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Measurements of the fluctuations of humidity, temperature

and velocity were made in the marine boundary layer. The humidity

fluctuations were measured with a Lyman-alpha huniidiometer.

Temperature fluctuations were measured with a dry thermocouple

and a platinum resistance thermometer. Velocity fluctuations were

measured with a three component sonic anemometer. These meas-

urements were made from the Floating Instrument Platform (FLIP)

operated by the Scripps Institution of Oceanography near San Diego

in February. 1969 and during the Barbados Oceanographic and Mete-

orlogical Expedition (BOMEX) in May 1969.

The data were processed by digital techniques and the various

spectra, cospectra and quadspectra between the velocities, humidity

and temperature were obtained. Integrals of the co spectra were

produced which allowed estimates of the fluxes of latent and sensible

heat to be made.
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The normalized spectra of humidity fluctuations in San Diego

and BO'MEX have similar shapes. The normalized cospectra between

vertical velocity and humidity in San Diego and BOMEX have similar

shapes. Universal forms for the normalized humidity spectrum and

the normalized cospectrum between vertical velocity and humidity

may exist.

The normalized spectra of the temperature fluctuations in San

Diego and BOMEX have different shapes. The differences in shapes

may be related to stronger radiation effects during BOMEX than in

San Diego. The normalized cospectra between vertical velocity and

temperature in San Diego and BOMEX also have different shapes. It

is probable that a universal form does not exist for the normalized

temperature spectrum or for the normalized cospectrum between

vertical velocity and temperature.

Directly measured values of the latent and sensible heat fluxes

were used to test the validity of the bulk aerodynamic method of pre-

dicting the latent and sen8ible heat fluxes from the mean wind- speed

and mean air-sea humidity or temperature differences. The limited

results from San Diego indicate that the sensible heat flux may prob-

ably be predicted from the mean wind speed and the mean air-sea

temperature difference in temperate regions. The bulk aerodynamic

method was not useful for predicting the sensible heat flux in BOMEX.

The observed values for the sensible heat flux were much larger than



would be predicted. The latent heat flux could be predicted from the

mean wind speed and the mean air-sea absolute humidity difference

with a probable error of less than 20%.

The validity of the formula developed by Bowen (1926) for pre-

dicting the Bowen ratio (sensible heat flux/latent heat flux) was tested

with directly measured values of the Bowen ratio. It was found that

in San Diego the Bowen ratio could be predicted with a probable error

of 15%. The Bowen ratio predicted for BOMEX was too low by a fac-

tor of two or more.

The ability to predict the Bowen ratio from the ratio of the

temperature fluctuations to the humidity fluctuations in the 0. 05-0. 1

Hz range was investigated. The method predicted the Bowen ratio

with a probable error of 15% in San Diego and 20% in BOMEX.
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THE FLUXES OF LATENT AND SENSIBLE HEAT
IN THE MARINE BOUNDARY LAYER

I. INTRODUCTION

According to Jacobs (1951) about half of the total solar energy

absorbed at the sea surface is used for evaporation, This represents

the largest source of energy to the marine atmosphere. The impor-

tance of this source of energy has long beenrecognized. As early

as 1876 measurements were made of the rate of evaporation of water

from pans floating in containers on the sea surface.

Numerous methods have been developed to try to estimate the

amount of moisture and sensible heat being exchanged between the

ocean and the atmosphere. Among these are the previously men-

tioned evaporation pan method, profile methods, heat budget meth-

ods, integral, methods and bulk aerodynamic methods. All of these

methods have the disadvantage of trying to infer how much heat and

moisture are being exchanged by making assumptions about the be-

havior of the process. Except for the bulk aerodynamic method, none

of these approaches will be discussed since they are not used in this

'work. A complete discussion of all of these approaches is available

in Roll (1965) and Hasse (1970).

The best approach to determining the amount of sensible and

latent heat being exchanged between the ocean and the atmosphere
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is to measure the fluxes directly. Until recently it has not been pos-

sible to make these direct measurements due to a lack of suitable

instruments. However, in the past few years such instruments have

been developed and direct measurements are now possible. Pond

etal. (1966) have made measurements of temperature fluctuations

over a coastal inlet. Hasse (1970) has measured the sensible heat

flux over the ocean. Miyake and McBean (1970) have measured the

fluxes of latent and sensible heat over land. Phelps, Pond and

G6rner (1970) have measured temperature and humidity fluctuations

over a bay.

A certain amount of background information must be presented

before one can understand what is involved in making direct measure-

ments. This background information will be discussed in the next

few pages.

Coordinate System and Velocities

A right handed, rectangular coordinate system X, Y, Z is chos-

en such that X is positive in the direction toward which the mean

wind is blowing. The Z axis is positive upwards. Velocities U, V,

and W are chosen positive in the X, Y and Z directions respective-

ly. These velocities may be expressed as a mean velocity and a fluc-

tuation about the mean, U = + u, V = V + v and W = W + w, where

the bar denotes a time average, By the choice of the coordinate
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system V = 0. Over the ocean, in the absence of abnormal influences,

Wis assumed to be zero. The time average of a fluctuating quantity

is zero by assumption but the time average of the product of two or

more fluctuating quantities need not be zero.

Latent and Sensible Heat Fluxes

The flux of a quantity is defined to be the amount of that quantity

being transferred through a unit cross sectional area per unit time.

In our work we are interested in the vertical transport of sensible

and latent heat. Thus the quantities of primary interest are the fluc-

tuations of vertical velocity, temperature and absolute humidity.

Let the mean temperature and mean humidity be represented

by T and respectively. Let the fluctuations of temperature (T)

or humidity (q) be denoted by y. Then represents the covari-

ance between the vertical velocity (w) and the quantity y. From a

spectral analysis standpoint 7 may be represented by:

S
(f)df,

0

(1)

where is the cospectrum between w and 'y. The integral repre-

sents the contribution from all frequencies to the covariance between

w and Y. Lumley and Panofsky (1964) discuss the fundamentals of

this approach. With this background the sensible heat flux (H) may

now be defined:



H = pC i = PCP'4wT(f)df (2)

where P is the atmospheric density (gm/cm3), C is the specific

heat at constant pressure (0. 24 cal/(gmC °)) and wT is the co-

spectrum between the vertical velocity and temperature (C° cm/sec).

It is seen that the units for H are cal/(cm2sec).

The latent heat flux (HL) is defined:

HL = L' =L\ (f)df, (3)
j0 wq

where L is the latent heat of vaporization of water (585 cal/gm),

and
wq

is the cospectrum between the vertical velocity and abso-

lute humidity
(

x The units for H are cal/(cm2sec).sec cm L

In practice it is impossible to integrate over the limits shown

in Equations 2 and 3. One tries to make these limits as low and high

as possible subject to various limitations and then examines the

measured cospectra to see that no significant contributions to the

integrals are lost. For our work the frequency limits were about

1 X 10 and 5 Hz respectively and the observed cospectra indicate

that the integrals are sufficiently well determined.

Thus, the direct determination of the fluxes of sensible and

latent heat requires that the fluctuations of vertical velocity, temper-

ature and humidity be simultaneously measured at the same location.
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Bulk Aerodynamic Methods

The measurement of the fluxes of latent and sensible heat by

direct methods is a most difficult and expensive task. Once such

measurements are made it would be useful to see if the fluxes show

a dependence on more easily measured parameters. If a reasonable

dependence is found then these fluxes can be estimated from the more

easily measured parameters. The bulk aerodynamic method is dis-

cussed in Roll (1965).

The sensible heat flux may be related to the mean wind speed

and the mean air-sea temperature difference:

H = pC C UAT,
s pT (4)

where P and C have been previously defined, CT is a dimension-

less, empirically determined constant which gives the best fit be-

tween the directly measured values of H and pC trLT, fl is the
S p

mean wind speed and tT is the mean air-sea temperature difference.

Thus, if the method is valid, a reasonably accurate estimate of the

flux may be obtained from wind speed and temperature measurements.

Such measurements are available from ships so that flux estimates

may be obtained without making direct measurements and many more'

measurements would be available than could be obtained by direct

techniques. Hasse (1970) has successfully applied this method to



data obtained over the North Sea and the Baltic Sea. He obtains a

value of 1 X 10 for CT.

By methods analogous to those used for the sensible heat flux,

the latent heat flux may be expressed:

HL LCq UL, (5)

where L is the latent heat of vaporization of water, Cq is a dimen-

sionless, empirically determined constant giving the best fit between

the directly measured values of HL and LUL q, U is the mean wind

speed and A is the mean air-sea absolute humidity difference.

This method has never been tested with direct measurements

of HL in the marine boundary layer. Jacobs (1942 and 1951) has

compared this method with measurements based on climatological

and heat budget data. Sverdrup (1951) has made a comparison with

estimates of HL based on evaporation pan data obtained by wast.

Bowen Ratio

The ratio of the sensible heat flux to the latent heat flux is de-

definedas the Bowen ratio (R.). Bowen (1926) developed an expression

for predicting this ratio:

rT -T1

R=O.64''j (6)
Lw a

where p is atmospheric pressure, Tw Ta are the temperatures
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of the water and air respectively (° C) and E and E are the vapor

pressures at the sea surface and at the measurement height respec-

tively. All pressures are in millibars.

The Bowen ratio is frequently used with climatological data.

It would be of interest to check whether Equation 6 compares well

with Bowen ratios obtained from directly measured values of the

latent and sensible heat fluxes. Additionally the question of whether

the value of the Bowen ratio based on short term measurements is

the same as that based on longer period data is interesting. Values

for the Bowen ratio have been discussed by Jacobs (1951) and

Sverdrup (1951).

Measurements

In 1969 we were able to participate in the Barbados Oceano-

graphic and Meteorological Expedition (BOMEX). A shake-down

cruise was held in February 1969 about 30 miles northwest of San

Diego and in May we participated in BOMEX for about two weeks.

The contribution made by this group during the San Diego operation

was the measurement of humidity fluctuations. During BOMEX we

measured temperature and humidity fluctuations and wave height.

Groups from Oregon State University, University of British Columbia,

University of Washingtonand the University of California at San Diego

participated in both operations. The measurements made by OSU



and UBC were strongly integrated and aimed at obtaining the fluxes

of momentum, sensible heat and latent heat.

All the velocities used for this work were obtained by the group

from UBC. The velocities were made available to us in order that

we might compute the fluxes of latent and sensible heat.

The group from the University of Washington measured temper-

ature fluctuations during the San Diego operation with a dry thermo-

couple. These temperature measurements were made available to

us so that we might compare the temperature data from San Diego

with that obtained during BOMEX. In BOMEX we measured temper-

ature fluctuations with our own platinum resistance thermometer sys-

tem.

Thus the success of this research project was very much a

group effort. Without the assistance of the groups from the Univer-

sity of British Columbia and the University of Washington, we would

not have been able to accomplish as much.

The data obtained during these two operations were analyzed

and spectra were obtained for temperature, humidity and velocities.

Cospectra were computed between the velocities and temperature

and humidity. These cospectra were integrated and fluxes of latent

and sensible heat were computed. The sensible heat flux was corn-

pared with the bulk parameter pC ULT and the moisture flux was

compared with Uq to test the validity of the aerodynamic approach.



Bowen ratios were determined and the ability to predict the Bowen

ratio from the low frequency (0.05-0.1 Hz) temperature and humidity

fluctuation applitude ratio was investigated.

The instrumentation used and the data processing scheme are

described. The results obtained from the previously mentioned in-

vestigations are presented and discussed.

The reader who is knowledgeable in the field of turbulence and

air-sea interaction should proceed to the section on instrumentation.

For the person who is not used to reading in these fields some addi-

tional background information will be presented. An exposure to these

areas is necessary in order to understand theresults presented later

in this thesis.

Scalar Fluctuations

A discussion of the expected form for the spectra of tempera-

ture and humidity may be found in Lumley and Panofsky (1964). The

only point that will be used in this work is to note that at sufficiently

high frequencies (typically at frequencies higher than about . 5 Hz for

most of our temperature and humidity spectra) the spectra of temper-

ature and humidity may have the form:

= Ki'"3k5"3, (7)

where K' is an absolute constant, represents the mean rate of
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dissipation of the scalar fluctuations (potential energy) under consid-

eration, i represents the mean rate of kinetic energy dissipation and
2lTfk is the wave number. Since k = j from Taylor's hypothesis,

there may be regions in the spectra of temperature and humidity

which have a -5/3 slope.

Monin-Obukhov Similarity Theory

In this theory it is assumed that in a turbulent boundary layer

the nature of the turbulence is determined by the turbulent flow itself.

If this assumption is true then there exist dimensionless groupings

which are universal. The scaling factors used are a velocity u*:

2 -
u* -uw, (8)

a length L:

3
u*

L = K(g/T) , (9)

a temperature T:

and an absolute humidity q:

wT (10)

wg (11)

where K is von Karman' s constant (0. 4), g is gravitational
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acceleration and T is the average absolute temperature (°K) of the

layer.

With these scaling parameters, non-dimensional relationships

may be formed which should be universally valid in the turbulent

boundary layer. These universal relationships extend to spectra and

cospectra. When many suitably normalized spectra of the same quan-

tity are plotted as a function of the natural frequency (fz/U), where z

is the height above the boundary, an envelope of values may occur.

If, despite the natural variability of the process, all the spectra

seem to have a similar shape then the suitably normalized spectra

of that process may be said to have a universal form.

A dimensionless buoyancy parameter z/L is often used where:

(g/T )T
0z/L (12)

u /Kz

where z is the height above the boundary.

This buoyancy parameter was developed for use where the

effect of the humidity was not important on the atmospheric density.

The temperature was used to represent the density variation. Over

the ocean the effect of humidity on the density structure of the atmos-

phere is always important and must be considered. When the effect

of the humidity is considered, z/L may be expressed:



12

Kz T
(13)

L°

The details of the development of this expression for z/L are con-

tamed in Appendix II. The buoyancy parameter z/L as shown in

Equation 1 3 may be interpreted as the ratio of convective production

of turbulent energy to mechanical production of turbulent energy and

is thus closely related to the flux R.ichardson nl2mber (Rif):

1 1r T
RIf -

2 d
+ X 4.7 X 1o41.

* 0

It may also be shown that if the profile forms are taken as in Miyake

etal. (1970) then the ordinary Richardson number reduces to z/L.

In a neutral atmospheric density situation z/L = 0. For un-

stable conditions z/L is negative and becomes increasingly negative

as instability increases. In stable conditions z/L is positive and

increases in the positive direction as stability increases.

Some other quantities from similarity theory which will be used

are the ratios of
T to T and 0- to The terms

T
and a-

q q

represent the standard deviations of the temperature fluctuations and

the humidity fluctuations respectively. To better understand these

ratios let the overall correlation coefficient for a record (R ) bewT

defined:
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wT
RWT= , (14)

w T

where o- = standard deviation of vertical velocity fluctuations.
w

Lumley and Panof sky (1964) point out that o Cu where C is

a constant. For our data o- 1. 3 u*. Thus Equation 14 may be

expressed:

wT 1
R = x-.

wT Cu* T

If both numerator and denominator are multiplied by K (von Karman' s

constant) then:

K 1 K T¼RTCXKXCX.
Thus as the convection becomes more organized and produces a

larger temperature flux for the same amount of temperature and w

fluctuations R increases. The inverse of the ratio of to T
wT T

is thus a measure of the efficiency of the process. The same reason-

ing applies to the ratio of a- to c. A detailed discussion of similar-

ity theory may be found in Lumley and Panof sky (1964).
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II. rNSTRuMENTATION AND OBSERVATIONAL PROGRAM

Lyman-alpha Humidiometer System

General Comments

When this project began there was no instrument in use in air-

sea interaction studies which would allow the measurement of humid-

ity fluctuations to high frequencies (about 5 Hz) to compute the latent

heat flux directly. Instruments available at that time included wet

and dry thermocouples, dew-point hygrometers and chemical absorp-

tion hygrometers. These instruments were rejected because they

did not seem to have a high enough frequency response. However,

Randall, Larison and Campbell (1967) described a Lyman-alpha

hu.midiometer with which they made aircraft measurements of wa-

ter vapor content. Whenit became known that a similar instrument

was commercially available from the Electromagnetic Research

Corporation it was decided to attempt to use this instrument to meas-

ure humidity fluctuations in the marine boundary layer.

Principle of Operation

Lyman-alpha ultraviolet radiation having a wavelength of 1 216

angstroms is strongly absorbed by water vapor. The humidiometer

produces this radiation from a hydrogen source tube which has a
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lithium fluoride (LiF) window. The radiation crosses the measuring

path and enters a detector tube which also has a LiF window. The

detector tube is filled with nitric oxide gas. Photoionization occurs

and a current is produced in the detector tube. If a linear relation-

ship between the number of photons entering the detector tube per

second and the current (I) produced by the tube is assumed then by

Beer's Law:

- kqx110e , (15)

where 10 = the current which would be produced if a vacuum were

present, k = attenuation coefficient for water vapor in the measur-

ing path and x = path length. Thus the current fluctuations produced

by the detector tube are proportional to the water vapor fluctuations

in the air passing through the measuring chamber.

System

A block diagram of the complete humidiometer system is shown

in Figure 1. The sensor was mounted in the measurement array and

the current produced by the detector tube was used to produce a

voltage. This voltage then was sent to a Sonex voltage controlled

oscillator (VCO) which was located in a weatherproof case about ten

feet away from the sensor. The frequency modulated signal produced

by the VCO was then amplified by an Amperex PCA-4-14 amplifier
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SENSOR I
I POWER SUPPLY

SOURCE TUBE, 4
AND

DETECTOR, SOURCE TUBE
AMPLIFIER I

CURRENT CONTROL
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I I
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OSCILLATOR

I PCA-4-14

OFFSET
I

AND SONEX
ATTENUATION DISCRIMINATOR

CONTROL

AMPEX
FR-1300

TAPE
RECORDER

Figure 1. Block diagram of humidity fluctuations measure-
ment system.
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and sent on a cable of about 100 feet in length into the ship. The sig-

nal was then discriminated by a Sonex discriminator. The VCO had

a five volt input range and the Sonex discriminator had a ±10 volt out-

put range. Thus the signal was amplified by a factor of four in the

transmission and discrimination process. The bandedge of the

Ampex FR-1300 tape recorder was ±1.4 volts. It was therefore

necesèary to apply an offset voltage to the signal so that only the

fluctuating part of the signal would be recorded. The gain of four

was useful as it allowed most of the dynamic range of the tape re-

corder to be used for recording the fluctuations. Occasionally it

was necessary to attenuate the fluctuating part of the signal by one-

half when the fluctuations were large. Theoffset and attenuation

control unit allowed any voltage between ±10 volts to be added to the

signal and provided for various attenuations.

The Sonex VCO-discriminator system is a very high quality,

stable system. The VCO is linear to ±1% over its voltage range and

the discriminator is linear to ±0. 1%. From calibration checks of

the entire system we feel that the system is probably linear to better

than 0. 5%. This method of transmission places the information in the

frequency of the signal and not the amplitude. Thus any voltage drop

in the cable is unimportant.
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Instrument Response

The frequency response of the Lyman-alpha humidiometer elec-

tronics is flat to 1000 Hz. However, the Sonex VCO-discriminator

system is 3 db down (70. 7% response in amplitude) at 80 Hz. The

flow-through path for the sample of air passing through the humidiome-

ter system further degrades the response of the system. The re-

sponse decreases as the direction of the wind, relative to the orien-

tation of the instrument, increases up to about 45 Above 45 ° the

instrument becomes unreliable due to poor flushing.

Phelps etal. (1970) describe the flow-through path and show

that the instrument is probably capable of responding to scale sizes

of about 60 cm. It is difficult to determine the exact response of

the instrument because there is no faster responding system to use

as a standard.

From Smith (1967) it can be seen that a response scale of 60 cm

is adequate to measure the momentum flux. If the humidity flux is

carried by similar scale sizes then the re sponse of the humidiometer

is adequate to measure the humidity flux directly.

Calibration of the Lyman-alpha Humicliometer

The basic problem of calibration is to simultaneously determine

the amount of water vapor in the air passing through the humidiometer
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and the output voltage of the humidiometer. The humidiometer source

tube may be supplied with any source tube current up to 1 ma. It was

calibrated in . 125 ma steps from . 125 to 1.0 ma. This procedure

allows the source tube current, and consequently the output radia-

tion, to be increased to a pre-calibrated level when higher average

humidities are encountered.

In practice the humidiometer was calibrated by blowing air

which contained various amounts of water vapor through the humidi-

ometer and noting the output voltage. The amount of water vapor

present in the sample of air was determined by psychrometric reduc-

tion of the wet and dry bulb temperatures of a Psychron Model 566

psychrometer manufactured by the Bendix Corporation. This calibra-

tion was done at each source tube current and at as wide a range of

absolute humidities as it was practical to obtain.

Since the output of the instrument is exponentially related to

the amount of water vapor in the air (Equation 15), the absolute

humidity was plotted against the natural logarithm of the output

voltage. A least squares fit was then done on the resulting data

points. The slope of the line determined the value of the exponent

(kx) in Equation 15. When the value of kx was determined at each

source tube current the calibration was considered complete. Of

course, the calibration of the instrument was checked in the field

by the same method described above before and after each experiment
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whenever possible.

Sources of Error

The dominating source of error in this method of determining

humidity fluctuations is the accuracy to which the instrument is cali-

brated.

For the San Diego data the calibration of the humidiometer,

based on 13 data points, was kx = . 1562 with a standard error of

0098. The correlation coefficient was .9791. After the experi-

ment was completed the calibration was checked for the source tube

current used (0. 25 ma) and no significant changes had occurred. It

is felt that the humidity values for San Diego are accurate to within

±5%.

During the San Diego experiment the University of Washington

made simultaneous measurements of humidity with a wet and dry

thermocouple system. The Lyman-alpha humidiometer and the wet

and dry thermocouple system were separated by about 50 cm. After

the experiment the humidity spectra from the two systems were

computed and compared. They agreed to within 5-10% at frequen-

cies below . 1 Hz thus giving confidence that both systems were func-

tioning properly.

The absolute humidity levels during San Diego were about 8 grn/

m3 but during BOMEX averaged about 20 gm/rn3. Due to this much
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larger moisture content during BOMEX it was not possible to get a

satisfactory humidiorneter output signal level even after the source

tube current had been increased to the maximum. This unsatisfac-

tory signal level left no alternative but to shorten the path length to

obtain a higher signal level. Changing the path length, of course,

changed the calibration of the instrument.

It was anticipated that it might be necessary to shorten the path

length during BOMEX and it was intended to check the calibration of

the humidiometer at the low frequencies by comparison against a

Cambridge Systems dew point hygrometer which would be operated

by the University of British Columbia. Unfortunately it was not pos-

sible to get the dew point hygrometer to work during the portion of

the operation in which we participated.

There was no alternative left except to do an in field calibration

with the Psychron psychrometer under conditions which were far

from ideal. Sixteen separate calibration runs were made, eight be-

fore the operation commenced and eight about two-thirds through

the operation. A least squares analysis was done on the data points.

The values of kx obtained ranged from . 073 to . 086 and showed no

significant difference from the initial set of values to the later set

of values. An average of all the values was taken and . 081 was used.

Under the circumstances the BOMEX humidity values are probably

good to ± 10%.
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The output voltage level of the humidiometer system decreases

as the source tube ages. This decrease of the average output voltage

level as the source tube ages means that the system is not reliable

for measuring the mean humidity but the system is capable of meas-

uring the humidity fluctuations. Details of the source tube aging

problem are given in Pond etal. (1970).

Temperature Measurement

System

Temperature fluctuations were measured with a platinum resis-

tance thermometer which used 2. 5 micron wire 2 mm in length. The

measurement system is described in Pond etal. (1966). A block

diagram of the system is shown in Figure 2.

This type of temperature measuring system is commonly used.

The platinum wire sensor is in one leg of a 20 khz A. C. bridge. The

resistance changes of the wire, induced by the atmospheric tempera-

ture changes, drive the bridge slightly off balance and a voltage is

produced. This voltage is then amplified, filtered and detected to

produce a voltage proportional to the temperature. The data trans-

mission part of the system is exactly the same as for the humidiome-

ter which has been previously discussed.
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Figure 2. Block diagram of temperature fluctuations measure-
ment system.
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Instrument Response

The frequency response of the system was limited by the Sonex

discriminator to be 3 db down at 80 Hz.

C1ihr ti nn

The system was placed in a cold room and the probe was in-

stalled in a small industrial oven. The sensor from a Dyrnec Model

Z8OlA Quartz Thermometer and a mercury laboratory thermometer

were also installed in the oven. The oven was heated to about 50 C °

above the highest temperature expected in the area in which the exper-

iment would be conducted. By the time the temperature dropped to

the range of interest all the fluctuations had damped out and the tern-

perature was dropping slowly and smoothly. The voltage output of

the temperature circuit and the temperatures from the quartz and

mercury thermometers were noted periodically as the temperature

dropped through the range of interest.

The voltage response was linear between one and five volts. A

ten ohm potentiometer installed in the probe in series with the wire

allowed the center temperature in the range of interest to be set to

produce three volts at the output. Gain controls for the amplifier

permitted the highest temperature in the range of interest to be set

to produce one volt and the lowest temperature to produce five volts.
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The system had a calibrated operating range of about 13 C0 and was

operated only over the linear portion of its voltage range.

Six probes were matched and calibrated in this manner before

each experiment. A least squares fit was done on the data points.

A typical calibration of one of the probes was -3. 311 Co/volt with

a standard error of . 025. The correlation coefficient was . 999.

A calibration circuit was installed in the temperature electronics

which allowed any gain changes of the amplifier or output level changes

of the oscillator to be determined. A relay shifted the output of the

Connor-Winfield 20 khz oscillator from the A. C. bridge to a preci-

sion, temperature stable voltage divider network. The voltage divid-

ers were adjusted to produce 1. 50 and 4. 50 volts at the output of the

entire temperature circuit before the probes were calibrated. A

second relay selected these voltages on command. Since the cali-

bration signals were measured as part of the probe calibration pro-

cedure, any changes in these signals in the field reflect any gain

changes in the system caused by any or all of the following: changes

in the output level of the oscillator (probably very small as the oscil-

lator is stabilized for temperature and supply voltage changes),

changes in the A. C. amplifier gains (the most likely source) or

changes in the gains of the VCO and discriminator (again probably

small as these units have temperature and supply voltage stabiliza-

tion). The difference between the calibration signals was used to



correct all of the temperature data for amplifier gain changes (typical

corrections were about 3-5%).

Sources of Error

The calibration of the temperature circuit with each of the six

probes was very well known as indicated by the typical calibration

value 'quoted above. Any gain changes were accounted for. An obvi-

ous remaining source of error was a change in the calibration of the

probe due to contamination from being exposed to the marine environ-

ment. Some probes were recovered intact after an experiment and

the calibration was checked. No significant changes in the calibra-

tion had occurred. The main effect of salt contamination should be

to reduce the frequency response and not change the D. C. calibra-

tion of the system. It is estimated that during BOMEX the tempera-.

ture values are good to better than ±5% in the fluctuations.

Sonic Anemometer

All of the three components of the velocity fluctuations used in

this research project were measured with a commercially available

Model PAT-311 sonic anemometer manufactured by Kaijo Denki Co.

Ltd., Tokyo. For a detailed description of this instrument see Kaijo

Denki (1967) and Mitsuta, Miyake and Kobori (1967). The velocities

measured by this instrument are considered to be accurate to ±5%
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or better.

There appeared to be a mean offset in the sonic anemometer

used. The sonic anemometer was compared to a Beckman and Whitley

cup anemometer operated by the University of Washington and correc-

tions were applied to the sonic anemometer mean velocities. These

corrections are discussed in detail in Pond etal. (1970).

It should again be noted that the sonic anemometer belonged to

the University of British Columbia and was operated by Dr. R. W.

Stewart and Mr. G. McBean. The velocities measured were made

available to me in order to perform the necessary rotations and to

compute the fluxes of latent and sensible heat.

Observational Program

The data used in this project were obtained on the Floating Lu-

strument Platform (FLIP) operated by the Scripps Institution of Oce-

anography. The platform is described in detail in Bronson and

Glosten (1965). FLIP is a stable, dee?-sea, free floating platform.

It is towed to the operation area in the horizontal position and then

partially flooded to cause her to flip to the vertical position. When

upright the draft is about 92 m and the highest point of the structure

is 17 m above the water.

The San Diego data were collected on 20 and 21 February 1969

about 30 miles northwest of San Diego. The FLIP was anchored and



the prevailing winds were from the west-northwest, generally through

the Outer Santa Barbera Channel between the islands of San Clemente

and Santa Catalina. The BOMEX data were obtained during the period

of 3-12 May 1969 while the FLIP was drifting in the general area of

14°30'N. and 58°30'W.

An aerial view of FLIP during BOMEX is shown in Figure 3.

A detailed drawing of the fluctuations instruments is shown in Figure

4. The fluctuations instruments were mounted on a boom about 14 m

out from the starboard side of FLIP about 8 m above the water.

During BOMEX a U. S. Navy tug was bridled to FLIP and locat-

ed about 800 m downwind. The intention was that the presence of the

tug would tend to keep FLIP oriented into the wind. However, it did

not prove possible to keep FLIP properly oriented at all times, Due

to differential wind pressures FLIP would occasionally rotate about

the vertical axis. When this rotation happened the instruments would

not be oriented properly to make meaningful measurements. For this

reason, some of the FLIP data is impossible to analyze. FLIP also

tilts slightly about the horizontal axis due to the waves.

The data analyzed for this thesis were carefully selected so

that the problems described above were minimal. The wind relative

to the instrument array never exceeded ±30 in any data run.

A more serious problem with FLIP was the disturbance of the

mean wind flow due to the presence of FLIP. There was a downward



Figure 3. Aerial photograph of the FLIP in operation during
BOMEX.
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component of the mean wind of some 1 m/sec at the location of the

fluctuations instruments. Early visual estimates with a ribbon tied

to the fluctuations boom indicated about a -.1O angle. This negative

angle was later confirmed in the data analysis. There was probably a

disturbance of the flow in the horizontal also.

An additional difficulty was that despite considerable effort,

the instruments were not exactly level. The instruments were visu-

ally leveled and were located on a boom about 14 m out from the ship.

They could easily be out of level by 2-3°.

Due to the meanwind not always being directly aligned to the

fluctuations instruments it was necessary to perform a horizontal

rotation to get into the proper coordinates for measuring the fluxes.

A vertical rotation of the data was necessary to remove the effects of

the flow interference by FLIP and instrument leveling problems.

These rotations will be discussed in the next section.

Data Processing

The original data tape was reproduced on a Hewlett-Packard

Model 3955 14 channel tape recorder. Signals of the velocities, tem-

perature and humidity were passed through a simple RC roll off low

pass filter, using a Philbrick operational amplifier, which was 3 db

down at 18 Hz. The D. C. gain of the filter was selected so that

the signals occupied most of the ten volt range of the ten bit
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analog-to-digital converter so that the digital resolution was suffi-

dent to avoid adding significant noise to the data.

After the signal was digitized it was sent to a CDC-8092 corn-

puter which wrote the digital samples out on magnetic tape. The data

was digitized at about ten samples/sec.

All processing of the digitized data was done on a CDC-3300

computer at the Oregon State University Computing Center.

R.otations

After the data were calibrated it was necessary to perform

horizontal and vertical rotations to correct for the mean wind not

always being properly aligned to the instruments and for the distor-

tion of the flow by FLIP. The data were processed in blocks of 8192

data points. This corresponded to about 13 minutes per block.

The average U and V velocities were determined and a horizon-

tal angle 8:

e= Tan' V/U, (16)

was computed. All rotations were relative to the original coordinates

of the sonic array. The U and V velocities were then rotated as

indicated below:

I

U Ucos8+V sinO

V' VcosG-tfsin8. (17)
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These rotations maximized the average U velocity and caused the

average V velocity to be zero as required by the choice of our co-

ordinate system.

The averages of the rotated U velocity and the average W

velocity were then determined and a vertical angle 01

8 = Tan 1W/U', (18)

was computed. This angle was typically about - 10 for BOMEX.

A vertical rotation on the horizontally rotated U velocity and the W

velocity was then performed

U" = U'cos 0 + W sin 0
w w

(19)
W'=Wcos8 -U'sin8

w w

This rotation caused to be maximized and W7 to be zero as

required by assumption.

This coordinate system into which the data were rotated should

have been close to the proper coordinate system. Due to the offset

problems described in Pond et al. (19 70) this coordinate system was

probably a few degrees off.

The rotated velocities and the temperature and humidity data

were then transformed into their Fourier coefficie nts using the Fast

Fourier Transform algorithm.

After the data were transformed the uw cospectra were
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computed and rotated by an additional -5 and then back +15 ° in 1

steps. Thus the uw cospectra were available for vertical angles

from about - 15 to 0 ° in 1 ° steps.

Smith (1967) showed that the value of the correlation coefficient,

R13, where:

R13 =
81 3

(eu xe33)"2
(20)

and 013 is the cospectrum between u and w, e is the u spectrum

and 833 is the w spectrum, averaged -0.5 in the frequency range .01

to . 1 Hz for a properly leveled instrument.

A final vertical angle was then selected which gave the best

average value of in the proper frequency range. This was a

subjective decision because the motions of FLIP tend to influence

the values of in the frequency range of interest. Despite this

subjectivity we feel we have been able to select the correct vertical

angle to within ±20. The details of the selection of the final vertical

angle are given in Pond etal. (1970). The U and W coefficients

were then rotated through this vertical angle with equations similar

to Equation 19. These final angLes were quite small, typically 2-3°,

so the coordinate system which gave the best estimate of the fluxes

was close to the coordinate system in which W 0.
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Computation of Spectra and Band Averaging Scheme

After all of the rotations were complete the various spectra,

cospectra and quadspectra were computed from the proper combina-

tion of the Fourier coefficients. The 8192 data point blocks repre-

senting about 13 minutes of data allowed an analysis to be made over

frequencies from about 1 X 10 to 5 Hz. When the final cospectra

were produced it was obvious that the flux integrals, Equations 2 and

3, had converged at the high and low frequency ends.

Each data run contained from two to seven blocks. Twenty-four

band averaged spectral estimates were produced for each block. The

bandwidth is taken as l/(block length in seconds). The number of

bands averaged to produce the band averaged spectral estimates were

1, 1, 1, 1, 2, 2, 4, 4, 8, 8, 16, 16, 32, 32, 64, 64, 128, 128, 256,

256, 512, 512, 1024, 1024. This band averaging scheme was chosen

so that the spectral estimates would be approximately equally spaced

when plotted versus the logarithm of the frequency. The frequency

assigned to the band averaged spectral value corresponded to the

center frequency of the bands averaged to produce the spectral value.

The band averaged spectral values at each of the 24 frequencies were

then averaged with the spectral values at the corresponding frequen-

des for each block in the run. By this process the final spectra were

produced which represent an average over 25-8 7 minutes (2-7 blocks).
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The most common averaging period was 62 minutes (5 blocks).

Thus the spectra were smoothed by band and block averaging but no

further smoothing such as hanning or hamming was done.
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III. RESULTS

Four separate runs from the San Diego experiment were an-

alyzed. These runs represent averages of 39-52 minutes with a total

of 161 minutes of data processed. Eleven BOMEX runs were analyzed.

These runs are averages over 25-87 minutes with a total of 608 mm-

utes of data. Some important numerical results are shown in Tables

1 and 2. Additional supplementary results are given in Appendix I.

The San Diego data correspond to runs 1-4 and the BOMEX data runs

5-15. These run numbers correspond to those used in Pond etal.

(1970) in which some of my results and additional results from these

data are presented.

In San Diego the air temperature was about 11 ° C and the mean

humidity was about 8 gm/rn3. The air-sea temperature difference

was about 3 C °. The mean wind speed ranged from 4. 8-6. 6 rn/sec.

Conditions were unstable with -. 20 < z/L < -. 12. During the BOMEX

experiment the temperature was about 27° C and the average humidity

was about 20 gm/rn3. The air-sea temperature difference was only

about 0.5 C°. The mean wind speed ranged from 4.7-7.2 rn/sec.

Again, conditions were unstable with -. 33< z/L < -. 11. For both

San Diego and BOMEX the temperature and moisture content of the

atmosphere decrease upward from the sea surface. The conditions

which existed during any particular run may be determined from

Appendix I.



Table 1. Flux Results

RUN Time Dura- U wT H UT
103CT wq HL Utq 103C Bowen -

tjon q Ratio
Cal Pg Cal J.g

GMT/Day/ Mm cm C cm
2

C cm
2 2month sec sec cm day sec cm sec cm day cm2sec

San Diego

1 0954/20/2 40 578 1.59 40.9 1610 .99 3.22 162 2670 1.20 .25 .20

2 1104/20/2 27 660 1.59 40.9 1840 .87 3.38 170 3050 1. 11 . 24 . 12

3 1517/20/2 40 478 .89 22.9 1340 .67 1.55 78.0 1850 .84 .29 .18

4 0109/21/2 54 605 2.60 66.8 2240 1.16 4.41 222 3360 1.31 .30 .16

BOMEX

5 1909/3/5 87 465 .92 22.2 290 3.1 5.51 288 3820 1.44 .08 .27

6 0455/4/5 37 555 .93 22.4 360 2.6 3.96 199 3590 1. 10 .11 .23

7 0532/4/5 25 722 1.18 28.4 470 2.5 6.25 314 4680 1.33 .09 .20

8 0702/5/5 37 592 1.30 31.3 410 3.1 4.34 218 4440 98 .14 .14

9 1125/5/5 37 721 1.51 36.4 240 6.3 7.45 374 5620 1.33 .10 .11

10 0317/6/5 62 679 1.14 27.4 290 3.9 4.65 234 4460 1.04 .12 .11

11 1816/6/5 75 531 .89 21.4 190 4.8 4.27 215 3840 1.11 .10 .22

12 1854/9/5 62 651 1.10 26.5 1230 .9 6.34 318 5240 1.21 .08 .17

13 0754/11/5 62 586 1.12 27.0 430 2.6 6.51 328 5060 1.29 .08 .22

14 1235/11/5 62 497 1.10 26.5 330 3.4 5.03 253 3930 1.28 .10 .33

15 1311/12/5 62 678 1.21 29.2 570 2.1 7.95 400 6100 1.30 .07 .15

(J



Table 2. Flux and Correlation Results

Monin
-

RUN
T RWT OTI'T* T/'T* °q1'*

-z/L
0q Rwq RuT

-
Ruq

-

sec cm3

San Diego

1

2

3

4

BOMEX

5

6

7

8

9

10

11

12

13

14

15

23. 1

26.9

19.4

29.0

18.9

19. 2

22.4

24.8

29. 7

25. 8

19.5

23.8

22.0

18.7

26. 2

.12 .44 .72 .61 .76

.13 .38 .87 .74 .87

.11 .32 .93 .63 1.03

.17 .40 .77 .67 .87

.11 .32 .94 .54 .77

.11 .32 .91 .58 .85

.13 .28 .96 .61 .80

.14 .26 1.08 .70 1.34

.14 .25 1.11 .75 .97

.13 .30 1.18 .75 1.10

.13 .28 1.03 .59 .93

.11 .32 .92 .67 .85

.13 .29 1.01 .59 .80

.13 .31 .90 .51 .75

.15 .24 1.28 .69 .95

.20 .27 .42 .32 1.72 .38 2.20

.12 .27 .38 .35 2.16 .49 2.99

.18 .21 .29 .30 1.96 .08 .61

.16 .33 .35 .14 1.04 .07 .56

.27 .56 .39 .23 1.64 .45 2.66

.23 .44 .34 .16 1.15 .55 3.61

.20 .56 .34 .23 2.06 .56 4.04

14 .58 . 21 27 2. 35 . 56 6.00

.11 .61 .29 .28 1.89 .43 2.51

.11 .50 .32 .35 2.66 .62 4.43

.22 .51 .34 .28 2.28 .48 3.24

.17 .57 .34 .28 1.84 .50 3.02

.22 .59 .36 .20 1.48 .47 2.72

.33 .50 .37 .07 .52 .39 2.41

.15 .72 .33 .23 2.03 .54 3.55
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Time Domain Traces

Signals of vertical velocity, humidity and temperature from

San Diego are shown in Figure 5. The lower three traces are continu-

ations of the upper three traces. The whole figure shows about 25

minutes of continuous data from run 2. When the W signal shows a

downward velocity the humidity signal shows a drying trend and the

temperature signal reflects the colder temperature of the parcel of

air being moved downward. Just the opposite behavior occurs when

the W signal shows an upward velocity. The humidity and tempera-

ture signals reflect the wetter and warmer condition of the rising air

parcel. The fact that the humidity and temperature signals are well

correlated is obvious from the figure. We note that the signals are

in phase, that is, wet and warm are common properties as are dry

and cold. The voltages produced by the sensors are such that there

is an apparent out of phase relationship shown in the figure so one

must examine the labels to get the proper phase of the signals. The

vertical velocity is also correlated with humidity and temperature but

the correlation is not as strong as the correlation between humidity

and temperature. The vertical velocity is also in phase with the

temperature and humidity signals.

Figure 6 shows a typical section of the signals of vertical veloc-

ity, humidity and temperature from BOMEX. The section shown
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Figure 5. Time domain traces of vertical velocity, humidity and temperature from San Diego.
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corresponds to about 16 minutes of continuous data from run 11.

As in San Diego when the W signal shows a downward velocity the

humidity and temperature signals show a drying and cooling trend.

When the velocity is upwards the humidity and temperature signals

show an increasing wetness and an increasing temperature charac-

teristic of the air below the sensor. The temperature and humidity

signals are fairly well correlated and basically in phase.

A careful examination of Figures 5 and 6 will show one impor-

tant difference in the temperature and humidity signals in BOMEX

compared to San Diego. The San Diego temperature and humidity

signals follow each other very closely. The BOMEX signals often

show that after a downward velocity fluctuation, the temperature

drops sharply and then quickly recovers to nearly the value it had

before. The humidity signal also shows the expected drying trend

but it does not recover to its previous value nearly as quickly as

the temperature does. The humidity signal shows a slow increase

and often takes 60-70 seconds to recover to its previous value. In a

sense the temperature signal behaves like a differentiated or filtered

humidity signal with a time constant proportional to the frequency.

Such behavior will tend to produce a phase shift between tempera-

ture and humidity over a broad frequency range.
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Normalized Temperature and Humidity Spectra

The temperature data from San Diego were obtained by person-

nel from the Department of Atmospheric Sciences of the University

of Washington. The system used was a dry thermocouple with a high

gain D. C. amplifier. The instrument response was 3 db down at

about 3 Hz. These data were made available to us so that we might

compare the San Diego temperature values with those obtained during

BOMEX when we used our own platinum resistance thermometer.

The normalized temperature and humidity spectra for San Diego

are shown in Figure 7. Runs 1-4 are shown for humidity. Run 3

is not shown for temperature since calibration signals in the record

permitted only one 8192 block of temperature data to be obtained.

Since this single block represented only 13 minutes of data it was not

considered statistically reliable. Run 4 is also based on only 26

minutes of data for temperature. The ordinate is the log of (frequency

times the normalized temperature or humidity spectral values). The

abscissa is the log of the natural frequency (fzfU). The tempera-

ture spectra were normalized with ° T
and the humidity spectra

were normalized with crq2. The straight line shown on the figure

has a slope of -2/3 which corresponds to the Kolmogoroff -5/3 law.

The shapes and levels of the normalized temperature and humidity

spectra are very similar at log (fz/U) < -0.7. Above this frequency
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Figure 7. Normalized humidity and temperature spectra from
San Diego. The straight line has a slope of - 2/3
corresponding to the -5/3 Kolmogoroff law.
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the temperature spectra show a secondary peak at about log (fz/U)

0. 2 which does not appear in the humidity spectra. The tempera-

ture spectral levels are higher than the humidity spectral levels

above log (fz/U) = -0.5. The temperature spectra show a -5/3 slope

at 0, < log (fz/U) < 0. 5. The roll off (decrease) in the normalized

temperature spectral values at log (fz/U)> 0.5 is at least partly

instrumental since the temperature sensor was 3 db down at about

3 Hz. The humidity spectra show a -5/3 slope at log (fz/tJ)> -0.5.

The normalized BOMEX temperature and humidity spectra are

shown in Figure 8. The normalized humidity spectra for BOMEX are

virtually identical to the normalized humidity spectra from San Diego.

The San Diego humidity spectra show a slightly steeper slope above

log (fz/U) = 0. 2. This steeper slope is probably caused by the low

pass filter used on the analog signals. The filter was 3 db down at

18 Hz. However, the San Diego data were reproduced at twice the

record speed while the BOMEX data were reproduced in real time.

This effectively gave a cutoff frequency of 9 Hz for San Diego and

18 Hz for BOMEX. The filter caused the San Diego spectral values

to be suppressed to about 75% and the BOMEX values to be suppressed

to about 82% at the Nyquist frequency (5 Hz). A compensating effect

was introduced by the fact that the filter cutoff frequency was above

the Nyquist frequency. The slight bit of energy above the Nyquist

frequency was aliased back into the spectra. The integrals of the
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spectra should be accurate since virtually all high frequency contribu-

tions to the variance have been conserved even though the shapes of

the spectra have been slightly distorted at the high frequency end.

The BOMEX normalized temperature spectra are quite differ-

ent from the San Diego normalized temperature spectra. The BOMEX

spectral levels are lower relative to the San Diego spectra at log

(fz/) < -1.0. Above log (fzIU) = -0.7 the BOMEX temperature

spectral levels are higher than the San Diego spectral levels. The

BOMEX spectra show a peak at about log (fz/U) = -0. 3. The spec-

tral levels start to decrease at frequencies higher than the peak and

some aliasing is observed at log (fzIU)> 0.4. This aliasing was

not noticeable in the San Diego temperature spectra since there was

less high frequency energy in the San Diego temperature spectra.

The values of a- IT and a- /q as a function of z/L for San
T * q *

Diego and BOMEX are shown in Figure 9. The solid curve repre-

sents the results of Monin (1962). Monin made his measurements

in the atmospheric boundary layer over land. The vertical bars

represent the scatter in the data used by Monin to obtain the curve.

The San Diego results tend to be slightly higher than the results of

Monin. There is one humidity value which is quite high. Run 3 for

temperature was not plotted since it was only one block. In general

the trend is consistent with the resu1ts of Monin and the temperature

and humidity are behaving in the same way.
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Figure 9. Values of T/T) and oq/* for San Diego and BOMEX.
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The BOMEX results are shown in the bottom part of the figure.

There is a great deal of scatter in both the temperature and humidity

results. The values of oq/ seem to be quite similar to the corres-

ponding values obtained in San Diego over the range of z/L where the

results overlap. The values of °- T/T* in BOMEX are noticeably

higher than in San Diego.

Individual Temperature and Humidity Spectra

The spectra of temperature and humidity, their cospectra,

coherence squared and phase for San Diego runs 1 and 2 are shown

in Figures 10 and 11 respectively. Run 1 represents an average over

40 minutes while run 2 was averaged over 27 minutes. The tempera-

ture and humidity spectra are generally similar in shape at log f <

-1.0. The coherence squared (the fraction of power in one signal

related to the power in the other signal) is high (0.8-0.9) from -2. 1 <

log f< -0.4. The signals are in phase except for the last few points

on each end of the spectra. A portion of the roll off (decrease) in

coherence squared and phase is instrumental since the dry thermo-

couple was 3 db down at about 3 Hz. The instruments were separated

by 50 cm which would reduce the coherence squared and phase at the

smaller scale sizes (higher frequencies). At higher frequencies the

signals also tend to become tmcorrelated due to randomization by

the turbulent energy cascade.
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Two spectra computed from BOMEX data are shown in Figures

12 and 13. These figures correspond to runs 12 and 15 respectively

and each represents an average over 62 minutes. The lowest two

cospectral values for Figure 12 and the lowest cospectral value for

Figure 13 were omitted from the plots because they had negative

values and could not be shown on a log plot. The two humidity spec-

tra are very similar in shape to the two San Diego humidity spectra.

These results are expected from the results presented for the nor-

malized spectra.

The coherence squared for the BOMEX temperature and humid-

ity spectra is not as high at frequencies below log f = -1.5 as for the

San Diego spectra. The coherence squared in BOMEX is high (0.8-

0.9) from -1.5< log f< 0. In San Diego the coherence squared

started to decrease at log f -0.4. There are at least two reasons

for this higher coherence squared from -0. 4 < log f < 0 in BOMEX.

First, the platinum resistance thermometer used in BOMEX had

better frequency response (3 db down at 80 Hz) than the dry thermo-

couple used in San Diego (3 db down at about 3 Hz). Second, the resis-

tance thermometer was only about 15 cm away from the humidiome-

ter in BOMEX while the dry thermocouple was about 50 cm away in

San Diego.

A very interesting feature in all of the BOMEX temperature

and humidity spectra is the 20-40 0 phase shift between temperature
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and humidity (temperature leading humidity). The phase shift is

there at all frequencies above log f = -1.9. It is virtually impossible

that such a constant phase shift over such a wide frequency range

could be instrumental. A contributing factor to this phase shift was

commented upon when the time domain traces for BOMEX were pre-

sented.

During the equipment development period prior to the San Diego

experiment, temperature and humidity measurements were made from

a piling in Yaquina Bay, Oregon. These results are discussed in

Phelpsetal. (1970). These results are interesting because we were

able to make measurements during a period when conditions were

changing from unstable to stable. The unstable portion of the record

shows the expected in phase relationship. The stable portion of the

record shows that the temperature and humidity signals were out of

phase. These results are pointed out because they are the only re-

suits this group has obtained during stable conditions and they did

show the expected out of phase relationship.

Humidity-Temperature Correlation

Another interesting feature of the BOMEX data is. the tendency

for the humidity-temperature correlation to change sign at the lowest

one or two frequencies. Of the 11 block averaged BOMEX runs eight

changed sign at the lowest frequencies. Thirty-eight of the 49
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individual BOMEX blocks showed this same behavior. In San Diego

only one Qf four block averaged runs showed the sign change but five

of the eight individual blocks changed sign at the lowest frequency.

Based on the much larger amount of BOMEX data it is fair to say

that the change of sign of the humidity-temperature correlation is

real. The sign change may also be real inSan Diego but the amount

of data is so much less that it is difficult to say for certain.

The correlation and phase as a function of frequency between

the temperature and humidity for San Diego and BOMEX are shown

in Figure 14. The San Diego correlations are generally higher than

the BOMEX correlations and except for one point do not go negative

at the low frequency end. The phase shift between temperature and

humidity for BOMEX is obviou.s from the figure. The BOMEX data

show a 20-40 ° phase shift over a wide frequency range and then the

phase tends to reverse at the lowest frequencies.

As a result of the phase shift in the BOMEX data it is impossible

for the correlation to be much higher than it is. The correlation is

equal to the coherence times the cosine of the phase angle between

the signals. Thus, even signals with a coherence of one can have a

correlation no higher than the cosine of the phase angle between them

(Cos 20° = .94, Cos 30° = .87, Cos 40° = .77).

In the BOMEX data in the region where the correlation is near

zero at the low frequency end, the coherence squared is still about
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0. 2-0. 3. The zero correlation results from the phase angle being

near 900. The tendency for the correlation between the temperature

and humidity in both San Diego and BOMEX to go to zero at the high

frequencies is a result of instrumental effects and randomization due

to the turbulent energy cascade.

Normalized Vertical Flux Spectra and Correlations

The normalized spectra of the vertical velocity from both San

Diego and BOMEX are shown in Figure 15. These spectra were nor-

malized with Cr. The normalization with is discussed by

Miyake, Stewart and Burling (1970). The very high points in the

spectra at -1.0< log (fz/U) < -0.5 are probably caused by the

motion of FLIP due to the waves. These effects are removed in the

computation of Cr2. These vertical velocity spectra are obviously

well converged at both the high and low frequency ends. The straight

line has a slope of - 2/3.

Much of the sense of variability of a process is lost when

looking at a log-log plot. For these reasons all of the San Diego and

BOMEX normalized cospectra between vertical velocity and humidity

or temperature will be shown in both linear-log and log-log form.

The normalized cospectra between vertical velocity and hu-

midity for SanDiego are shown in Figures 16 and 17. The normalized

cospectra from BOMEX are shown in Figures 18 and 19. These
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Figure 17. Normalized cospectra between vertical velocity and
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cospectra were normalized with j. These normalized cospectra

represent the vertical transfer of moisture and need only. to be multi-

plied by the latent heat of vaporization of water to represent the latent

heat flux.

The figures show that the process is quite variable particularly

at log (fz/U) < -0. 5. Figures 16 and 18 show that the cospectra have

converged well at both the high and low frequency ends. Several val-

ues have gone negative in both figures at the low frequency end of the

cospectra. This convergence of the cospectra insures that all impor-

tant contributions to the latent heat flux integral (Eqiation 3) have

been taken into account.

The straight lines on Figures 17 and 19 have slopes of 0. 8 and

-2/3. These lines will be useful when the shapes of these normalized

cospectra are later compared with the results of Miyake and McBean

(1970). The straight lines which are shown in many of the normalized

cospectra figures are intended to provide a reference slope only.

There is no intent to imply that there is a theoretical reason why

these normalized cospectra should have a slope of -2/3 when plotted

on an f vs. log f plot.

The normalized j cosp.ectr.al shape is essentially identical

in both San Diego and BOMEX. This similarity of shape is the expect-

ed result since the shapes of the humidity spectra are the same in

both San Diego and BOMEX and the normalized vertical velocity



spectral shapeis the same in both sets of data.

The correlations and phase between the vertical velocity and

humidity in both San Diego and BOMEX are plotted as a function of

frequency in Figure 20. There is a great deal of scatter in both the

correlation and the phase at log (fz/TJ) < -1. 0. The dip in the corre-

lation values between -1.0< log fzfU) < -0.5 is attributed to the in-

fluence of waves. The vertical velocity spectrum is too large in this

range causing the correlation to decrease. If the vertical velocity

spectral value,s were corrected by removing the wave contributions

this dip would not occur.

The signals are basically in phase except at log (fz/Ti)> 0. 2

where instrumental effects seem to be causing the phase to decrease.

The phase relationship shown is the phase of the humidity relative to

the vertical velocity. Since there were no apparent differences be-

tween the San Diego and BOMEX results all of the results were plotted

with the same symbol. Not all of the BOMEX results have been

plotted (only six runs) because they are all very similar.

The normalized cospectra between the vertical velocity and

temperature for the San Diego data are shown in Figures 21 and 22.

These cospectra are normalized with wT. These cospectra represent

the vertical transfer of temperature and need only to be multiplied

by PCp to represent the sensible heat flux.

There is a great deal of variability inthe cospectra particularly
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at -2.2< log (fz/U) < -1.3. The peaks in the temperature spectra

(Figure 7) at log (fz/U) -1.85 and -0. 2 may also be seen in the co-

spectra. Despite the variability in the cospectral values it is obvi-

ous from Figure 21 that the cospectra have converged at both the high

and low frequency ends. In fact, some values at each end have gone

slightly negative. One can be assured that all significant contribu-

tions to the sensible heat flux integral (Equation 2) have been includ-

ed.

The normalized cospectra between the vertical velocity and

temperature from BOMEX are shown in Figures 23 and 24. Again

there is a large amount of variability in the cospectral values par-

ticularly at log (fz/U) < -0. 3. The cospectra have converged well

at both the high and low frequency ends again assuring that all sig-

nificant contributions to the cospectral integral have been considered.

The basic shapes of the cospectra from San Diego and BOMEX

are rather different. This difference in shape is expected since the

shapes of the temperature spectra are quite different in the two sets

of data. The San Diego cospectra show a main peak at log (fz/TY) =

-1.85 with a suggestion of a secondary peak at log (fz/U) = -0. 2.

The BOMEX Cospectra peak at log (fziU) = -0. 5 reflecting the great-

er high frequency contributions from the BOMEX temperature fluctu-

ations.

The correlations and phase for San Diego and BOMEX are shown
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as a function of frequency in Figure 25. Different symbols are used

for the San Diego and BOMEX data because the results are different.

Not all of the BOMEX results are plotted since they are all very

similar. The correlations between the vertical velocity and tern-

perature from both San Diego and BOMEX seem to behave in a simi-

lar manner. The dip in the values of the correlations between -1. 0 <

log (fz/U) < -0. 5 is again attributed to the influence of the ocean

waves.

The phase behavior in BOMEX is different from the phase be-

havior in San Diego. The BOMEX phase results show that over a

wide frequency range the temperature leads the vertical velocity

by 20_400. This is expected since the temperature led the humidity

by 2O4O0 and the humidity and vertical velocity were basically in

phase.

The phase behavior at log (fz/r) < - 1. 3 is quite variable in both

San Diego and BOMEX. The roll off in the phase of the San Diego

re suits at log (fzfiJ)> 0 is primarily instrumental.

Bulk Aerodynamic Methods

Sensible Heat Flux

The results of attempting to relate the sensible heat flux to

UAT in San Diego and BOMEX are shown in Figure 26. Different
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Figure 25. Correlations and phase between vertical velocity and
temperature for San Diego and BOMEX.
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symbols are used for the two sets of data. The integral of the co-

spectrum between vertical velocity and temperature (wT) is plotted

against l0 1YLT, where T water temperature (bucket)-air tem-

perature. If the ocean is losing energy to the atmosphere the very

thin surface layer of the ocean will be colder than the temperature

obtained from a bucket sample. This behavior is called the skin

temperature effect. Since it is very difficult to determine the actual

temperature of the surface of the ocean the bucket temperature is

usually used. If the value of shown in Figure 26 is multiplied by

1. 24 for San Diego or 1. 16 for BOMEX the value for the sensible heat

flux is obtained in milliwatts (mw)/cm2. Other means of expressing

the sensible heat flux may be obtained by noting that 1 mw/cm2 = 14. 3

mcal/( cm2mm) 20.6 cal/( cm2 day). These values are summarized

in Table 1 and Appendix I.

The BOMEX results do not fit into a reasonable pattern at all.

The value of wT/T is much too high to fit in with the San Diego

data. In BOMEX wT does not seem to be related to UT in a rea-

sonable way. The skin temperature effect was not considered in the

value of LT. If it had been considered the BOMEX results would be

even worse. A correction for the adiabatic lapse rate (effect of pres-

sure differences at the two heights) was not made on the eight meter

temperature value. This correction would reduce T by 0. 08 C0.

This is a negligible effect for the San Diego results but would make
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the BOMEX results even worse. No attempt was made to obtain a

regression between T and

Latent Heat Flux

All of the bulk aerodynamic results of predicting the moisture

flux () from where A = absolute humidity at the sea

surface the absolute humidity at eight meters, are presented in

Figure 27. The Ls' values have been corrected for salinity (this

correction reduces the surface value by about 2%). To obtain the

latent heat flux the values of must be multiplied by the latent heat

of vaporization of water (585 cal/gm). The values shown for the

moisture flux have the units X To obtain the moisture flux
cm3 sec

in other units one must observe that is equal to an evapora-
cm2sec

tion rate of 0. 86 mm/day 31. 6 cm/year. Values for the latent heat

flux and moisture flux are shown in Table 1 and Appendix I.

Contrary to the sensible heat flux results the moisture flux

shows a strong functional dependence on UAq for both San Diego and

BOMEX. Except for the fact that the San Diego moisture flux values

are predictably lower than the BOMEX values one could not say that

all of the moisture flux values are not from the same set of data.

Since there was no reason to believe that the measurement of

was any more or less accurate than the measurement of a

regression of UL upon and upon UL was performed. The



expressions were averaged to obtains

wq-1.1+(1.5X1O3)ULq. (21)

This equation is shown as the solid line in Figure 27. The large

negative value of j when UL = 0 was noted and an additional re-

gression was performed which forced the regression line to go

through the origin. The line was forced through the origin by plac-

ing a large number of data points at the origin. This regression

yielded the equation:

= (1. 2x103) UL, (22)

and is shown as the dashed line in Figure 27. The value of C
q

(Table 1) gives the same results since 1.2 >< lO. A discus-

sion of the suitability of Equations 21 and 22 will be presented later.

Bowen Ratio

The Bowen ratio (H/HL) was computed from the directly nieas-

ured values of the sensible and latent heat fluxes. The values of the

Bowen ratio obtained are shown in Table 1. These directly measured

values of the Bowen ratio were then compared to the results for pre-

dicting the Bowen ratio from air- sea temperature and vapor pressure

differences (Equation 6).

For the three San Diego runs (run 3 should not be used) the
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agreement between the Bowen ratio as predicted by Equation 6 and

the observed ratio was rather good. The predicted values were .29,

29 and . 32. The corresponding observed values were 25, 24 and

30. If the error is defined as the observed value minus the predict-

ccl value then the root mean square error is 04. Thus the observed

and predicted values agreed to within about 1 5%.

For BOMEX, Equation 6 does not accurately predict the Bowen

ratio. The predicted Bowen ratios ranged from . 02 to . 11 with an

average of .04. The observed Bowen ratios ranged from .07 to . 14

with an average of . 1 0. If the error is defined as before the root

mean square error is . 06. Thus Equation 6 fails in predicting the

Bowen ratio for the BOMEX data.

Prediction of the Bowen Ratio from th.e Temperature
and Humidity Fluctuation Amplitude Ratio

In an effort to determine if the Bowen ratio could be predicted

from the ratio of the amplitudes of the temperature fluctuations to

the humidity fluctuations in some low frequency range a "local Bowen

ratiou (R') was defineth

r 11/2
R=CJTTJ

qqJ
(23)

where C was the ratio of the multiplier to convert wT to sensible

heat flux (mw/cm2) to the multiplier to convert j to latent heat flux



(mw/cm2). For San Diego C had the value . 51 and for BOMEX . 48.

The spectral values for temperature and humidity were averaged in

the frequency band 0. 05-0. 1 Hz.

For the San Diego data the values of varied from . 22 to . 27

with an average of . 24. The observed values of the Bowen ratio var-

ied from . 24 to . 30 with an average of . 26. If the error is defined

as the observed Bowen ratio then the root mean square error

for San Diego is . 024. Thus it appears that about a 1 5% error is

expected in estimating the Bowen ratio by this method for San Diego.

The values of varied from .08 to .14 with an average value

of .10 for BOMEX. The observed values of the Bowen ratio ranged

from .07 to .14 with an average value of .10. The root mean square

error as defined above was . 021. Thus about a 20% error might be

expected in estimating the Bowen ratio by this method for the BOMEX

data.

Normalized Co spectra and Correlations
Between the Downstream Velocity and

Humidity or Temperature

The normalized Co spectra between the downstream velocity (U)

and humidity for both San Diego and BOMEX are shown in Figure 28.

The cospectral values were normalized with -wq. There is a great

deal of scatter in the data below log (fz/U) -0. 5. The San Diego

results seem to be lower than the BOMEX results over almost the
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whole frequency range.

The correlations and phase between the downstream velocity and

humidity are shown in Figure 29 as a function of natural frequency.

The correlation values were multiplied by minus one before plotting.

Again there appears to be a great deal of scatter in the data.

The correlations are particularly scattered below log (fz/U) -0. 5.

The influence of the waves between -1. 0 < log (fzIU) < -0.5 may be

seen. The phase (q relative to u) is particularly scattered at log

(fz/U) < -1. 5. Between -1. 5 < log (fz/U) < 0 the signals are basi-

cally out of phase. Perhaps an average of about 1650 is reasonable.

Above log (fz/U) = 0 the phase plot seems to peak and drop back to

180 0 This high frequency behavior is probably a combination of

instrumental effects and flow interference by FLIP.

The normalized cospectra between the downstream velocity and

temperature are shown in Figure 30. These Co spectra were normal-

ized with -wT. The cospectra have converged well at both the high

and low frequency ends. At the low frequency end a number of points

were not plotted because the value of -if/7f was negative. The

San Diego values are lower at log (fz/TY)> -1. 0. The probable rea-

son for this feature for log (fz/U)> 0 is attributable to the poorer

response of the dry thermocouple compared to the platinum wire

probe.

The correlations and phase between the downstream velocity
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and temperature are, shown as a function of frequency in Figure 31.

Again the values of the correlations were multiplied by minus one

before plotting. The San Diego correlation values are lower than the

BOMEX values at log (fz/U) < -10 5. The effect of the waves may

again be seen at -1.0< log (fz/U) < -0.5.

The phase (T relative to u) is quite scattered at log (fz/U) <

-2.0. The phase for San Diego is about 1800 for -1.4 < log (fz/Ti

< 0 but in this same region for BOMEX the phase is about 2000. This

is expected since the temperature led the humidity by about 35 0 and

the humidity led the downstream velocity by about 1 65 0 The change

in phase at log (fz/U)> 0 for the San Diego data is almost certainly

instrumental. For the BOMEX data the phase change is not so severe

and is probably a combination of being real with some instrumental

effects.
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IV. DISCUSSION AND CONCLUSIONS

Correctness of Rotations

The horizontal rotations were done on each block of 8192 data

points. Each block within a run was not necessarily rotated through

the same horizontal angle. However,, the block to block horizontal

angle variation was typically within 5 C of the average for the run,

Such small horizontal angle variations will have a negligible effect

on the values for the sensible and latent heat fluxes.

The choice of the final vertical rotation angle was somewhat

subjective and could be off by one or two degrees. From the rotations

performed on our data it was observed that changed by about 5%!

degree and changed by about 3%/degree. Thus, if we were off

by two degrees an error of 10% in the latent heat flux and 6% in the

sensible heat flux would be made.

A great deal of evidence has already been presented which shows

that we have rotated into a proper coordinate system. The normal.-

ized vertical velocity spectra shown in Figure 15 have the same

shapes, if wave effects are ignored, as these obtained by Smith

(1967) and Miyake, Stewart and Burling (1970). The above authors

made their measurements with properly leveled instruments from

a mast fixed to the bottom of a coastal inlet. The Sj cospectral



shapes shown in Figures 17 and 19 are the same as those described

in Miyake and McBean (1970) whose measurements were made with

properly leveled instruments over land.

At the lowest frequencies the value of the u spectral estimate

was typically 100 times the value of the w spectral estimate. Addi-

tionally, the values of f were about twice the value of wT, and u.q

was about three times the value of . Theseratios would not be so

high if there was much u contamination in the w signal.

From the comments given above, and many other reasons dis-

cussed in Pond et al. (1970), we conclude that we have selected the

correct vertical angle to within two degrees. This possible angle

error should introduce no more than 5-10% error in the latent and

sensible heat fluxes.

Expected R.esults for Humidity and Temperature

According to similarity theory the shapes of the normalized

humidity and temperature spectra should be similar when plotted as

a function of the natural frequency (fz/U). It is also expected that

the temperature and humidity fluctuations in the marine boundary

layer should be highly corr elated. The ocean surface is the source

of both temperature and moisture variations to the lower layers of

the marine atmosphere. Theocean supplies moisture to the atmos-

phere and acts as a source or a sink of heat.



When unstable conditions exist in the atmosphere over the ocean,

which is usually the case, the temperature and moisture content of

the atmosphere decrease upwards from the ocean surface. A rising

parcel of air will be wetter and warmer than its surroundings. A

descending parcel of air will be dryer and colder than its surround-

ings. An in phase relationship should result between the temperature

and humidity signals since the temperature increases as the humidity

increases.

According to the Kolmogoroff theory the temperature and humid-

ity spectra may show a -5/3 slope near the high frequency ends of

the spectra. Thepredicted form is shown in Equation 7. This pre-

dicted form should only be valid at the high frequency end of the spec-

trum and no comment is made in this theory about the shape of the

low frequency end of the spectrum.

Structure functions may be used to evaluate the values of

for humidity and temperature. The spectra of temperature and

humidity normalized with -1/3 and the appropriate have the

I -5/3 /form K k . Paquin and Pond (1970) have evaluated K., for

the humidity and temperature data used in this thesis, Within the

scatter they observed the two numbers were equal thus showing that

the spectra normalized with ' for the San Diego and BOMEX

temperature and humidity have a universal form at high frequencies.
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Humidity and Temperature Relationships
in San Diego and BOMEX

All of our data were obtained in unstable conditions so the rela-

tionships described above for the temperature and humidity should

exist in both San Diego and BOMEX.

For the San Diego data the results seem to be quite reasonable.

Figure 7 shows that the shapes of the normalized temperature and

humidity spectra are very similar below log (fz/) = -0. 7. Above

this frequency the temperature spectra show a secondary peak at

log (fz/U) = -0. 2 and then exhibit a -5/3 behavior from about 0 < log

(fz/) < 0. 5. Above log (fz/TJ) = 0. 5 the temperature spectra tend

to roll off due to a lack of sufficient instrument response.

The normalized humidity spectra do not show a secondary peak

at log (fz/TJ) = -0. 2. They drop smoothly and show a -5/3 behavior

from about -0.5 < log (fz/U) < 0.6. Above log (fz/U) 0.6 the nor-

malized humidity spectra tend to roll off probably due to insufficient

instrument response.

The time domain traces in Figure 5 show that the humidity and

temperature signals are well correlated and in phase. The excellent

correlation and the in phase relationship are also shown in Figures

10, 11 and 14. The roll off in coherence squared and phase at the

high frequency end is partly instrumental and partly randomization

due to the turbulent energy cascade.
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The values of T'T* and shown in Figure 9 for San

Diego appear to be reasonably consistent with those obtained by

Monin (1962). For San Diego T/'T, 'cr/q at the correspond-

ing values of z/L.

Thus for San Diego the results are just about what would be

expected. The only unusual feature is the secondary peak in the

temperature spectrum at log (fz/U) = -0. 2. A model for San Diego

would be what one would predict for an unstable case. The temper-

ature and moisture content of the atmosphere decrease upward from

the surface of the ocean producing an in phase relationship between

the temperature and humidity fluctuations. The temperature and

humidity fluctuations are well correlated and the shapes of the nor-

malized temperature and humidity spectra are similar.

The normalized BOMEX humidity spectra (Figure 8) are essen-

tially identical to the normalized San Diego humidity spectra. It is

reasonable to conclude that, based on these data, a universal form

withsome statistical variability in any single event, exists for the

humidity spectra normalized with Uq2 over the whole range of fre-

quencies investigated.

Thenormalized BOMEX temperature spectra (Figure 8) are

very different in shape from the normalized San Diego temperature

spectra and different in shape from the normalized BOMEX humidity

spectra. Although conditions were also unstable in BOMEX the
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temperature and humidity are not in phase. The temperature and

humidity are out of phase at the lowest frequencies and then shift so

that the temperature leads the humidity by 20-40° over most of the

rest of the frequency range. These phase relationships are shown in

Figures 12, 13 and 14. The correlation between the temperature and

humidity in BOMEX (Figure 14) is not as high as in the San Diego

data due to the phase shift. However, the coherence squared in

BOMEX is still quite high (0.7-0.9) over most of the frequency

range. Even where the correlation is near zero at low frequencies

the coherence squared is still 0. 1-0. 3.

The values of o T/T* are higher than the values of oq/* in

BOMEX as is shown in Figure 9. The values of Iq in BOMEX

are about the same as in San Diego. The values of and wT in

BOMEX were both higher than would be expected. The higher value

f T' indicates that the vertical temperature transport process

in BOMEX was less efficient than inSan Diego.

To begin to explain these differences in BOMEX let us begin

with the phase reversal at low frequencies. R.iehl (1954) discusses

the trade-wind inversion. The trade-wind inversion seems to be

formed by the large scale descent of air over the trade-wind areas.

The dry high altitude air descends and is warmed. In sub-tropical

areas it meets the trade-winds blowing towards the equator and forms

an inversion. This inversion is characterized by decreasing humidity



and increasing temperature. The height of the base of the inversion

may vary from 50 to 2500 meters or more. In some areas it may not

be found at all, If the trade-wind inversion is present it is always

located at the top of the lowest cloud layer. Over the BOMEX area

the tradeS-wind inversion is typically located at about 1. 5 to 2 km

altitude. The thickness of the inversion may vary from just a few

meters to more than 1 km but typically averages about 400 m.

The weather conditions in the Barbados area during the portion

of the BOMEX experiment in which we participated were about 20%

cloud coverage with cumulus being the dominant cloud form. It rained

infrequently. These are typical conditions when the trade-wind inver-.

sion exists in the Barbados area. The atmospheric soundings taken

by other groups have not been checked to verify if the trade-wind in-

version existed over the Barbados area at the time but it is probable

that it did.

If an inversion existed then at the upper boundary decreasing

humidity was associated with increasing temperature. These condi-

tions would tend to produce an out of phase relationship between hu-

midity and temperature. The scale sizes associated with the change

of sign of the temperature-humidity correlation are 2-4 km. The

height of the trade-wind inversion is usually about 1.5-2 km. It is

possible that the change of sign of the correlation between the temper-

ature and humidity for the BOMEX data may be associated with the
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trade-wind inversion over the measurement area.

The time domain traces for BOMEX were previously discussed

and the unusual behavior of the temperature signal relative to the

humidity signal was pointed out. The 'cold spike in the temperature

trace and the corresponding drop but slow recovery in the humidity

trace was a common feature in all of the BOMEX time domain traces.

This behavior must be a major contributing factor to the 20-40 ° phase

shift between the temperature and humidity signals. The temperature

$ignal looks similar to what the humidity signal would look like after

being passed through an RC high pass filter. The response of an RC

high pass filter may berepresented as:

Vout
V. l+j(A)T'in

where u Zir f and i- = RC. For uT = 2 the phase shift is about

250.

The contributions to a-

T
are from the "R.0 roll off type spikes

of various lengths. Any spike is represented mainly by Fourier corn-

ponents whose large amplitudes occur at frequencies proportional

to 1 /(event length). The total spectrum is a combination of such

events and contribu.tions at each frequency are mainly from events

with T such that C* T is approximately constant. The analogy is not

exact, of course, but shows how such a nearly constant phase shift



can occur. This behavior of the temperature and hunidity records

also indicates that the temperature gradient must have steepened

above the eight meter level where the fluctuation measurements were

made while the humidity gradient was more uniform. The "roll off

rate" in both signals is controlled by the vertical velocity leading to

a temperature signal which looks like a filtered humidity signal.

When this colder air was brought down additional temperature

fluctuations were generated and increased the value of T
and

The overall correlations for the records (R ) in BOMEX werewT

smaller than in San Diego. It was pointed out previously that RT

and T/T* are inversely related. Thus the additional temperature

fluctuations generated by the steeper temperature gradient caused

T
and wT to increase in BOMEX but wT did not increase enough

to give a value of a- T/T* similar to the levels of San Diego. The

lower RT and larger a- T'r show that the process by which the

sensible heat was transported upwards in BOMEX was less efficient

than in San Diego.

The last remaining difference to be explained between the

BOMEX and San Diego temperature behavior is the suppression of

the low frequency temperature fluctuations in BOMEX. It was point-

ed out that the average absolute humidity in BOMEX was about 20 gm/

m3 while in San Diego the average absolute humidity was about 8 gm/

m3. Moist air is known to be a better absorber of long wave radiation
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than dry air. The much larger water vapor concentration in BOMEX

thanin San Diego was probably causing more absorption of solar radi-

ation and making the large scale temperature structure of the marine

boundary layer more homogeneous in BOMEX than in San Diego. This

type of behavior would tend to suppress the low frequency temperature

fluctuations and would account for the much lower low frequency tern-

perature spectral levels in BOMEX than in San Diego. The model for

BOMEX is now complete. Let us summarize the main features:

1) Temperature decreases with increasing distance upwards from

the sea surface.

2) A short distance above the measurement level the rate of de-

crease of temperature with height increases.

3) At the trade-wind inversion the temperature increases with

height producing a different upper boundary condition from

San Diego.

4) The humidity decreases with height through the whole lower

layer of the atmosphere.

5) The larger water vapor content of the lower layers of the atmos-

phere in BOMEX causes greater long wave radiation absorption

than in San Diego and tends to suppress the low frequency tern-

perature fluctuations.

11 all these conditions existed in BOMEX they would explain almost all

of the differences observed in temperature behavior between BOMEX
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and San Diego.

From the results from San Diego and BOMEX it is concluded

that the normalized temperature spectra do not seem to have a uni-

versal form over the frequency range which provides the main con-

tribution to the fluxes.

If a normalization of the San Diego and BOMEX temperature

and humidity spectra had been done with i' and the high fre-

quency ends of the temperature and humidity spectra would probably

fit. This result is probable based on the results of Paquin and Pond

(1970). The low frequency ends of the temperature spectra in San

Diego and BOMEX would probably then be lower than the low fre-

quency ends of the humidity spectra. This small decrease in the low

frequency temperature spectral level is presumably due to radiation

effects. Obviously these effects are much larger in BOMEX than in

San Diego.

This behavior of the temperature spectra in BOMEX and San

Diego probably does not violate similarity theory. Similarity theory

just does not provide for the decrease of temperature energy by radi-

ative processes. There is no equivalent to radiation effects for hu-

midity and consequently the shapes of the normalized humidity spec-

tra were the same in San Diego and BOMEX despite the greater abso-

lute humidity levels in BOMEX.



Normalized Co spectra Between Vertical Velocity
and Temperature or Humidity

The normalized cospectra between vertical velocity and absolute

humidity for San Diego shown in Figures 1 6 and 1 7 are very similar in

shape to the corresponding cospectra from BOMEX shown in Figures

18 and 19. The shapes and levels of the normalized cospectra

agree very well with the results of Miyake and McBean (1970) over

the frequency range where the two sets of data overlap. Miyake and

McBean report results from -3. 5 < log (fziU) < -0. 1. This excellent

agreement is particularly interesting since their measurements were

made over land.

The straight lines of Figures 17 and 19 have slopes of 0.8 and

-2/3. Miyake, Stewart and Burling (1970) observed that these lines

gave a reasonable fit to the normalized cospectral shape. Miyake

and McBean then observed that those lines also gave a good fit to

their normalized cospectral shape. From Figures 17 and 19 it

is obvious that a good fit to the data is obtained with these lines for

the frequency range that contributes to the flux. At higher frequencies

the slope is steeper than -2/3 as one might expect. Based on the re-

suits from San Diego and BOMEX it is concluded that a universai

form for the normalized co spectrum between vertical velocity and

absolute humidity probably exists.
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The normalized cospectra between vertical velocity and tern-

perature shown in Figures 21 and 22 from San Diego are very differ-

ent from the corresponding cospectra from BOMEX shown in Figures

23 and 24. This difference of shape is the expected result since the

shapes of the temperature spectra for the two sets of data were so

different. On the basis of these results it is concluded that a univer-

sal form for the normalized cospectrum between vertical velocity

and temperature probably does not exist.

Sensible Heat Flux

The directly measured values of the sensible heat flux for the

three San Diego runs average 50 cal/(cm2day). This value is based

on 94 minutes of temperature data. The sensible heat flux values

average 27 cal/( cm2 day) for all of the BOMEX data. These values

agree reasonably well with Jacobs (1951).

The results of attempting to relate the sensible heat flux to

ULT in San Diego and BOMEX are shown in Figure 26. There are

too few data points from San Diego to draw any firm conclusions but

there does seem to be some sort of functional dependence of wT on

TLT for the San Diego data. Hasse (1970) quotes a value of 1 X 10

for CT (Equation 4). The values we obtained for CT for runs 1, 2

and 4 are consistent with his value considering the experimental

scatter in both his and our measurements.
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For BOMEX does not show a sensible dependence on ULST.

The BOMEX data points would have to be moved about 1 -2 C ° to the

right to fit in with the San Diego data points and agree with the results

of Hasse. The probable temperature error is less than 0. 5 C

The answer to the higher than expected values of lies in

the previously discussed behavior of the temperature trace. When

the cold air was brought down it increased ci- T
and T to values

which were higher than one might expect from the values of AT.

The values for ° T
in BOMEX are very comparable to the San Diego

values although the BOMEX AT values are only 1/3 to 1/5 of the

San Diego values. The values for wT and T, in BOMEX are some-

what smaller than the San Diego values but are still larger than one

might expect. The fundamental difficulty with these BOMEX results

is that the mean air-sea temperature difference between the eight

meter level and the sea surface is not the temperature difference

which is causing the heat flux to occur. Perhaps the air-sea temper-

ature difference between 50 meters or so and the sea surface would

be more representative.

From a practical standpoint this inability to predict the sensible

heat flux from UAr makes littLe difference in BOMEX. The sen-

sible heat flux is small and little error in the total heat flux would

be introduced if a value of 27 cal/(cm2day) was taken for all of the

BOMEX data.
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Latent Heat Flux

The directly measured values of the latent heat flux for San

Diego and BOMEX average 185 and 285 cal/( cm2 day) respectively.

These values correspond to evaporation rates of 98 and 1 79 cm/year

for San Diego and BOMEX respectively. These values for the latent

heat flux are also consistent with the results of Jacobs (1951).

All of the results for predicting the latent heat flux from Uiq

for San Diego and BOMEX are shown in Figure 27. The solid line

shown in the figure was obtained from Equation 21 and is somewhat

disturbing because of the -1. 1 value for when L 0 although

it may be a statistical accident because of the small data set. The

dependence of wq on Utq may also be a function of wind speed,

stability or the skin temperature effect. The actual surface temper-

ature of the ocean is colder than the bucket temperature when the

ocean is losing energy to the atmosphere. This effect would reduce

all of the Lj values and move the line to the left. It would probably

also change the slope of the line. To answer the questionof the exact

nature of the dependence of wq on Ut will require many more

direct measurements under a variety of conditions. Considering

the uncertainty the dashed line which has the equation:

(1.2 >( 10) UL,
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is probably the best compromise. This value for Cq (1.2 x 10)
is probably subject to about a 20% error for these data. This equa-

tion results in the bulk aerodynamic relationship for the latent heat

flux of:

HL = L= (1.2x103) LTYA.

No matter which line is used the results will agree to within 10% at

3000< U< 6000.

Jacobs (1942) considered theoretical work by Sverdrup (1937)

and obtained the following expression for the moisture flux:

E0.108(e -e )W , (24)
w a a

where e is the saturation vapor pressure in millibars at the sea

surface temperature, ea is vapor pressure at six meters and W

is the wind velocity in rn/sec at six meters. The evaporation rate

(E) is given in mm/day. The constant in Equation 24 has dimensions

and when converted to our dimensionless form and corrected to our

reference height of eight meters has the value of 1.59 x 10. After
investigating various areas of the world ocean from a climatology

and heat budget approach Jacobs decided upon the following relation:

E = 0.143 (e -e ) W (25)w a a

where all units are as in Equation 24 above. The value of 0. 143

corresponds to 2. 08 X 1 0 in our system. Thus any prediction by
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Jacobs' formula would yield almost twice the value predicted by our

relationship. This apparent disagreement may not be unreasonable

when you consider that Jacobs' relationship is for values over a

whole season and not for a short period. There may also be errors

in Jacobs' formula due to having based his results on reports from

ships which may measure higher air temperatures due to the pres-

ence of the ship.

Jacobs (1951) considered the work of Montgomery (1940) and

obtained the following evaporation formula for a smooth surface

(W < 6. 5 m/sec):a

E = 7.9 X 10 (e-e) Wa (26)

where the evaporation rate is in gm/(cm2sec), the vapor pressure

in mb and W is in cm/sec at six meters. This constant becomes

1 x io in our system. This certainly is reasonable agreement.

The value obtained for a rough surface (W> 6.5 rn/sec) is 3.4 times

as large. The average wind speed for our data was 6. 0 rn/sec.

Sverdrup (1951) computed values for the evaporation coefficient

based on 356 days of observations by Wtst on the Meteor. These

observations were made from 25 ° N-55 °S in the Atlantic. A value

of the evaporation coefficient was obtained for five different geo-

graphical regions and they ranged from 0.71 to 0.93 with an average

value of 0.82. These values are for the evaporation rate in mm/day,
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vapor pressure in mb and wind speed in rn/sec at eight meters.

When converted to our system the above values have a range of

1.1 x i0 to 1.44 x 10 with an average value of 1.27 X

Again, this compares very favorably with our value of 1. 2 X 10.

Bunker (1960) reports values obtained from three days of

measurements in the trade-winds near Puerto Rico with an aircraft

and a ship that correspond to an evaporation coefficient of about

1 x10

From all of the values quoted above it is seen that the empir-

ical results of other investigators agree very well with our directly

determined value of Cq This suggests that many of the evaporation

studies done in the past are in fact reasonably accurate. To the best

of my knowledge this investigation is the first time that the bulk

aerodynamic method for obtaining the latent heat flux has been test-

ed with directly measured values of the latent heat flux obtained close

to the surface. Our value for C was obtained from data taken over
q

a two week period in May near Barbados. To answer the question

of whether or not it is valid in other geographical areas or for longer

averaging periods will require more direct measurements from

other areas.
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Bowen Ratio

The observed average Bowen ratio for San Diego was . 26.

Jacobs (1951) gives a value of .26 for the Bowen ratio in the proper

season for the 30-35° latitude band in the North Pacific. Sverdrup

(1951) gives a value for the Bowen ratio of .13. The Sverdrup value

is based on an annual average over the whole North Atlantic and North

Pacific Oceans at 300 N. Our agreement with Sverdrup' s value for

the San Diego data is not good.

The average Bowen ratio for BOMEX was . 1 0. Sverdrup gives

a value of .10 and Jacobs -.07. Here our results agree very well

withSverdrup.

The results of attempting to predict the Bowen ratio from the

air-sea temperature and vapor pressure differences (Equation 6) have

already been shown. The method was accurate to about 15% in San

Diego and failed in BOMEX. Since the bulk aerodynamic method

fails to predict the sensible heat flux accurately in BOMEX it is ob-

vious that the predicted Bowen ratio will also be wrong. This result

is of little practical importance since a value for the Bowen ratio of

10 may be taken for all of the BOMEX data and little error would

be introduced.

The success of predicting the Bowen ratio from the ratio of

the amplitudes of the temperature fluctuations to the humidity
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fluctuations in the frequency band .05-. 1 Hz has some interesting

possibilities. A typical wet thermocouple system might be 3 db

down at 0. 1 Hz. The dry thermocouple might be down 3 db at about

3 Hz. This is adequate response to measure humidity fluctuations

up to . 1 Hz. The sensible heat flux could be measured with a resis-

tance thermometer and a sonic anemometer. The humidity fluctua-

tions could be measured out to . 1 Hz and the "local Bowen ratio"

(Equation 23) computed. The latent heat flux could then be computed

by dividing the value for the sensible heat flux by the "local Bowen

ratio." Such measurements should be cheaper than using a Lyman-

alpha system. For these data this method would give the latent heat

flux with an error of about 20%. It would be interesting to test this

method with data obtained in other geographical areas.

Summary of Conclusions

1. The normalized temperature spectra do not seem to have a

universal form.

2. The normalized humidity spectra do seem to have a universal

form.

3, The normalized cospectrum between vertical velocity and tern-

perature does not seem to have a universal form.

4. The normalized cospectrurn between vertical velocity and hu-

midity does seem to have a universal form.



5. The sensible heat flux was not related to ULT in a simple way

during the BOMEX experiment.

6. The latent heat flux was predictable from Uq in San Diego

and BOMEX with a probable error of no more than 20%.

7. The Bowen ratio was predictable from the relationship devel-

oped by Bowen (1926) for San Diego with a probable error of

no more than 15%.

8. The Bowen ratio predicted by Bowen (1926) was too low by a

factor of two or more during BOMEX.

9. The latent heat flux was predictable from the sensible heat flux

and the ratio of the amplitudes of the temperature fluctuations

to the humidity fluctuations averaged over the frequency range

0. 05-0. 1 Hz. The probable error involved in such a prediction

was about 15% in San Diego and 20% in BOMEX.
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APPENDIX I. SUPPLEMENTARY rATA

RUN Hs Hs ML HL E
TD

L - -f:-

(TS_TD) (eS_eD) (q-q)
mw/ m call mw/ meal! cm! °C °C °C C0 mm Pg/
cm2 cm mm cm2 2 mm year Hg cm3

San Diego

1 2.0 28.6 7.9 113 105 11.9 9.5 14.7 2.8 4.57 4.62 .20

2 2.0 28.6 8.3 119 107 11.9 9.5 14.7 2.8 4.57 4.62 .12

3 1.1 15.7 3.8 54 49 11.7 9.9 14.5 2.8 3.83 3.87 .18

4 3.2 45.7 10.8 154 139 10.6 7.7 14.3 3.7 5.50 5.56 .16

BOMEX

5 1.1 15.7 13.5 193 174 27.7 23.5 28.3 .6 8.56 8.22 .27

6 1. 1 15. 7 9.7 139 125 27.4 24.2 28.0 6 6.74 6.48 . 23

7 1.4 20.0 15.3 219 198 27.4 24.2 28.0 .6 6.74 6.48 .20

8 1.5 21.4 10.6 152 137 27.4 23.7 28.1 .7 7.81 7.50 .14

9 1.8 25.7 18.2 260 236 27.9 23.8 28.2 .3 8.12 7.79 .11

10 1.3 18.6 11.4 163 147 27.8 24.4 28.2 .4 6.85 6.58 .11

11 1.0 14.3 10.5 150 135 27.9 24.2 28.3 .4 7.55 7.24 .22

12 1.3 18.6 15.5 222 200 26.6 23.5 28.5 1.9 8.37 8.04 .17

13 1.3 18.6 15.9 22& 206 27.4 23.0 28.1 .7 8.99 8.63 .22

14 1.3 18.6 12.3 176 159 27.5 23.6 28.2 .7 8.22 7.89 .33

15 1.4 20.0 19.4 278 251 27.3 22.6 28.1 .8 9.36 8.99 .15



APPENDIX I. (Continued)

RUN cr T
* q* -uT -uq qT R -R

13
-R

uw
1O3 C

D
-

Lw u v qT

cm! cm! cm! C° .ig/ C° J.g/cm3x Lg/cm3
sec sec sec cm3 cm/sec cm/sec x C°

San Diego

1 29.0 69.1 70.7 .17 .35 2.73 7.08 .027 .82 .46 .27 1.60 .20
2 32.3 75,7 80.0 .15 .31 3.43 10.10 .031 .87 .43 .30 1,66 .12
3 25.8 55.1 60.1 .12 .20 1.74 0.94 .015 .67 .49 .27 1.66 .18
4 38.1 109.0 129.0 .22 .38 2.70 2.48 .043 .76 .38 .20 2.29 .16

BOMEX

5 25.2 58.5 67,1 .12 .73 1.51 14.70 .032 .51 .48 .24 1.65 .27
6 26.4 59.5 72.1 .12 .52 1.07 14.30 .024 .49 .49 .24 1.20 .23

7 32.6 81.5 79,0 .13 .70 2.43 25.20 .038 .53 .50 .19 0.97 .20
8 35.1 79.3 96.5 .13 .44 3.05 26.00 .051 .61 .34 .22 1.76 .14
9 42.1 71.7 100.0 .13 .63 2.86 18.70 .050 .59 .44 .29 1.69 .11

10 29.6 67.3 68.0 .11 .45 3.03 20.60 .036 .56 .46 .33 1.44 .11
11 24.6 56.3 57.1 .13 .55 2.03 13.80 .034 .51 .46 .28 1.36 .22
12 32,8 67,5 63.0 .12 .67 2.02 19.10 .035 .57 .47 .26 1.33 .17

13 30.4 63.4 69.6 .13 .74. 1.66 17.70 .032 .43 .45 .25 1.41 .22

14 27.0 61.7 71.4 .15 .67 0.57 12.10 .020 .30 .46 .21 1.33 .33
15 33.8 73.1 74.5 .12 .76 2.46 28.20 .043 .41 .45 .28 1.49 .15
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APPENDIX II

CORRECTION OF BUOYANCY PARAMETER
FOR. MOISTURE EFFECTS

The dimensionless buoyancy parameter, z/L, where:

(gIT) wT
(1)

3
u /Kz

was developed for use where the moisture effects on the atmospheric

density were small. The variations of temperature were used to

represent density variations.

Over the ocean the moisture content of the atmosphere is always

large enough to have an important effect on the atmospheric density

and must be considered.

The density of moist air may be expressed as:

p =1.2929[ B-0.3783e
T ( 760

(2)

where B = atmospheric pressure in mm of Hg, e = vapor pressure

of the water vapor in the atmosphere in mm of Hg and T atmos-

pheric temperature in °K.

For our data B was never very different from 760 so Equation 2

may be approximated by:

273 4P = 1.29[(1-5 X l0 e)]. (3)
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A virtual temperature (T) is often used when computing atmos-

pheric density. The virtual temperature takes into account the effects

of the water vapor on the density structure. Assume a form for the

virtual temperature of:

TaT=
V

1 -SXlO4e
(4)

where Ta is the atmospheric temperature. As the vapor pressure

of the water in the air increases the denominator decreases and T
V

increases. This form is entirely consistent with the expected behav-

ior for atmospheric density. Increasing the amount of moisture in

the air or increasing the temperature of the air decreases the atmos-

pheric density. The increase of T as the vapor pressure (e) in-

creases thus takes the water vapor content of the air into account as

a corrected temperature.

A binomial expansion to first order of the right side of Equation

4 allows the virtual temperature to be expressed as:

T = T(l +5X1O4e). (5)

This relationship involves the vapor pressure of the water in mm of

Hg. All of our results are based on absolute humidity. Therefore

it is more convenient to convert the vapor pressure (e) to absolute

humidity (q).

This conversion may be accomplished by recalling that one mole
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of water vapor weighs 18.0 grams and occupies 22.4 L at STP.

One mole of water vapor would also exert one atmosphere pressure

(760 mm) at STP. Thus the absolute humidity may be expressed:

emm 18.Og 103L 273°K 273
q 760mm 22.4L X X T°K = 1.058 e X--- . (6)

m

This relationship gives the absolute humidity at STP in gm/rn3.

The buoyant production of turbulent energy is given by -pg aw

where a = fluctuations in the specific volume anomaly. To first

order:

T 5X104Paj +j.x 1.058 q
0

where T and q are fluctuations of temperature (K°) and humidity

respectively and T is the average temperature of the layer (° K).

Hence buoyant production may be expressed:

T -4rwT o 5X10 -Buoyant Production g-- +j-X 1.058 wq] (7)
0

The value 1. 058 results from:

1 18.Og 103L1.058 760mm 22.4L 3
(8)

rn

With these results the definition of z/L is changed to:- TKz rwT oz/L = X X4.7 X104}. (9)
u* 0
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By adopting this definition of z/L a more accurate buoyancy

parameter results. The water vapor effects on the density structure

of the atmosphere are taken into account.




