base can be obtained .

5.4 Constraints and (~ tions

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 geostro~hic wind is calculated from

the surface isobaric field. This wind is corrected for isobaric

*as a vector 
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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.

These bounds can be changed by changing two lines of code in the program.

The curvature of the isobars can be calculated either from the

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 15
0 
toward

low pressure . The variation with height of the geostrophic wind is

found from the air temperature f ield 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-

Obukhoff stability length where

L > 0 stable 
~°a > 

e ) , e not greater than 4
0
c + e

L < 0 unstable (~ < e )
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 he ight , 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

- 9 -
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- ‘ 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 nf

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

decrease the area for the tropical analysis. In an earlier version,

without the tropical portion, the coriolis term equatorward of lO°N

(or 5) was set equal to the value at 100 and the winds were computed

using the Cardone boundary layer theory.

6. THEORY OF THE EXTRAT~)PICAL BOUNDARY LAYER

6.1 Ekinan

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).

; +~~~ ÷;~; - f ; = - p/ p + K~~ (2)

(3)

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

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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V V  (4)Geos trophic

at infinity and
(5)

at the surface (which is not actually used), and for non accelerated

motion (i .e. u = v = 0) , the solution is the well known Ekman

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

u v
G

( l e c os ah ) (6a)

v - V
G 
e~~~

h 
sin ab (6b)

where

V
G 

= 
p f  ~~ /~ y (7)

and a = ( f/2

(8)

The Ekman spiral is unrealistic near the ocean surface because X~ 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 Ekxnan spiral is not corrected

for the effect of the curved isobars.

For anticyclonic curvature ,

~ >~~ (9)
GR GEO

- 11 -
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and conversely for cy~ lonic curvature
U.

ii) VGR < ‘1GEO 
(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 ~~~~ 

+ - I ~~P_ . .~2 .~~~~~

~~y1 ~~x) 2 ~x~y ~x ~y

K =  
2 2 3 (11)

(~f~~~~~\ + (~~\ ~
~~ ?~x) 

‘\~y) 
)

In (11), the sign of K accounts J~ r 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.

V
~R + V  = V  (12)fr GR GEO

12
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6.2 The Variation of the Gradient Wind With Height

In general, P,~ 
and P

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) (dG/dz) would be the thermal wind vec tor at z . The

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

V (t) = V + z (i~-)_ h (dG) (13)
Total Ekman dz dx

The quantity , dG/dzl , can be calculated from the horizontal

grad4ent 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 d~/dz lies parallel to the

— surface isotherms and high temperature is on the right.

— dVdG GEO dT/d n
f dz = g  

T 
(14)

An important feature of equation (13) is that equation (15) still

holds so that the E inan solution for equations (2) and (3) is still

valid at and above h.

2- 2-’
~ 

VT 1  
— 

~~ 
V
E~~~ (15)[ ~~2 

—

I
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6.3 The height, h
*The vector wind is thus defined as the sum of an Ekinan 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 -.
h — B V

GR 
/ f = 3x10 I ~~~ / f (16)

6.4 The ?~‘bnin-Ob.iJthOff Sii~i1arity Theory for the Surface Boundary Layer

Below the height, h, the eddy viscosity is no longer a constant

and is def ined as K
u 

instead of K
M
. 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 = ~~ (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 tha t resul ts is not the one from (6a) and (6b)
as will be shown later.

- 14 - 
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This implies that

d~ 2
- < w u  > = K ~~~~~~~~

u
~~

= rip (19)

4

and that
~ 2 (20)

so that the layer f rom 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
u
= u

*~
f
~
_
~
C u
*

z (21)

From equation (19) and from

~u 2
K ~~~~~ (22)

it follows that

u~~ = K z d u / d z  
(23)

or that

~~ 
u
*

~z t(z (24)

For a neutrally stratified atmosphere , this equation integrates to

the logarithmic wind profile as given by equation (25).

~ (z) — ~ ( z )  = ~*~n (z/z ) (25)

‘C

-Ii
~~~~~~

__
~~

__ _~j
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If z were known , the wind speed would be given as a function of

height above the sea surface. u(z ) is ueually set equal to zero.

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).

< w’~ ’> = H = Q/p C (26)

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

Monin-Obukhoff stability length defined by

- • . ,  U T
< w u  > * 0L =  (27)
< W  e’ > K g

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

- < w ’u ’> = K d u / d z  (28)

(29)

By means of the mixing length hypothesis

r - 1
K = 

~ 
u
~ 
z 

~~~~~~~ 

(C)1 ( 30)

— — 1
= ‘C z 1.~e (C)1 (31)

and the Prandtl Number, say , X is then

Ke ~u~ = j ~j—
= — —‘- 1 (32)

~~ 
‘re

which is assumed to be nearly equal to one.
- 16 - V

- 
__~~~~~~T 

~~~~~~~~~~~~~~

_

i__  _ _ _ _ _ _ _



The nondimensional wind shear and temperature gradient are then

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

• KZ ~U
• = (33)

t’ dT (34)
— r n  (C)~~~~~ 

(
~ )

T
~~~

dz Te u

T = 
- < ~~~‘~~~‘ > 

= H/u (35)
* u

* 
*

For the variation of wind with height between the surface and z = h,

the problems then become those of f inding the value of L, the functional

form for p (~) and of integrating equation (28) .
U

‘ormally, the solutions are given by (36) and (37) where it should

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

~ (z) = (~~(z/z ) - W (z /L ’) )  (36)

~ ~n(z z ) — ‘I’ (z /L ’ ) )
* a / a  a (37)

K g  (e — e )

L’ = 
~~ ~( e )  

(38)

- For (37) and (38) , the wind speed has to be evaluated at 10 meters ,

which is assumed to be the elevation above the sea surface at wi~ich 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 , B , is greater than the sea surface temperature , ~ , L’

is greater than zero (the stable case). If ea < 9~, L’ is less

than zero (the unstable case). For e = B5 , L’ is infinite and equation (33)

- 17 —
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is used (the neutral case) .

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

— 
u~ z 

~
p (z ’/L ’)

u(z )  = — $ ~ d z ’ (39)
K

z
0

However it is more instructive to define

z/L ’

~~~ 
= $ [(1 

- c~(C ) ) / C ]  d C (40)
z
0

and to note that the derivative of (36) is

du 
U*11 ~~~

(41)

and that from (40)

?jt Ii [1 —

~

z 
= 

(L’) (z/L’) 
(42)

so that

(I (z/L ’) ) ] ~~~.~~P(:IL ’)

- 18 - 
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The nondimensional wind shear, ~~ (z/L ’), has to be determined from

experiment. There have been many different functions of x/L’ = C proposed.
• A few of them for an unstable atmosphere are given below along with the source

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

— (l — l5C ) ’
u (44a)

= 0.74 (1 - 9 
~ 

)4 
(44b)

front Dyer and Hicks (1970)

= (1 - 16 C )~~ (45)

from Panof sky and Peterson (1972)

— (l—1 5C )4— (46a)

— — (46b)

from Businger at al. (1971) .

For a stable atmosphere ,

. q ’ (~
) = 1 + ~3’ C (47)

with 6’ 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

~~~
‘ = 7 for stable conditions .

-19 -
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For stable conditions, from equation (40),

~ 
(
~

) = - 
r
z/L 

6’ d’ C = 6 ’ z/L’ (48)L a l L ’
0

so that

~ (z)= ~~~~~~ +

The KEYPS relationship is given by equation (50).

p
4

- l8 (z/L ’)~~p
3

- 1 = O  (50)

It is necessary to express as a function of z/L ’ and to

evaluate equation (40) in order to find ‘I’(z/L ’) . This is accomplished

by defining an auxiliary parametric variable R . (a Richardson number)

such that both z/L’ and cp are func tions of R . . Then as R . is

varied, the pairs of values of z/L’ and cp that result define c~

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

~ .& (d~/dz) z 1
i B (du/dz)2 = 

L ’ cp ( z/L ’)  (51)

From (51),

z i— (52)
u L’~~

- 2 0-



U. and (52) can be substituted into (50) to obtain
~~1

4 4

~~~~ 
— l8(.~

.
,)_L3 — 1 = 0 (53)

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

as equation (54)~

= (1 - l8~~)~~ (54)

This expression can then be substituted into equation (52) to obtain

equation (55) .

= (1 — 18R1)~~ 
(55)

As R. is varied in convenient steps, pairs of values alL ’, and

are ob tained from (54) and (55) that yield cp as a 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, C is expressed as a function of cp and the

integrand is transformed from a function of C to a function of p .

From equation (50),

/ *~~C = (cp ) — 1) (cp*) /18 (56)

— 2 1 —



r 
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-U. and
“p

= 3  _ 4 4

= 
4(q,*) (Cp*) 

- 
3(cp*) ((cp*) - IL (57

dc9 18 18

so that

1 ~~* dC 
( 

- - ~~ ç~*)3 
a ) d~~ (58)

~~ 
(~p*+l)((cp*) + 1)

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

wri tten as equation (59) .

4(~p*)3 2 2 
_______

(cp* + 1) (cp*
2 

+ 1) 
~~ 

- - 

l+ (,*)
2 - l+ (cp*)2 (59)

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

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

W( z/L ’)  = 
$
:

U (
~ ~ 

- + + l+~~~ 
+ 

l~ p*~ 
) d~* (60)

‘~‘(z/L’) = l-cp - 

~ 
+ 2 2,n ((l+cp )/2) + 2 tan

1 

~~ 
-

÷~~~((l+~~~)/2) (61)

— 22 —
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“1 6.5 The Relationship Between z0 and

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 a 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 a is in centimeters and u is in cm/sec.
0 *

z = 0.684u~~ + 4.28xl0
5
u~ — 0.0443 (62a)

—5 2 Vz = 1.469 x 10 u~ (62b )

z = 0.3905u
~
1 
+ 1.6046 x 10 5u~ - 0.01747 (62c)

(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
0 *

calculations (a throwback to the original program from Thomasell

and Welsh (1963)). For these units, these equations become (63a),

(63b) and (63c).

— 4  1 3 2  — g
z = ‘ .3627xl0 u + l.3045xl0 u~ - l.4534zl0 (63a)

_4 2

a = 4.474xl0 u~ —
~
--.

~~~~ (63b)

_4 —l _4~~~~ 4

a 4.203x10 u,,~ + 4.891x10 u~ - 5.73xl0 (63c)

* recen t :opies have been corrected. k



U. 
The choice of any one of these relationships closes the problem, and

makes it possible to evaluate the wind speed as a func tion 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 u~ is a difficult quantity to measure routinely,

even if the model function is determined in terms of u,~, i t  wil l  be

necessary to use some relationship such as equation (62a) , (62b) or

(62c) to compute the wind tha t will be measured at the surface truth site

for verification purposes.

It is also necessary to correc t the wind at the chosen aner’~ine ter

height to the effective neu tral s tability wind if the atmosphere is not

neutrally stratif ied. For the same u~ , the actual wind will be stronger

at the height a for a stable atmosphere and weaker for an unstable

a tmosphere. Conversely,  for the same wind speed at the heigh t z , the

value of u~ is higher in an unstable atmosphere and lower in a stable

a tmosphere , compared to the neutrally stratified atmosphere.

6.6 The Internal Bour~ ary Condition

The Cardone model for the winds over the ocean surface is a two layer

model. The wind above the level, h, is def ined 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 defin i tions of L ’ and a .

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 V T
(z) be the total wind above h, and u (a) 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
T
(h) = u (h) (64)

~~~ (z)/ 

= h 
= ~~(z)/ 

= h 
(65)

K = K
M

at z = h  (66)

The procedure for satisfying these internal boundary conditions

is illustrated by Figure LA. Figure lA is for the simpler case for

which there is no variation of the gradient wind with height. It cor—

respond s to barotrop ic conditions locally in the f ie ld.

The wind in the surface layer can be described by equation (36)

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

u = u(z) cos ~ (67a)

v = ~(z) sin a (67b)

u(z) — u(z) ~~~ (68)

for 0 < z � h

— 25 — 
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The barotropic condition can be treated simply. Since there is

0 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-

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

given by equation (69) where the u component is parallel to the grad-

ient wind . In comp lex notation, the same solution is given by equation

(60) where G is the gradient wind .

-a(z-h) -
U
~~~ N 

= c + e (u(h) cos (c~-ah-az) - G cos (ah-az)) (69a)

V
E~~~~N 

= e
_a
~~~~ (~ (h) sin (afah-az) - C sin (ah-az)) (69b)

- ah + i(a + ah)( -a(l + i)z\ ah + iah( -a(l + i)z\V
5J~~~N G + u ( h ) e ~~ ) _ G e  ~e 

)

for h � z < ~~ (70)

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

= u (h) cos a (71a)

V
E~~~~N 

— u(h) sin a (71b)

- 26 —
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and (70) becomes

V
E~~~N 

= ~ (h) e~~ (72)

If th~ wind from the surface to the height, h, is evaluated at

h, i t  should also have the magni tude, u(h), and the direction, a, to

impose the condition for the continui ty of the vec tor wind with height.

The value of a 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

given by equation (73) at h.

~u(z) / = ~~~ e
l a (73)

~ z z = h  K~~U

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

at h.

-~~~~~~~~ .4 

_ _ _ _ _

— 

~~~~~~~ / /2 a(l + i) ( fri -
~ = h 

= 
/2 

- e u(h)1 (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 IA. The solid lines re—

present the vector winds. The dashed lines represent properties of

— 27 - 

—- -- — — —--V. - — ~~~~

_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_____ -‘---V--V --V -— -V-V — 
~~~~~~~~~~ -~--V~V _‘-r~~~~~~ — 

-V--- V
~

_ 
VW ~~~~~~~~~~

V.
~’~ 

-V
r- r-

~~~
, I

— I
+1

I,,)
+ I -

I~~a) I’-
~~~ I~~~~

.

/
/

A
C •.. 0

Di
4

‘\~~
- -

~~~~~,
,

‘\~ ~~~~~~~~~~y

~~ U,— .. / _a.) .
~~ /~~~~~~~

/

~~~ 
.~~

L r

-~~~~~~~~~~~~~~ --~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~



~ 

T~~~~~~~ T~~~~~~~TTT 
-V — - - V - -V ———

~~~~~~~~~~~ 

~~ -V-~~~~-- ----—- ~~~~~V~~~-V-V~~~~~~_~~ • -

0 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).

-4 -

W = G—u(h) e (75)

But from equation (72), this difference vector is multiplied by (1 + i)/~

which is the equivalent of rotating it Tr/4 radian (or 450) in the clock-

wise direction. The vec tor shears can only be identical at the height,

h, if the three interior angles of the triangle G, W, U are as shown

in Figure LA. One of the interior angles must equal 3 iifli. and since

the difference in direction between the surface wind and the gradient

wind is a, the remaining angle must be rr/4 - a.

These angular relationships then transform the problem of finding

the propertie s of the wind in the surface layer to a problem in trigo-

nome try tha t uses only the magnitude of the various vectors , C I 
u (h)

and W(h)t and these angles.

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

KM — K u~ h (cp (h/L ’) 1
= K u~ B G/fq (h/L ’) (76)

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

a = f[~ (h/L ’)/2K u~ B G

*It is slightly displaced for clarity in the figure.
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The magnitude of C - e~~ ~(h) is defined to be I W(h)I and from
0 

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

= u
~ 

f c~
(
~~
L’)//2 K B G a

= u
*
¾ 

~~~~~~~~ 
K B G]½ (78)

-4 -4

The law of sines applied to I U(h)j and I C~ in Figure lA yields

J u (h ) I~~~~~~~~~(~~~~~~) (79)

When appl ied to W(h)~ and I ~I ,  it yields

I h)I
= 12 sin a (80)

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

sult is equation (81)

.1
u~ 2 2 K B  2

(
~~~

) - 
u L’ ) ) sin a (81)

o; equivalently , equation (82).

= [2 K B (sin a)
2 / ~~ (h/L ’)J ~ (82 )

- 30 -



With equation (36) evaluated at z = h = B G/f, equation (77) be-

come s equation

= /2 K sin - 
a) /(~n(~~~ 0

) - ~(h/Lt)) (83)

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 z eliminated by expressing it as a function of u
~
)

a set of three equations in three unknowns. They are written out corn-

pletely in equations (84), (85), and (86)

2 *

— = ~KB (sin a) ~~~~~~~~ 
(84)

- /2 K sin - a)/ ~2n (:°:
~
(u
*
) 

- 
~ CB G/~~~)) (85)

= u~
2 ~ (z /z (u

*
)) 

— ~ (z /L’)) 
(86)

K 8(e —

For this particular model p is found from (47) for a stable

atmosphere and from (54) and (55) for an unstable atmosphere, and

‘I’ (h/L’) (or Z /L’ ) is found from p (h/ L ’) .  The unknowns in (84) ,

(85) and (86) are u
~
, a, and L ’. The values of G, f, e, 8

a 
and

B are obtained from the input fields, and, of course, the various

constants are known. The value of z is 10 meters . Once the values
a

of u
~, 

a and L’ are found , the wind at any height from the surface

to the gradient wind level can be computed . 
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The internal boundary condition for the baroclinic case is illustrated

in Figure lB. 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)

- dG ifl - ah+i(Ctfah) ( -a(l+i)z’\V
~~ ThL 

= C + (z-h) j~~~j e  + u(h) e ~a

— G ~~~~~~~ (e
_ a(1±1)z)  (87)

The shear of the wind at h calculated from the tota l wind above h

is given by (88).

~
V
~~TAL 

‘z=h 
= 1~~ e~~ + a(l+i)(G-u(h)e~~~

= I ~~~~ 
e~~ + /2 a(G-~ (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 W(h) and C must
-4

equal u (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 leng th is at the moment
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U 
irrelevent. The shear in the upper layer evaluated at h is the sum of two

0 vectors as shown in equation (88). The f i r s t  vector in (88) is the shear

of the gradient wind , The second vector results from an operation on

-W (h) = G=u (h) e~~

which is shown parallel to W(h) at the ori gin. Af t e r  i t  is multiplied by

a( 1 + i), or equivalently by /2 a e
hl’h uI4

, G - u(h)e~~ is changed to a shear ,

which changes its dimensions and rotates it rr/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 g rad ien t

V 
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 construc tion, the second term in equation (88)

must make an angle of 3ir/4 with W(h) as shown in Figure 1B, and thus

the value of fl and this one interior angle are known,

The next step as shown in Figure 1C is to convert shear s to velocities

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

P = u ( h )/ (~u(z)/dz)/. h (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 leng th at the velocity vector

at h for the surface layer. This last step y ields 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. The quantities that are known at this

stage of the analysis are C, ~~~~~ the angle 3rr/4, the air—sea tempera—

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

— ~~~~~ - (90 )

and from

I I Lh = /2 p 1 W(h) I (91)

so that

2 ½
~~ ) p (92)

2 K u  B-C
*

The quantity , r , is defined by (93). I t is the nond imen—

sional form for the magnitu’~e of the thermal wind.

r = ~~ )~~~1 =
:
2 

(93)

Also it is possible to define an r ’ given by

r i = 2 [~n (2 - w ]L f-i /

= p f 
~ 

(dT/dn)
, (94)

so that

~ I~~~1 = r’ C (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 dW d W - ~M = I~ ~~I + 1 W(h)I = 2 pI~~~I W(h)I cos (3n/4) (96)
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which can be reduced to
0

= 1w (h) I (~~p ’) 2 
+ Zp ’ + i) (97)

2

I W(h ) 2

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

— ‘2  2 -‘2 dG ‘ dG -,
M = l p ~ — 1 +~~I — 2 p F ~~~~1 J G l cos 1J (98)

which can be reduced to

2- 2 2 2N
2 =IW(h)! ~l + (r ’) - 2r’ cos = I W(h)l q (99)

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

sin ~ = 
p I d W/dz l 

= p ’/s (100)

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

= sin ~ = sin 
~ (101)M q

From triangle ABC, and the law of sines,

1~ (h)t = 
~~ (h)t sin (8 + y)/sin a (102)

and from the same triangle and law of cosines,

2 2 2
= ~I + I i~(h) I — 2~G~ W(h )~cos (6 + y) (103)
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Also from the triangle involving ~~,

0

-. 2 ‘ 2 --‘ 2
= ju (h)f + I G I  — 2 lu (h)j I G cos a (104)

From (102) and (104),

21G1 I W(h)jlsin (y +6)
tan a — . 2 — 2 2 (105)

Id + (u(h)j = I W ( h ) I

Equation (105) can be transformed to equation (106) by means

of equations (103) and (99).

sin (6 + y)
tan a = (106)

~~— cos
q

From the definition of u(h), from (102) and from

= q i GI/s, the result is equation (107).

= 
K g sin (6 + y) (107)

s sin a ~ (~~
) - ~~h/L’]

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 me ters , 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 wind s 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 = l9.Sm

— 3 8 =
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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.

To demonstrate which of the two would be best would require very care-

ful measurements of the variation of the time averaged wind wi th height

for the first 30 meters above the sea surface.

For TWINDX , the choice was to set h = l9.5m if it was calculated

to be less than this value and to use h = 19.5 meters in all subsequent

equations for the calculation of the unknown quantities.

The various equations therefore have to be put into a form where h

appears for B G/f whenever the height is needed.

They have been presented above in the order of their derivation,

and so as to demonstrate the procedure for solution, some of them are

repeated here in a different order. 4

h = B C/f , or l9.5m (whichever is greater) (108)

z = z  (u) (109)
0 0 *

e (/2n (z /z ) - W (z IL ’) )
* a o a

L’ = (110)
(0 — 0 )
a 5

= (1 — 18 (111)

= (1 — 18 ~~~~ (112)
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‘I’ (z/L’)=l-p = 3 ~ n p +2~ n ((l+p)/2)+2 tan~~~p - rr/2

+~~ ((1 + 
2 u u 

(113)

‘~ p (h/L’) ~
n (h/z~,) — ‘I’ (h/L ’)) (114)

p’ = (~~~i~ic u
~ 
h)½ p (115)

r’ = p f ~ /G (116)

= (2 (p’)
2 

+ 2 p ’ + l)½ (117)

q = (i + (r’) 2 - 2 r ’ cos (118)

8 = sin~~ (p’/s) (119)

= sin 
1 (r ’ sin fl/q) (120)

a = tan”~ ( 
~~~~~ 

(8 + ~‘) ) (121)
- cos (6 + ~‘)

K Q  sin (8+y)
u
~ 

= G s sin a (~n (h/s ) — W (h/L’)) 
(122)

Equations (108) through (122) are the system of equations that

need to be solved in order to find u,~, L’, and a. These quantities
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then define the wind speed and direction from the surface to h. Also

since K
M 

= Ku
~ 

h(p )~~ , the vector wind in equation (87) above h to

the gradient wind level is known.

The procedure is to compute the geostrophic wind speed and direc-

tion and modify it on the basis of isobaric curvature to the gradient wind

speed. Next the thermal wind is nondimensional form as in (93) is found

along with the angle, fl, measured counterclockwise from the surface

gradient wind direction. The result of (93) is used to find the required

term for (94) , or (116). The other terms of that equation are defined

by equation (114) .

In the presen t version, 8 - 9 is kept less than or equal to 4
0

Celsius. This can be relaxed by changing one line of code if the be-

havior of the model for very stable air is desired.
dG * 

V

Known at the start of the calculation are h, G, f, — , 8 and B
— 

dz a s
Then u~, 

L’, and a, and from these ~~~~~~~ for both a neutrally strati-

fied atmosphere and for the Monin-Obukhoff profiles can be computed.

If j is less than 2.51 m/s (8. 25 f t/see) ,  the calculation is by-

passed , the wind at l9.5m is set equal to 0.7G and the direction is

150 toward low pressure. u~ is set to 0.0220G. L’ is set to zero

(a convention for an infinite value). The next grid point is then pro-

cessed.

If the wind speed is greater than 2.51 m/s, a first guess for u~

of 0.0245G is made, the thermal wind is assumed zero and is set to zero.

- O j  is greater than 1°C the values for L’, ‘I’ (z/L’)

and p (z/L’) are found in later calculations, if not the neutral sta-

bility profile is used.

For neutral stability, L’ is flagged as zero, W is zero, and p

is one. The values of p (114), p ’ (115), s (117), r’ (which is zero (116))

* I

dG ,d G
~~ yields - j and T~.
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q — 1, 8 (117), 
~ 

= 0, a (121) and u~ (122) are found . These equations

reduce to the barotropic case under the assumed conditions. The result

is a value of a and ne~ value of u~, which differs from 0.0245G.

For the next cycle, the new value of u~ is used and thermal wind

effects are included . The values of 
~~
‘ 

~~~~
‘ 
and L’ are known. After

several loops through the equations, if the last two calculations of u~
differ by less than 0.05 ft/sec, the last value of u~ is used along

with a and the most recently obtained value of L ’. The wind speed and

direction at 19.5 meters are found, converted to rn/s and written in

an output field .

~~~ non-neutral conditions, the first guess for u~ is the same

as be fore. A f i r s t  guess for L ’ is found from (110) with ‘I’ equal to

zero. Then wi th this guess h/L ’ is used to find ~/(h/L’) and ~~(h/L ’)

in a subroutine from (111), (112) and (113). These values are then used

to step through (114) through (122) and to obtain a new value of u~
(wi th thermal wind effects omitted). The old value of L’ and the new

value of u
~ 

are then used to get a new value of L ’, calculated at an

anemometer height of 10 meters, and new values of ‘I’ and p .  The thermal

wind effects are included on the next pass and a new value of u~ is ob-

tam ed. After a number of cycles through the equations, two successive

values of u
~ 

will differ by less than 0.05 ft/sec. The final values

of u
~
, a and L’ are then used to define the wind at 19.5 meters from

equation (36) for both the non-neutral case and the neutral case.
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6 .7 The Gradient Wind level

The height at which the wind vector first parallels the contours

of a constant pressure surface can be found by solving for the height,

z, in equation (69b) that causes v to vanish. The wind will equal the

Ekinan component parallel to the surface isobar s plus the value of (-i-h)

(d G/dz) at that height. The term in parenthesis in (69b) can be re-

written as

A sin (tan~~B - (ah  - a z )  ) where

2 *

A = ((u(h)) — 2 G ii(h) cos a+ C
2 ) (123)

and
-1 -l fu(h) sin a

tan B = t a n  ( ~-\ G-u(h) cos a (124)

The term vanishes when

tan ’B - a h  + a h
d 

= TI (125)

where h
~ 

is the height of the gradient wind level.

Thus 

h
c 

= h + - ~ tan~~ (~~~~h~~~o~ 
a) (126)

For the classical Ektnan spiral , this height is TI/a. The

other two terms tend to cancel somewhat.
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For the special case of a neutrall y stratified barotropic atmo-

sphere, the term on the right equals ~ - a and so equation (126) be-

comes (127).

h
c = (~~~

+a)a
1 + h  (127)

In turn , this can be expressed as

h
c 

= (2~ + a)(~~)

½
(u* h) 

½ 
+ h (128)

and from equation (84) and the definition of h

h
c 

= (1 + (~~ + a) (sin a)~) h (129)

or 

h
G 

= (i + (
~ 

+ ~~)(13.O8)(sin a)*) h (130)

For a = 15°, (or rr/l2 radians), h
~ 

22 .8h , wh ich seems to be

reasonable.

6.8 Features of the frkDdel

Some of the features of the model are illustrated by Figures 2, 3

4, 5, and 6. In Figure 2, the surface isobaric pattern of an extra-

tropical cyclone is sketched along with heights of a constant pressure

surface and three “surface” winds at A , B and C. As is typical

of a low, the low aloft lies to the west northwest of the surface low,

which would cause the wind s above C to veer and those above A to

back with height
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Figure 2. Sketch of surface winds, surface isobars, and a
constant pressure surface for an extratropical cyclone.
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U, Figure 3 illustrates conditions at point A. There is cold air ad-

0 vection at A , and the thermal wind causes the wind at the gradient wind

level to sh i f t  counte rclockwise relative to the direction of the gradient

wind computed from the surf~j~e isobaric pattern. The wind at h thus

has a larger inflow angle than it would have if the thermal wind were not

considered . Note that the wind at h is 70 to 807, of the speed of the

gradient wind.

Fi gure 4 i l lustrates conditions at Point B. Since the height con-

tours of the constant pressure surface parallel the surface isobars

the re is no cold air advection. The condition illustrated is tha t of a

co ld low such that the wind speed increases with elevation and the therma l

wind is parallel to the surf ace gradien t wind. The ef fec t  of the thermal

wi nd is to make the wind at h stronger than it would be , if calcula ted

without  the thermal wind , and to make its direction closer to the gradient

wind direction. The wind at h is about 907. of the surface gradient wind .

Figure 5 illustrates conditions at Poin t C. Warm air advection

is shown in the right front quadrant of the low. The effect of the thermal

wind is to make the surface wind more nearly parallel to the gradient wind

and to leave the ratio of the surface wind at h to the gradient wind

at about 0.7.

Tests of the model have yielded the result that u 1 9 5 /G can vary

all the way from 0.5 to nearly 1.0 depending on the thermal wind effect

and the air—sea temperature difference. The cross i sobar flow can be as

high as 300 toward low pressure for strong cold air advection, or when

the thermal wind opposes the gradient wind , and 5
0 

to 10° toward high 
V

pressure in regions of very strong warm air advection. A surface wind

blowing toward high pressure would be treated as incorrect in most

analysis schemes. A sample analysis on a 63 by 63 grid for January 9, 1974

is shown in Figure 6.
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Figure 3 • The effect of cold air advection in increasing
cross-isobar flow for the surface wind.
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Figure 4. The effect of a cold low in increasing
the speed of the surface wind.
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Figure 5. The effect of warm air advection in decreasing
cross-isobar flow for the surface wind.
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This range of 40
0
, or so, in the cross isobar direction and a

variability in magnitude from 0.50 to l.OG, centered on a value of

about 0.7G compares favorably with the unexplained variances in the

study by Thomasell and Welsh (1963). It remains to be seen how well

the model will fit the more accurate winds to be foimd by SEASAT.

6.9 Variations and Potential Sources of Thprov~~ nt

Variations of the present model can consist of increasing the

upper bound on the magni tude of the nondimensional thermal wind now

set at 100, and using other representations for ‘I’ (z/L’) and cp (z/L’).

These combined with three different z versus u
~ 

relationships pro-

vide a wide variety of outputs for the same input.

Allowing h to be less than 19.5 and calculating u(l9.5) in

the upper layer would be another modification. The vector wind stress

would then differ in direction from the measured wind direction if the

wind was measured at 19.5m, or higher (this should be checked in the

SASS verification program).

Sensitivity tests for all of these permutations and combinations

would be lengthy and expensive. Tests of the three different z ver us

~~ relationships did not produce dramatic changes in the output.

According to Brown (1978), “it is known that the velocity pro-

file obtained from the Ekman-Taylor solution is unstable to infini-

tesimal perturbations in positive, neutral and even in a range of nega-

tive buoyancy stratifications..... ’ However....” the flow is stable

to finite perturbe -ions, forming an equilibrium secondary flow .” This

secondary flow when added to the Ekman- Taylor solution modifies the

shape of the Ekman spiral with less turning in unstable stratification
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U, 
and greater turning through the PBL in stable stratifications. A

0 modified Ekman spiral taking into account this secondary effec t might

be an improvement over the present model. Equations (70) and (87)

would have to be modified, which in turn would modify all terms involving

W(h). In Brown (1978), this secondary effect is treated as an additive

constant.

One of the results of Brown (1978) for u~ IG determined over

ice can be contrasted with these results for u
~
/G over water for

neutral stability. Brown given equation (131)

U
* K

= 

~ E—l.9 
(cos a - 0.67 sin a) (131)

Compared to equation (84) for the barotropic ease, one equation

(equation (84)) predicts that u
~
/G increases with increasing a,

whereas the other, equation (131), predicts that u~
/G decreases with

increasing a. Intuitively, one might expect that an increased surface

stress would lead to an increased inflow angle , and so equation (131)

seems strange.

For the baroclinic case, numerous factors determine the value of

u
~
/G other than just the inflow angle. It is not clear how the two re-

lationships then compare except to note that the Brown model does not

appear to treat the baroclinic case and that the example given above

for the baroclinic case seem to yield reasonable results.

Brown (1978) also states that the “horizontal”? wavelengths of

the eddies in the PBL are twice the height of the PBL, which could

provide some useful information on the adequacy of the 10 to 20 minute

time average anemometer winds that will be used to verify space aver-

aged SASS winds. This scale of eddy sizes is clearly well averaged by

a SASS cell.
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7. THE WINDS IN THE TW)PICS

0 7.1 Intrcduction

The location of the intertropical convergence zone and the doldrums

and th2 description of variations from day to day of the trade winds are

difficult problems when attempted for synoptic purposes as inputs to a

numerical weather prediction model. Data density, prior to remote sensing
V 

techniques, left much to be desired. Moreover, the relationship between

the field of mass and the winds, which for extratropical regions depends

so strongly on coriolis effects, has not been well understood.

An intensification of scientific efforts in the study of the winds in

the tropics, such as BOMEX and other studies, has focused on the im-

portance of cloud physics in describing the circulations of the tropics.

A note provided to the SASS team by V. Wong and T. N. Krishnanrurti

via P. M. Woiceshyn, provides a start for an operational way to describe

the winds in the trepics over the ocean on the basis of additional field

variables, one of which is the height of the lifting condensation level,

and the pressure fields.

The trade winds are far from the constant speed, constant direction

winds implied by their name. Almost by definition, the name implies a~

equatorward component of the flow, except when they cross the equator be-

cause of the seasonal displacement of the intertropical convergence zone.

— For the purposes of this model, the trade winds need not blow toward

the equator. For this model, they have been def ined, tentatively, to be
0 0those wind s between 20 N and 20 S and those winds between 20 N

and 300 N, or between 20
0 
S and 30° S, that have a component toward

the equat3r. The trades according to this definition will extend from the

equator to the axis of the subtropical highs and farther poleward on the

eastern sides of the highs. At 30
0 N or S, the Cardone model should

in principal do as well as the trade wind model to be given below.

*See references.
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The trade winds are described by a two layer model. The first layer

is a constant flux layer with a logarithmic wind profile below the height,

z = H. The second layer describes a constant vector wind above H to

an elevation of several hundred meters. i.’. the constant vector wind layer,

the pressure gradient force is balanced by the coriolis force and the con-

stant rate of decrease of eddy momentum with height above H.

Inputs to the model are the pressure field, the height of the lifting 
- 

- 

-

condensation level and cloud activity data. The output is the wind speed

and direction at any height between the surface and several hundred meters.

The model yields continuously varying wind fields at the equator because

the wind stress on the sea surface provides the required balance when the

coriolis force vanishes.

The height, h, at which the internal boundary condition is satisfied

in the Cardone model, is quite high in the tropical regions because the

coriolis force becomes small and because the geostrophic wind level for

the Ekinan spiral increases as one approaches the equator. For these rea-

sons, the previous model is not a good model for the tropics.

A requirement of any alias removal algorithm to be used with SEASAT

and of any techniques developed to compare the surface winds obtained

by SEASAT with meteorological winds is that the meteorological winds

must be described from conventionally obtained data sources and must not

depend as a first go around on any information obtained by SEASAT. The

concept is to feed back the SEASAT da ta into the meteorological ana lysis

so as to improve it. If the vector winds, after being dealiased are re-

cycled through the meteorological thoery, the result should be an improved

initial value specif ica tion of the appropriate meteorolog ical f ields for

numerical weather prediction.
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The wind fields in the tropics near the surface of the ocean are

very complex. Streamline and isotach analyses of these wind fields yield

complicated regions of convergence and divergence and singular points

where the air is believed to stagnate along lines of inflow and outflow.

The results of this analys is are tha t knowledge of the lifting con-

V 
densation level will be needed for the Fleet Numerical Weather Central

as an additional input field to IWJNDX, and that the knowledge of the

pressure field will be essential in determing the vector wind in the

trade wind regions. Accurate knowledge of the pressure field in the tro-

pics may not actually be available, but the approach given in this paper

seems to be the best one possible at the present time. It is capable of

numerous extensions that will be described at the end of this paper.

Also needed , but not readily available, is the momentum flux through

the lifting condensation level. Further study of this flux in terms of

cloud activity may make it possible to allow this flux to vary. Present

data suggest that it can range from zero to l0~ of the momentum flux

near the sea surface.

7.2 Governing Ecp~iations of ~~tion

The governing equations of motion for the Trade Winds are equations (132)

and (133). They represent the horizontal balance of forces near the surface

of the earth. The terms involved are the total change of wind speed with

time, the coriolis effec t, the pressure gradient and the rate of change

with height of the Reynolds stress fluctuations denoted by < u ’ w ’ >

and < v’ w’ >. 

du - 1 .~2. ~— — fv = — — — — < u’ w ’ > (132)
dt p ~x ~ z
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dv - l~~~~ ~T+fu = _  
~~~-j <v  w > (133)

For this study, the total change with time of u and v will be neg-

lected. It would be possible to account for the nonlinear field accel-

eration terms in a way similar to the way the gradient wind is calculated

from the geostrophic wind, if this level of sophistication is required.

If this were done, only the local change with time of the wind would be

neglected. For purposes of analysis, this assumption is a perfectly

justifiable one because it is found that the remaining terms do indeed

balance to within a few percent at a particular observation time.

The next step is to rotate the x,y coordinate system to a local

coord inate system in such a way that ; and < v ’ w’ > are both zero.

That is the Reynolds stress in one particular direction, and the wind

speed in that direction are both zero. Under these assumptions equa-

tions (132) and (133) become equations (134) and (135).

l~~~ ~~ , ,
0 - -  - < u  w > (134)

p~~x ~ z 
V

f~~= -~~~~~ (135)

7.3 Data on ~ (z) and (u’ w’> 
-

Data for five trade wind regimes for varying levels of cloud

activity h2ve been tabulated in the report of the U.S. Gate Central

Program Workshop, (Greenfield et al. (1977)). Graphs of the wind

speed as a function of height on a logarithmic height scale, of the
wind speed + one standard deviation, and tabulated values of the wind

direction ± one standard deviation are given on each of the next five
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figures. Figure 7 is catagorized as corresponding to stationary cloud

conditions where the clouds are neither increasing nor decreasing. Fig-

ure 8 is catagorized by the condition that the clouds are growing.

Figure 9 is catagorized by the condition that the clouds are decaying.

Figure 10 is for data that were obtained after a disturbance has passed

and describes the effects of the wake of this disturbance. Figure 11

describes stationary conditions once again , except that there is moderate

convective activity.

For all of the f igures , at the first two points plotted, which cor-

respond to elevations above the sea surface of about 8.7 and 26 meters,

there is evidence that a logarithmic wind profile exists. The data are

not complete enough to make it possible to determine whether or not the

added effects of stability should modify the logarithmic profile some-

what. Above these first  two points there is a layer where the wind is

essentially constant in speed. As plotted, the circled points describe

a reasonable approximation to the upper range of this layer. The standard

deviations of the wind speed indicated by the small ticks to each side

certainly do not invalidate the hypothesis that the wind is essentially

constant over a fairly deep atmospheric layer above the logarithmic wind

profile. Above some elevation, roughly 150 or 200 meters , the wind

starts to decrease for some of the plots and for others it increases,

depending upon the cloud activity. The wind directions for each eleva-

tion are shown on the right hand side of each figure. For the very large

standard deviations that are indicated (the various means are based

on approximately fifteen values), the average wind direction is sensibly

constant throughout the entire layer varying by no more than ~ 10

or 15 degrees. -
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Z , METERS

= • 200±880
800 - 2 12 ± 80°
700 - •

• 
> 202 ± 810

600 - • 208± 770

500 - > 220 ± 780 
LCL 

_ _ _400 - 
$ ‘ 2 13 ±  ‘79°

_ _ _ _  

- - t
300 - :~ 

209 ± 790

- :1 209 ± 76°
200 - 01 

_ _ _206±780

150 - > 208± 770
0 >

ó 207 ± 80°
> 2 11 ± 75°

8 0 -  0 > 211±740
7 0 -  Il 

_ _ _

60 - > 2 12±74 °
5 0 -  I’
40 - > 212 ± 75°

3 0 -
> 2 15±79°

2 0 -
I
I

t O —  I 
_ _  

—

- 0 22 1± 79 0

I 
V

I I I I I I I I

I 2 3 4 5 6 7 8 M/S

Figure 7. Average wind speed in nv’s (+ 1 std dev) and
direction (+ 1 std dev) in gate area as a function of
elevation d~ring stationary conditions.
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Z , METERS
V 1000 —

900 - • > 252 ± 44°
800 - • 258 t 36°
700 - 

- > 262 ± 31 0
600 - • > 245 ± 60°
500 - • > 260±290LCL — —  < — —- —— •

400 - • 254 ± 24°
• >

300 - > 247 ± 450

V 01
200 - 

- 
244 ± 480

0
iso - > ~~242±4800,

>
100 > 228±6 1°
80 0 231 ± 58°
70- I
60 - > 235±54 °
5 0 -  0 > 235 ± 53°
4 0 -

30 I
0 > -— 24~ ± 43°

20 /
I
I

10— I
- 0 > 242± 46°

i
I I I I I I I I I

I 2 3 4 5 6 7 8 9 IO M/S

Figure 8. Same as Fig. 7 except during growth conditions.
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Z, METERS
1000 —
900 - • > 264±3 1°
800 - • > 272 ± 38°
700 - • 266t37°
600 - •

• 262 ± 37°
500 - • 258± 38°

LCL — — <- — —- - - — — — > —-

400 - • > 260±35°
• >

300 - •
~~~ 

> 246 ± 53°
•I >
d >

200 - 246 ± 430

0 >
ISO - > - 247 ± 37°

b
< -

90 > — 245 ± 42°
80 - 0 246±4 10
7 0 -  I
60 - 9, > ~

___ 245 ± 4I0

50- I’
0
~ 

> 2 45±4 10
4 0 -  Il

30- I
0 > 247 ± 37°

20 -

I
10 — I

- 0 > 243 ± 38°

I I I I I I I I I I

I 2 3 4 5 6 7 8 9 IO M/S

Figure 9. Same as Fig. 7 except during decay conditions.
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Z, METERS
1000 —

900 - • > 222 ± 66°
800 - > 212 ± 76°V 700 - > 201 ± 74°
600 - > 2 11± 77 °
500 - • 201 ± 72°

LCL — — —  — • — — —  > —

400 - > 203~~7I°

300 - 2 10± 78°

200 - 207 ± 69°

ISO - 220± 63°
0

• >

90 > 204 ± 73°
80- 0 211±72 °
70- I
6 0 -  2 16 ± 72°
50-

4 0 -  > 217±67°

30- I
> 215±65°

20- /
I
I

1 0 —  I
0 225 ± 60°

- I
- I

~ 9 M/S

Figure 10. Same as Fig. 7 except for wake conditions.
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Z , METERS
1000 —
900 - • > 225 ± 75°
800 - > 236 ± 62°
700 - > 2 16 ±4 9 °
600 - 

• 
> 234 ± 65° 

V

500 - 

LCL •
~~~~~

.. — — 
218 ± 58°

400 - 22 1± 61 °
.

300 • > 216 ± 69°

200 - > 220 ± 54°

ISO . > 2 2 4 ± 5 4 °

100 — 
V

> 201±54°
> 208 ± 57°

60 - 0 200 ± 60°
V 50 I

40 - > 21 5 ± 63°

30 /
207 ± 62°

20 /
/

1 0 —  /
0 > 195 ± 54°

- I
I I I / ~ I I I I I I

I 2 3 4 5 6 7 8 9 10 IIM/S

Figure U. Same as Fig. 7 except for stationary
cx’nditions with moderate convection.
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The measurement of the average wind conditions and the various

fluxes involved in the study of the trade winds appear to be having

the same kinds of difficulties that occurred with the aircraft meas-

urements of radar backscatter as discussed in Part 1 of this report.

The microscale fluctuations are of a nature such that they interact

with the mesoscale features of the cloud dynamics in such a way that it

is difficult to obtain stable averages. In a similar way, the aircraft

measurements of backscatter could not avoid the kind of fluctuations

that were produced by the microscale fluctuations in the wind so that

the backscatter measurements from the aircraft were much more unstable

than the backscatter measurements to be expected from SEASAT. It should

also be mentioned that the fifteen values that were averaged in order to

obtain the averages were undoub tedly not independent , so that these stand-

ard deviations are based on very small samples.

Nevertheless, the data show that there is a layer near the sea sur-

face where the wind profile is logarithmic and that ininediately above it

for ocie hundred or more meters the average wind speed is constant in

speed and direction with height. As the trade wind boundary layer ap-

proaches the base of the cumulus at the lifting condensation level, wnich

was at approximately 450 me ters for this series of observations, devia-

tions from a simple constant vector wind with height become important.

Also , the actual wind is very turbulent with large fluctuations around

the average value. These features of the trade wind regime need to be

modeled in terms of cloud physics. For SEASAT, it is only necessary

to describe the synoptic scale average vector wind from the sea surface

to some height below the lifting condensation level.
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Table 1 sunmiarizes some of the parameters that can be extracted

from Figures 7 through 11. The top of the logarithmic profile deter-

mined from the intersection of the line representing the region of con-

stant wind with height and the line connecting the two lowest points in

the wind profile is given in the first row of the table. For four of

the five graphs, the top of the logarithmic profile turns out to be at

about 35 meters; for the other one it is closer to 47 meters. For

this first effort, the top of the logarithmic prof ile will be set at

35 meters. An extension to other areas of the trade winds may make it

necessary to parameterize the top of the logarithmic prof ile as some

fraction of the height of the lifting condensation level.

Table 1 Parameters of the Trade Winds in BOMEX for Five Different

Cloud Conditions.

Stationary with
Stationary Growth Decay Wake Moderate Convection

Top of Log Profile (m) 35 47 35 35 35

Top of Constant U (m) 200 250 220 300 150

~ (mI s) 4.5 7.0 7.6 5.6 5.5

The top of the layer of constant wind varies from 150 meters in Fig-

ure 11 to 300 meters in Figure 10. The determination of the top of this

layer is somewhat subjective. It surely extends to at least 100 meters

in all of the f igures, and for several of them it undoubtedly exceeds
200 meters . The-model to be derived will thus attempt to describe the

wind from the surface of the ocean to a heigh t of at least 100 meters (and
perhaps much higher) in the tropical regions of the world oceans.

_ _ _ _ _  _ _ _ _  -- 
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The motions of cumulus clouds in the tropics obtained from successive

images generated by a geostationary satellite are being used to estimate

the winds over the ocean both at the cloud base and nearer to the sea sur-

face. Hasler et al. (1977) made aircraft measurements in the Caribbean

and the Gulf of Mexico of wind speed and direction at 150 meters and at

the cloud base and compared them with cloud motions. The cloud speeds

varied from 12.5 to 5.1 m/s during the experiment. The magnitude of the

vector difference between the cloud motion and the wind at the cloud base

was 1.5 rn/s. The magnitude of tFLe vector difference between the cloud

motion and the wind at 150 in was also 1.5 rn/s. Direction differences,

per se, were below the accuracy of the measurement system, as were any

systematic biases. The surface winds were thus equally likely to be some-

what stronger or weaker than those found from the cloud motion.

From Figures 7 to 11, a one to one correspondence between the winds

either at the cloud base or at 150 m, and the cloud motion should not

be expected. The SEASAT SASS winds may make it possible to study these
differences on a large scale systematic basis. In particular, clouds can

form on either the upwind or downwind side and dissipate on the opposite

side depending on features of the athosphere in which they form. certain

features of the model being derived are intriguing as possible descriptors

of the interaction of the field of motion and clouds.

Hubert and Timchalk (1972) compared cloud motions with the winds

at the cloud base, cloud middle and cloud top. The best correlation was

for winds at the cloud base. Vector errors in which cloud motions were

compared with i..winsonde data were 3.5 to 4 m/s, and the mean direction

errors were close to 200. Suggestions were made about techniques for

testing whether or not the clouds actually were tracers of the mean wind.
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LeI4one and Pennell (1976) and Pennell and LeNone (1974) have docu-

men ted numerous features of the trade wind region. For examp le , the virtual

potential temperature is constant to the base of the clouds , the mixing

ratio varies linearly with elevation above the sea surface, and the wind

profile with height has features similar to those found for the BOMEX

da ta, except perhaps that the height at which the logarithmic profile begins

may be greater in their data. The important feature of these two studies

is that they show that the momentum flux decreases from the surface to the

cloud base, which can be parameterized as the height of the lifting con-

densation level for numerical analysis purposes. Other important features

of the data presented in these two studies are the standard deviati o~,s

of the measured winds and the variation of these quantities with e1evat~ ‘~~.

The standard deviations for the winds shown in Pennell and Le]4one (l97~ ,

are comparable to the standard deviations shown in Figures 7 thrcu~h 11,

if they are combined to represent the standard deviation of the magnitude

of the wind and not the standard deviation8 in the mean direction and

the cross wind direction.

The profiles for the momentum flux given in Figure 6 of Pennell

and LeNone (1974) and in Figure 5 of LeMone and Pennell (1976)

both show a decrease in the momentum flux wi th elevation to a value tha t

is near ly but not exactly, zero at the cloud base (except for their

case 3 of the 1976 study.)

A constant flux layer is suggested by these graphs, but not con-

clusively demonstrated. The most convincing argument for a constant

flux layer would be Figures 7 through 11 of this paper which de-

finitely show a logarithmic variation of the wind with height at the

lower elevations, as discussed previously. On the basis of Figures 7

through 11, and on the basis of the argument that the wind must de-

crease to zero at the sea surface as a boundary condition, a constant

flu.c layer below some level, H, will be used.
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7.4 A £~~~~ layer ~ ,de1

The problem of describing the winds in the trade wind regions of the

earth from the surface to 150 or 200 meters above the surface thus be-

comes a two-layer problem. For the region from the surface to the level,

H, as defined by equation (136) the assumption of a constant momentum

flux must be made as shown in Figure 12. Under this assumption, equation

(134) and (135) above become equation (137). The dominant feature of

the wind in this surface layer must be the fact that the rate of change

with height of the momentum flux is identically zero. This leads to the

def inition of the friction velocity as given by equation (138).

(136)

.1.. < u ’ w’ > = O  (137)

- < u ’ w ’ > = u ~ (138)

If the abuosphere is neutrally stratified, then it follows that the
wind in this layer is defined by equation (139).

.

- 
u
*u = an (z/z ) (139)

These equations simply state that the layer above of constant speed

and direction of the wind for this layer.

The layer above H is modeled by the requirement that the rate of

change with height of the momentum flux is constant as stated by equation (140).

- ~~— <  u’ w’ > - constant (140)
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The description of the momentum flux as a function of height is given

by Figure 11. A t the level, H, the momentum flux must equal the value

at the surface. This is indicated by equation (141). At the lifting

condensation level, h
~~L

, there will be a residual momentum flux that

is some fraction (R) of the momentum flux at H. This is indicated

by equation (142).

At H, - < u ’ w’ > - u ~ (141)

At h
~~L

, = < u ’ w ’ > = R u
2
~ 

(142)

For the region, H � z ~ 
~LCL’ the equation for the momentum flux

is then given by equation (143), as illustrated in Figure 12

2 2
2 

(u
*

_ R u
~~
)

- < U’ w ’ > = U~fr 
- 

h - H 
(z-H) (143)

~LCL

I ts derivative by the very nature by which it was constructed is then

equation (144).

< u ’ w ’ > = u~ (l_R) / (h
L~~ 

- H) (144)

Under these conditions , (134) and (135) now become equations

(145) and (146).

~ (l-R)
- 

p ~x

fu= - (146)
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Figure 12. Mczientun flux as a function of height
in the trade wir~s.
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Since these equations are not a func tion of heigh t, they describe

a wind independent of heigh t in the layer ininediately above the heigh t ,

H, up to a height where the turbulent effects from the activity of the

cumulus begin to modify the behavior of the wind . The new fea ture of

this equation is the right hand side of equation (145). It serves to

k3ep things under control as the equator is approached ; it eliminates

the problems that would arise if equation (146) alone were the governing

equation all the way to the equa tor.

The most direct way to see the effects of equations (145) and (146)

is to construct the classical balance of forces diagram for the conditions

described by these two equations. This is done in Figure 13. The dia-

gram applies to the Northern Hemisphere. The wind vector (toward which)

is shown by the single arrow. The force per unit mass (or accelera tion)

vector s tl~~t must balance in order to keep the wind vector a constant

are shown by the double-sided arrows. The rate of change of the momentum

flux produces a drag that must be exactly opposite to the direction of

u as shown. The coriolis effect produces an acceleration vector at right

angles to u accord ing to the standard theory , as shown. The sum of

these two vectors must balance the pressure gradient acceleration. For

this to occur the pressure gradient acceleration as directed toward the

low pressure , of course , must be at some angle , a, with respec t to the

direction of the vind in this constant speed and direction layer .

Two equations are inmiediate ly derivable from this balance of forces

diagram. The first simple sta te s tha t the sum of the squares of the two

forces tha t oppose the wind , must balance the square of the force tha t

accelerate s the wind , and this is equation (147).
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Figure 13. Balance of forces diagram for the trade wir~s.
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2

(f u) + 

~~LCL~~ 

U~ — -

~ ~n (147)

As wri tten, it requires a knowledge of the wind speed at some height above

H, and of the wind stress at the sea surface as well as the thickness of

the layer involved and the residual fluxes at the cloud base. These must

balance the pressure gradient force. The second equation , (equation 148),

given the angle between the pressure gradient vector and the vector wind.

(l-R)u
~ / ~cos a = 

~
‘LCL H) p ~n (148)

It is also possible to obtain one more equation given by equation (149).

; = 
sin a ~ 

~~ i (149)

This equation is similar to the geostrophic wind equation except that

the right hand side also involves sin a. As the coriolis force ap-

proaches zero at the equator , for u to remain fini te, sin a must I -

approach zero as fast as f approaches zero. This is even more clearly

stated in equation (147). If f is zero, the drag of the wind stress

balances the pressure gradient exactly and the cosine of a is one in

equation (148). Another way to interpre t these two equations is that

they represent the components of the pressure grad ient force parallel

to and normal to the wind vector .

A t the height, H, the wind must be continuous. The value obtained 
V

from equation (139) , with a H, must correspond to the value for

the wind given in equation (147).
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If the pressure gradient, the height of the lifting condensation

level and the value of R are known, and if equation (139) and (147)

are used , there are three unknowns, in a sense , at this stage of the

analysis. They are the wind speed , the value of u
* 

and the value of

z. It can be assumed that the value of R can be parameterized, per-

haps on the basis of cloud cover and cloud changes, that the height of

the lifting condensation level can be determined from surface measure-

ments by ships , and that the height H is either a constant (equal to

35 meters) as the data seem to indicate , or some fraction of the

height of the lifting condensation level.

The problem can be closed by assuming a relationship between z

and u~ . If this is done, then the wind speed at the height H is a

function of the friction velocity, and equation (147) can be written

entirely in terms of the friction velocity and known parameters for the

left hand side and the pressure gradient on the right hand side.

For this particular application , the relationship that has to be

assumed between the friction velocity and the roughness length will be

critical because, as can be seen, equation (16) depends on the fourth

power of the friction velocity. If equation (62c) is combined with

equation (139) and if the result is substituted into equation (147),

the result is equation (150).

(~~~an (~~~))
2
4( H)

2
u~ =~~~~ 

2 

(150)

-73 -



r ~~~~~~~~~~~ . _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- --

From the data available to the Fleet Numerical Weather Central on

0 the height of the lifting condensation level and on the pressure field

in the tropics, the problem is now essentially solved. Reasonable values

for R can be tried and reasonable values for H, so that the left  hand

side of equation (20) is entirely a function of u
~
. At a given point

on the Fleet Numerical Weather Central 123 x 123 polar sterographic

grid , the term on the right hand side can be found . Values of u~ can

be substituted into the left hand side until the equation balances. It

is probably not necessary to attempt to solve this problem analytically

especially since the first term involves a very complicated function of

u~ in the denominator of the natural logarithm. A first approximation

for u~ would be to set f equal to zero and solve equation (150). This

would provide an upper bound for u
*
. Lower values successively searched

would then yield the value of u,,~ that satisfies the equation.

Once the value of u~ is known, the magnitude of the wind at the

height , H, can be computed from equation (151). (In fact, in a com-

puter program it would be known in the process of solving equation (150)).

u
*i (H) = —~ n (H/z ) (151)

Finally the angle , a, can be found from equation ( 148) . Thus the wind

speed and direction at the height, H, are known. This wind speed and

direction would be measured at any height above H for a thickness

of perhaps several hundred meters.

The measurements by which backscatter has been related to wind speed

have been related to a wind measured at 19.5 meters. Since u~ is
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known this wind can be calculated from equation (152) . It will be some-

what less than the wind speed at the height, H.

- 
u
*u(19.5) = ~ —~ n (1950/ a )  ( 152)

In TWINDX , the value of u
* 

is found by rewriting equation (150)

as equation (153), A first guess for u
~ 

is found by solving (150) with

f = 0. This yields an upper bound for u~ . A lower bound is zero. A
new trial value for u

~ 
half way between the two bounds is found and sub-

stituted into the right hand side of (153). If this right hand side is

greater than one, the new value of u~ becomes the new upper bound. If

it is less than one, the value of u
~ 

becomes a lower bound. Half the

d4stance between these new bounds then generates a new trial value for

u~ , which is again tested and becomes a candidate for either a new upper

or lower bound. The process is continued until the trial value of u~
yields a lef t hand side for (153) that differs from one by 0.0001.

This value of u~ is then used to find a, u(35) and u(l9.5).

( \ 2 ~ ~2 4
t~ f2 f l (H/ z ) / I C ) u~ t~, 1-R) u~

2 2 2 = 1

(~ -H~ ~~~~
~ ~n LC1. / P ~n (153)

Provision has been made in TWINDX for an input f ield for

H has been assu~ ed to be 35 m , and R has been assumed to be zero.
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If CP (for cloud physics) is defined to be equation (154),

l - R
h
LCL

H (154)

the factor that multiplies u~ in (143), (144), (145) and (148) can

be expressed as a field variable on a polar stereographic grid and used

to replace the field for hum. Modifications of subroutine TRADES

by changing several lines of code, would then allow the use of the CP

field instead of the 1
~LCL field. This field could then be prepared

by some other program for use by TWINDX.

7.5 Degrees of fltprovement

The model described herein can be applied with increasing sophis-

tication as various improvements are made. Given the height of the

lifting condensation level, and the pressure field in the tropics, a

first approximation would be to set R = 0 and H = 35 m as in TWINDX,

and assume neutral atmospheric stability. It would also be possible to

try the assumption that the height H is some fraction of the height

of the lifting condensation level.

As another improvement for this model, the air-sea temperature

difference would be required which provides some information on atmospheric
stability. It would then be possible to replace the logarithmic wind

prof ile below H by the l4onin-Obukhoff profile, which can be expressed

in terms of the air-sea temperature difference and the other quantities.

The major change would be in the definition of the wind speed, u, for
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the left hand side of equation (20). This would require a second term

to describe the fact that the Monin-Obukhoff profile departs from the

logarithmic wind profile by the time the height , H, is reached. The

rest of the derivation remain essentially unaltered.

A third improvement would result from attempts to estimate the

quantity R as a function of the cloud cover in the area of interest

and whether or not the cumulus clouds were building or decaying because

of effects at and near the lifting c~~densation level. This would take

care of the residual fluxes through the lifting condensation level caused

by vertical and horizontal motions induced by the cloud cover. This

particular approach could perhaps at a future time be merged with other

data to obtain R and H so as to generate the quantity, CP . It is not

anticipated that the value of R would be much more than about 0.1.

7.6 The Interaction of Clouds and Winds

The trade wind model has feature s that relate cloud behavior and

winds near the surface of the ocean. For the first time, the accuracy

of SEASAT winds may be sufficient to detect some of these features.

As an oversimplified example , consider motion on a plane earth
b

near 10 N where the coriolis term is 2.5 x 10 , and a zonally

symmetric wind field containing an east-west oriented band of clouds

as in Figure 14. The isobars (not shown) run east-west also. The

friction velocity north and south of the cloud band is assumed to be

30 cm/sec. With = 450 m , H = 35 m, and R = 0, enough has been

assumed to permi the calculation of the pressure gradient acce leration

which equals 3.16 x io
2 

cm/sec
2 . The wind above H is from 46.74°

and has a speed of 9.34 m/s.
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At the center of the cloud band, let R — 0.1, and let the other

parameters be unchanged. Then the friction velocity must increase to

31.05 cm/sec. The wind above H is from 48.76° and the speed is

9.62 rn/s. The component inside the band that is parallel to the wind

outside the band is 9.61 m/ s and the component normal to it is 0.34 rn/ s .

The continuity equation then suggests that there will be convergence north

of the center of the band and divergence south of it.

The conditions are illustrated from another point of view in the

north south section through the cloud band shown in the bottom half of

the figure. For a steady state, the convergence in the lower level winds

upwind could cause new clouds to form at the upwind edge of the band .

They would travel southwestward through the band and dissipate at the

southern edge because of the divergence in the lower level winds. Slight

imbalances with stronger convergence upwind shifted northward and diver-

gence downwind shifted northward could cause the band to mi grate northward

(analogous to group velocity effects in capillary waves) and conversly

with convergence shifted southward, the band would migrate southward.

The cloud band can move with a speed and direction that is much different

from the speeds and directions of the clouds within it. The formation,

shape , speed and direction and dissipation of a band of clouds is not the

same as the formation, speed , direction and dissipation of an individual

cloud in that band. A combination of SEASAT data and cloud motion

studies should make it possible to unravel some of these effects.

If wave-like undulations in the lifting condensation level due to

variations in water vapor content have a greater effect than variations

in R, a lowered band, or zone, of lifting condensation level
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heights causes a decrease in the wind speed and a counterclockwise change

in wind direction. Again convergence and divergence areas are generated

that will interact with the cloud pattern and cause the cloud pat tern

to move and change as a pattern. There is much to be learned about these

larger scale patterns as well as about the motions of individual clouds.

8. ALIAS REflYJAL

Alias removal is the first step in the use of SEASAT winds for

the present version of the SASS. All of the operational meteorological

forecasting centers use a first guess analysis to assimilate new data

and the fields described for TWINDX comprise such a first guess analysis

as generated from a combination of forecasted fields and conventional data.

The problem is two fold. The first part is to use these fields to generate

the TWINDX winds and then to use these winds to eliminate the aliases from 
V

the SEASAT data. The second part is to use the dealiased SEASAT winds

to improve on the specification of the fields that went into TWINIDC so

that these improved fields can then be used for improved forecasts.

The danger is that the first guess field may be so far off that an

incorrect alias is selected , and the reanalysed fields are not improved ,

but made worse. The chance that this will happen does not seem to be

very large , especially if the process of data assimulation has been on-

going for several days and if the data from previous orbits has been

properly assimilated. These factors will be considered in a subsequent

report.

Given however, the output of TWINDX in the form of vector winds

corrected to a neutrally stratified atmosphere for h and h + 3 where

h is 0 , 3, 6, 12, 15, 18, or 21 hours , and a SEASAT pass starting at V

=80 -
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h + ~t (where 0 < ~t < 3) from the equator to landfall, (or land fall

to the equator), the first step is to eliminate the aliases in the SASS

winds. The time of the pass should be adjusted to correspond to the

most actively changing portion of the wind f ield so that a re ference

tirne would be h+~~t+~~t’ = h~ i~ At*.

if is the NINDX wind at h and is the wind at h+3,

let

‘
~
1
m 

= 

~~~ 
+ ~~~ (Vh 3  - Vh)/3 (154)

for each point of the 123 x 123 grid. Finer interpolation to any latitude

and longitude is probably justifiable.

Then let

VR1(X ,C9),VR.2 ~
.,cp)

or V~1(X ,C~) ,  V~2O~ c~) V~~ (~ ,ç)

V —
or VR1 (X ,cp), V~2

(X~c~)~ V~3 
(X ,cQ ),  VR4 (X ,cp) ( 155)

be the possible solutiois for the SASS winds. Then

miii (A) = 1 - 

~M ’ 
2
, ( 155)

where A varies over 2 , 3 or 4 values, yields that SASS wind with

the minimum vector difference from the TWINL~C wind. This vector wind

should be used in subsequent analyses as the true wind. The way in

which this SASS wind differs from the TWINOX wind contains informa-

tion that can be used to correct the initial value analysis fields for

either the time, h or the time , h÷3.
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The subject of the removal of aliases and the use of the SASS

winds so obtained for the improved specification of the initial values

for a numerical weather prediction will be treated in a subsequent

report. The winds near the surface of the ocean contain information

about a thick layer of the atmosphere and it is necessary to be able

to extract this information and app ly it correctly to the various levels

and layers of the presently operational primative equation models as

usually given in a a vertical coordinate system.
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