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ABSTRACT

The standard 3-hourly  meteorclcgical observations from
~Ocean Weather Station_'Papa' (50N 145W) fo; the pericd 1958 tec
1967 are examined, Pcwer spectra of the wigd speed, air
pressure, air temperature, absolute humidity, and sea
temperature are computed. The wind speed spectra from the open
ocean environment aré conpared with those fcund at cther ccean,
coastal and 1land staticns, The seascnal spectra of these
gquantities averaged over each of the ten years indicate that the
character of the activity changes both with respect to the size
and frequency of the variations during the cocurse c¢f the year,
Spectra are€ alsc conmputed for Ue U _, Uko, U»AT and UeAq which
through the bulk transfer formulas are regpreserntative ct
momentum, sensible heat and. latent heat fluxes, The rotary
power spectrum of the vector wind and vector wind stress <chow
that clockwise rotations. of the wind and the wind stress contain
more energy than the anti-clockwise rotations,

Cross-spectral values are computed between the vector wind
and scalar quantities. As well, the cross-spectra between =sone
of the various scalar quantities were examined, .

The effect of using data commonly available over the cceans
on the computation of the bulk fluxes is examined., 2 comparison
cof the monthly wind stress and latent heat flux ccmputed fronm
the data organized intc the format of the Marine Climatic Atlas
with . the directly calculated values show gocd agreement between
the +two methods, The sensible heat flux deviates mor e
seriously, particularily in months of small fluxes,

The effect on computing bulk fluxes from surface weather



iii

chart data 1is examined Ly computing these fluxes frcm vector
averaged wind data. The use of this data format results in
substantial reductions to the wind stress (ragnitude reduced to
cne-half cf the dir=ctly calculated value for an averaging
period of one month), The latent heat flux is reduced by a
factor cf 0.53 and the sensible heat flux by a factor of 0.62

for the monthly averaging period.



TABLE OF CONTENTS

ABSTRACT ssssesssssnassssasnssesassoansssncscsesssnssnsssosscsssil
LIST OF TABLES .tesevecoccesacncsssnssasacansssssssessssnses Vil
LIST OF FIGURES sceeccsvasascscsscsassosacssasnssossesnssesViii
BCKNOWLEDGEMENTS suieneesascsccsccsscascscsccssscsnsacsosnsasssseXi
Chapter 1
INTROLUCTION s eesescscesccncsecsssassscsenosssesnsssnssssesnsse l
Chapter 2
CATA COLLECTION .seesessesnssecscesssoscseocsssscscsssonssncsssssd
2.1 Ccllection ProCedUIreS seseesssssccsosessscssssssssasnasd
2.2 Missing And ECTCRECUS DAtA saeeenccesosncenacscsnssnesl
2.3 Derived Quantities ..seceesscsnssrscscssnscccssscssnsced
Chapter 3
SPECTRAL ANALYSIS sensevecssscsssccesesnsssacnsascssssscscscscsasll
3.1 Introduction .,,.,....,.....;.......,.,....,....q..,11
3.2 CrOSS—SPECLIA cseeosvcssasssoscscssssssssasossscssasee 2
3.3 Rctary Spectra ...;,.,.,.....,..,.....,.............1u
3.4 Spectral Display Methcds ...,........;..,,..,.......16
3.5 Srectral SmoOthing ssseececesoscecsseconsscscscncscccssansel’
3.6 TWO-Y€arly SPECLT@ cevevonssncasoccsccssossoscsscscnscsas il
3.7 Scasonal SPECLTA soesssscscccccnnscscssossescansncssossesll
Chapter 4
SPECTRAL RESULTS 4ecscesessssssascscscancsnsscscsssscssscsccnsldl
4,1 INtrodUCLioNn seveeevscoscconeasscnssasosnsssosnssssnasensl3

B.Z Wind onqn.gooq-g-.ocio»tpgcqqgoto.oacu_aqpbno-qoooq.-_o]23

u.3 Ait Pressure O...",.O.I.0"....‘..0....DQ.O..O..'.Q.38

iv



U.4 Sea Surface TEHPETAtULL ooivseeosssssssocacscecsssonsed3
4,5 Air TemPETAtuUTS seeeescsssccssosssssassscnnsssssesssslS
4.6 Absolute Humidity ............s...,........;........53
4,7 Turbulent Fluxes ;........,....,...................,57
Chapter 5
CROSS-SPECTRAL RESULTS saseesccsssssccsesssscscsnsasssanssesb?
5.1 Introduction .,....;.........................,..,.,.69
5.2 Air PrOSSULE .seseveesncsasencssassnsossncscssssssssasli
563 ALr TeOPErAtUTLE sseesececesssassecsnassassnsosscesesnnes il
5.4 Absolute HUMidity eseveesssscenrccssscsconssncsnsssssslB
5.5 Sea TenMpPeratUre ..eseeesccessssscccssnsssssssscensaesil
5.6 Co-spectra Between Quantities Used Tc Ccmpute Bulk
FlUXES eeeossasesesscsncsscnsennsesnnscscsssssssocccnssesl0
Chapter 6
THE EFFECT OF DATA SMCOTHIRG CN WINL STRESS CCMPUTATIONS
cessesescesessssssesenseeseeenseesesessesssevessevsasssssesID
6.1 Introducticn ..,,.,..,.,.,.,,.,...,.,....,...;......95
6.2 Direct Wind Stress Computation .eevecescscessssesesad?
6.3 Wind Stress From Climatic AtlaseS .eeesessssseceess 102
6.4 Wind Stress Prom Surface Weather Charts .ceeescssss 106
Chapter 7
THE EFFECT OF DATA SMOOTHING ON HEAT FLUXES ceeeccences 111
7e1 IDtrodUCtiCN seeessessssescssennscsncssoacssscssnsssscas ]
7.2 Direct CalculatiClh ceeseceenssccsccsssensossonsencasll
7.3 ClimatiC Atl18S cssseccscascsssssoncssscsscsccssssssasslld
7.4 Surface Weather ChAarItS ceceseeseccscesssscsssssscsses 119

Chapter 8

SUMMARY ooo.-o00.0_"_.!00.0,.90900_0!_._._.-.00ooqooogqlo.qco123



EIBLIOGRAPHY ;.'...."..."0........C....Q..........'....I129

APPENDIX I

INCORRECT DATA ...ll'l........‘.'..‘lll...l...0........133

APPENDIX II

MEANS AND POWER SPECTRAL INTEGRALS

Q..'..........'.....'135

vi



Table

I1

I1I

1v

VI

Vi1

LIST OF TABLES

Page

The energy of single harmonic spectral peaks
found at periods of one day, one-half day and
One—quarter day. IENREIEII I B BN N BN R IR IR A IR BN BN BE B IR N 2R 2 B I 28

A summary of the period and level (fe9) of the
synoptic peak of the wind speed spectra as
determined by various investigators._ R IR 30

The energy of single harmonic spectral peaks of
air pressure, air temperature, absolute humidity
and sea surface temperature found at periods of
one day, one-half day and one-third daye ecseseees U2

The energy of single harmonic spectral peaks of
quantities  which are representative of the wind
stress (UeU), the sensible heat flux, the latent
heat flux and the +total turbulent heat flux
found at periods of one day, one-half day and
One'quarter day. 292 0 0622089080880 ENERCOIERIOIRIBRSIOTEDS 61

The data format used in wind roses presented 1in
the Marine Climatic AtlasS©S. essecsessssssccsssss 104

Comparison of the wind stress magnitude and
direction as computed from the data organized
into the format of the Marine Climatic Atlas
(*MCA*) with the value computed directly fronm
the 3‘h0ur1y data ('Direct'); o.otcoocoqaooooooot,105

A comparison of +the sensible and latent heat
fluxes computed from the data organized into the
format of the Marine Climatic Atlas ('MCA') with
the value computed directly from the 3-hourly
data (’DireCt'); oqoqo.-.gqggo.oquoogcﬁyooqawq.-,117

vii



8.

10.

1.

12.

13.

viii

LIST OF FIGURES

Page

An example of the effect of filtering to Tremove
the annual variationb 2 65 5 5 0 2 25 ¢80 5 S8 S H SISO e e 22

The two-yearly wind speed spectrum for the
periQd 1958 to 1967. ..'.‘...I.i..‘!...l.....’.I.. 2“

Wind speed spectra for each of the seasons
averaged over the ten years, 1958 tc 1967, +svees 26

The rotary autc-spectrum of the wind computed
from five two-ycarly blocks ccvering the fpericd
1958 t01967o Q..'...l'.l'.'....0_...._!.0..9.0.0.. 3“

The seasonal rotary auto-spectra c¢f the wind
averaged cver the ten years, 1958 to 1967, cesense 37

The power spectrum of air pressure ccmputed from
five two-yearly data blocks covering the period,
1958 to 19670 ERE IE BN IS B BN BN B R BE R N BN BN NN BE B B BE BE BE B BN K B B BE BN BE IR B AR N 1 39

The seasonal power spectra of air pressure; each
spectrum is averaged over the ten years, 195¢& tc

1967. LB BN BE BN IR BN BN BRI AR 2R 2 B B R 20 BN R B BN 0 BN 2 B B 2R BN 3N JL BN BN AR IR BN R IR L 2N IR 2N J uo

The power cspectrum of sea temperature computed
from five two-yearly blocks covering the period,
1958 to 19670 L BN IR B BN BE L BN BN BE N RE BN NS B B BE BE BE B BN BN BN BN BN R BN BN BN IR BN BN BRI J uu

The seascnal power spectra of sea temperature;
each spectrum is averaged cver the ten years,
1958 to 1967' ..l..0.._.0".'..‘.....,.!l..'...l.. u6

The power spectrum of air temperature computed
from five two-yearly data blocks covering the
period' 1958 to 19670 ....Q'....l’.l....‘.l....‘l. 50

The seascnal pcwer spectra of air temperature;
each spectrum is averaged over . the ten years,
1958 to 1967. LI L N I BN BN B L B R IR O I AN IR BN B B BN 2R BN BN BN BN AR IR BN BN I 4 51

The power spectrum of absolute humidity ccmputed
from five twc-yearly data blocks covering the
periOd' 1958 to 19670 ® 5 5 5 5 S 09D SR S S S S B PO D SO e e Su

The seasonal pcwer spectra of absolute humidity;
each spectrum is averaged over the ten years,
1958 to 1967. .'.Q.Q...OC‘..'..'.'OQQOQ......Ol.. 55



14,

15.

16.

17.

18.

19,

20.

21,

22,

23.

24,

25,

The rotary auto-spectrum of |0}U, a quantity
which is proportional to the wind stress,
computed from five two-yearly blocks ccvering.
the period 1958 to 1967. esesse s et s0e Rt sRLESSS

The seasonal rotary auto-spectra cf 1U1ﬁ, a
quantity which 1is ©proportional to the wind
stress, computed from five +twc-yearly blccks

covering the period, 1958 to 1967. +eececonsonsos.

The power spectra of UAT (in (Co0-m/cec) 2,
proportional tc the sensible heat flux), UAg (in
(gn/m2-sec) 2, proportional tc the latent heat
flux) and 1.20AT + 2,440 A (proportional to the
total turbulent heat flux), corputed frcm five
two-yearly blccks covering the period, 1958 to

1967. LI 2R K BN BN 0 R Jh BE 2K B BN BN 2N R N 2 BN BN DR DR BE 2E L R BN BN BN 2R B BN BE BN BN BN B BE BN B IR N B

The seasonal pcwer spectra of UAT (proporticnal
to the sensible heat flux). Fach spectrunm is
averaged over the ten years, 1958 tc 1967. ceesse

The seasonal power spectra of UAg (proportional>
to the 1latent ‘heat flux). Each spectrum is
averaged cver the ten years, 1958 t0 1967. . +vevee

The  seasonal spectra cf 1.20AT + 2.440Aq
(prcporticnal to the total turbulent heat flux).

Graphs of phase, <coherence and the transfer
spectra between the wind and air pressure€. .esses

Graphs of phase, coherence and the transfer
spectra between the wind and air temperature€. ...

Graphs - of phase, coherence and the transfer
spectra between the air temperature and UAT (a
quantity representative of the sensible heat

flux). FEEEEREFENNIETEINIEIE I I I I RS B R R R SR I NI Y B SR S B I N N Y Y A )

Graphs of phase, <coherence and the transfer
spectra between the air temperature and the
absolute humiditYQ l....l.l.l.;.....'...........0

Graphs of phase, coherence and the transfer
spectra between the wind and absclute humidity. .

Grarhs of phase, coherence and the transfer
spectra between the absolute humidity and UAq (a
quantity representative of the 1latent heat

flux). # 5 & 3 59 09 05 8 O BH BB S OSSO P 0N LSS 0TS 0NN O eE SIS

58

59

62

65

66

ix

67 .

71

75

217

79

81

82



26.

27.

28.

29,

30.

31,

32.

33..

34,

35.

36.

37.

38.

Graphs of phase, <coherence and the transfer
spectra between the air temperature and the sea
temperature. LR B BN B B B R NS B N R BE N R RE B NN B BN N CEE B RN BN R R BN BE N B NE R BN R

Graphs of phase, coherence and the transfer
spectra between the wind and sea temperaturie. ...

Graphs of phase, coherence, and the transfer
spectra between the sea tewmperature and air

pressure. LI B R I B N B KRR IR AR BN IR IR 20 DR BE B BN BN BRI IR BN TR BN BN BN BN BN BN IR BN IR IR R N J

Graphs of phase, coherence and the transfer
spectra between the sea temperature and
1.2*%0AT + 2,44%0Aq (a quantity representative of
the total turbulent heat flux)e ecosvessssesscscss

The co-spectrum Lhetween the wind speed and the
east-west wind component and between the wind
speed and the north-south wind ccmpcnent
computed from five two-yearly blocCkSe. ececeacvrscee

The co-spectrum Letween the wind speed and the
sea-air temperature difference and between the
wind speed and the sea-air humidity differernce
from five two-yearly bloCksS. seceescssssscsncscsas

The directly calculated wind stress fcr each
year from 1958 tc 1967. L2 I R NN BE B I BN B IR BN L B BN B AR IR 2 BN B R

The 'directly calculated wind stress fcr each

month. .......l"."..........".."...Q.._.'....C.

The ratio of the wind stress mégnitude computed
from wind data that are vector averaged over a
period, T to the directly calculated wind

StreSS. LA I R B B 2 B BN L B L BN BN R I L IR IR 2 2 BN B B BN B B B N BN B I BN B BN BE BN B BN IS J

The yearly averages of the directly calculated
sensible and latent heat flUuXeS. cesvessosscsocsse

The monthly averaged sensikle and latent heat
fluxes directly calculated from the 3-hourly

data.V L N BN B BN 2N BN B BN AL IR I BN A BN N R AR 2R R BN BN b BN BN IE 2N BE BE IR R B BN BR IR BE BN BN IR B IR R J

The monthly averaged sensible and 1latent heat
fluxes computed from the data crganized intc the
Marine Climatic Atlas format. LN DK 2N BE BN BN BN BN BE L BE 2R 2R B B 2 X N J

The ratio of the sensible and latent heat fluxes
as computed from data that is vector averaged
over a period, T to the heat fluxes computed
directly from the 3-hourly readingsS. eeesessosses

84

86

88

89

91

93
99

101

109

113

115

118

121



xi

ACKNOWLEDGEMENTS

I would like tc thank Dr. Stephen Pond for suggesting this
study and for providing expert guidance and support throughout.
Also my thanks to Dr. Miyake and Dr., Burling fcr their helpful
comments,

The National Research Council cf Canada and the Office of
Naval Research have prcvided the computing expenses. Finally, I
wish to thank the National Research Ccuncil cf Carada and the
Defense Research Board c¢f Canada who have supported me

personally in the course of this study.



Chapter 1

INTRODUCTION

The atmosphere and the ocean are intricately coupled by a
wide variety of  physical phencnena. Such interactions take
place cver a very large range of time and spatial scales and it
is useful to classify the types of interactions according to the
characteristic scale size over which each <c¢ccurs., One can
divide the entire time ( or spatial ) range into several general
overlapping scale ranges (see Denman,1972 c¢r Fiedler and
Panofsky,1970). The smallest 1is the microscale over which
turbulent transfers of mcmentum, heat and wéter vapour occur in
the surface boundary layer, This scale ranges from pericds of
apprcximately one second up to about an hour. The nmescscale
ranges from several minutes to approximately two days. An
intermediate scale called the syncptic scale ranges from periods
cf a day to several weeks, This scale 1is associated with
movement of cyclonic and anti-cyclonic pressure systems together
with their fronts, Beyond the synoptic scale, phencmena of
longer periods are said to belong to the gseasopnal and climatic
scales,

In this study, the periodicities of surface 1layer
meteorologicél and oceancgraphic guantities at Ocean Weather
Staticn Papa in the N.E. Pacific .are examined ty meens cf
spectral analysis. This technique ccmputes the ccntributicn to
the total variance at various frequencies, The analysis
resolves periods ranging from 6 hcurs tc twc years, The cross-

spectra between pairs of selected quantities were alsc computed.

This analysis allows for the examinaticn cf the relationships



between pairs of quantities at varicus frequencies.

Where possible, these spectral results are compared with
previous results found by other investigators, Much wcrk has
been doné on the speétra of wind speed at land and coastal
weather statibns but similar results fcr an cpen ocean
environment are very limited. The previous work on spectra of
the other quantities (such as air pressure, tesperature and
humidity) is even less extensive at both land and sea stations.

The interactions betweén the Atmosphere and the seé in mid-
latitudes are known tc vary markedly with seasons. The wiﬁds
are generally lighter in summer than in winter, indicating that
less momentum is transported to the sea. Ccmputaticns by
Tabata(19655 of the total heat transports to the Stmosphere at
Ccean Station ‘'Papa' show that this varies frcm abcut 30
cal/cm2-day during late spring to 150 cal/cm2-day in the winter,
In order to study such seasonal variaticns, spectra fcr each
season averaged over the ten years of available daté were
computed. These spectra reveal changes in both the 1level of
fluctuations and the frequencies c¢f identifiable spectral
features with the time of year.

A recent development in spectral analysis has been the use
of cc-ordinate invariant rofary auto- and <cross-spectra
(Mooers,1973)., The rotary auto-spectrum is ccmputed froﬁ fhe
components of a vector quantity. This analysis resolves the
spectrum into separate contributions tc the variance from the
vectors rotating either in the <clockwise or anti-clockwise
directions., 1In a similar fashion, the rctary crcss-spectrum is

computed tc determine ccherence and phase values Ltetween a



vector time series and a timé series of another quantity (either
scalar or vector),

| Transfers of momentum, sensible heat and water vapour take
place in the turbulent boundary layers cf the cceaﬁ‘and the
atmosphere, Direct measurements of such transfers require
equipment which is capaktle of‘resélving micrcscale quantities
and is ccmplicated and expensive, Therefore, the time and
séatial distribution of direct measurements is and likely will
remain very limited.

Attempts have been made to rparameterize the fluxes of
momentum, sensible .heat and water vapour in terms of variatles
averaged over a period of an ﬁour or sc, that are mcre generally
available. The momentum flux (? ) can be written as (Roll, 1965)

v : R Lo
T =0CpI U1 )

where p is the air density, E-is the mean wind velocity over a
period of about an hour measured at some reference height, and
CD“is the non-dimensional drag coefficient, Deteiminatibns of
the wind stress or mcmentum flux with fairly direct estimates,
show that CD=(1.3 to 1.5)x10-3 on averége with a ccnsiderable
amount of scatter and an uncertainty of the mean of 20 to 30 %
(pond et., al., 1974; Stewart, 1974). This ccefficiént ma y be a
weak function of wind speed but as yet virtually no direct
estimates have been made for winds greafer than 15 m/sec so this
dependence remains uncertain.

Similar non-dimensicnal bu;k transfer coefficients, CT and

Cq for sensible heat (Hg) and latent heat (HL), Iespectively

have been defined (Rcll,1965):

Hg=p CpCpUAT (2)



A
Jaa (3)

where U is the mean wind speed over an hour (this 1is equal to

H =LC

167 within 2 to 3%), CP is the specific heat c¢f air at ccnstant
pressure, AT is the tewmperature difference Letween the seas
surface and a reference height, L is the latent heat rer unit
mass and Ag is the absclute humidity difference between fhe sea
surface and a reference height., Direct estimates cf Crp and Cq
are rather limited, but thcse that are available indicate that
both values are around 1.5 x 10-3 with a ccnsiderable amcunt of
scatter (Pohd.et. al., 1974) ., Using equations (1),4 (2), and
(3) , values which are representative o¢f fluxes cf momentun
(101 0), sensible heat (UAT) and latent heat (Upg) were subjected
to spectral analysis.

Parameterizing the turbulent fluxes in terms of @mean
quantities measured over periéds of an hour still.leaves much to
be desired when examining the large scale spatial distribution
of fhese fluxes., This deficiency is due fo the - very 1limited
availability of measurements of these mean quantities cver the
world's oceans. The «¢nly regular source of this kind of
iﬁformationl comes from the ocean weatherships which are
necessarily few and far between, In practice, then, one is
forced to rely on data from two sources: Climatic atlases such
as those published by the U. S. Navy Cceénographic Cffice and
éufface weather charts, The climatic atlases are based on
meteorclcgical measurements collected over many Yyears fron
weatherships and ships-of-opportunity. The values cbtained are
compiled into tables fcr each month summarizing all otservatioﬁs

of each quantity for various sections c¢f the ccean surface. As



an example, the compiled wind data is displayed in the form of
wind roses (which are described in Chapter 6). Meteorolcgical
weather maps issued by weather cffices display the mean pressure
field and reported surface observations for various periods.
From the pressure distributicn, the geocstrcphic wind can be
computed and then extrapclated to the surface.

For both of these déta sources, the organizaticn of the
data necessitates a .considerable amount of smoothing. When the
parameterization formulas are applied to this smccthed data, the
resulting fluxes will differ from those computed from the direct
measurements of mean quantities. The extent cf the dJdifferences
are examined by appropriate smoothing of the 3-hourly
measurements at Ocean Weather Staticn 'Papa' to make them more
like data that are éommonly available. Using these smcothed
data, the fluxes are computed by means ct the bulk
parameterizations and compared with the fluxes computed directly
from the unsmecothed data. One can then ‘'ccrrect' the
parameterization ccefficients to get better estimates of the

fluxes from the more readily available smcothed data.,



Chapter 2

LATA CCLLECTICN

. — > . — .

The data used in this study were ccllected by the Canadian
Meteorclocgical Service(now the Atmospheric Envircnment Service)
at Ocean Weather Staticn 'Papa' located at longitude 145W and
latitude 50N approximately 900 miles west c¢f Vanccuver Island.
The station was established in 1950 as one of a worldwide
network of weatherships manned by varicus ccuntries, The
measurement program includes upper air soundings and routine
surface meteorological readings. Since 1952, the Pacific
. 0ceanographic Group (ncw Ccean and BAquatic BAffairs, Pacific
Region) has been making oceanographic measurements at Station
'‘Papa' as well., The data used in this study are from the years
1958 to 1967 inclusive,

The station 1is manned alternately by two ships which each
spend 42 days on station. During the period cver which the data
were ccllected, the twc ships were the CCGS Stonetown and the
CCGS St. Catherines, While on staticn, the ships are ncrmally
underway. They are considered to be ‘'on station!' if they remain
inside a ten mile square centered on the staticn's lccation.

The data were obtained from the Atmospheric EInvironment
Service on digital magnetic tape in the 1Internatiocnal
Meteorological format (80 column card images). These data,
after some sorting and interpretation were trapsferred to
another tape in a more suitable‘form fdf data processing. A

description of the procedure used in writing the seccnd data



tape and time series plots of selected quantities is fcund in
Hertzman, Miyake and Pond(1974).

The dquantities taken from the data tape fcr use in this
study (together with their original units) are wind speed, U,
(in knots), wind direciion, ®, (compass dégrees indicating the
direction from which the wind? blowsj, air pressure, P, (in
millibars), air temperature, T, » (in 0C), wet-bull temperature,
Ty (in °C), and sea temperature, Ts' (in ©°C), all being
measured at three hourly intervals. The wind is measured fronm
one of three anemometers at 22 m abcve sea level., The reading,
taken from +the anemcmeter with the best exposure, ié a ten
minute mean, The aif pressure 1is measured with an aneroid
ktarometer and corrected for height and temperature; The'air and
wet bulb temperature are measured from a ventilated shelter at a
height of 17 m above sea level. The sea temperature is

determined from a surface water sample drawn with a bucket.

The data record is very nearly ccrplete. Ccf the 175,296
possible samples (for 6 quantities reccrded every 3 hcurs for
ten years) cnly 1427, cr 0.82% of the total, are missing or
obviously incorrect, The worst case lin the apnalysis that
follows is for the seasconal spectra of the ten winters. . BHere
1.5% of the values used are missing cr incorrect. Of these 1427
values, 1404 are ,a result of the ship leaving its station and
thus missing readings., The <remaining 23 are arrarently
erroneous values., Examples of such errors are sea temperatures
that suddenly piunge to 0.0 ©0C, wet-bulb temperatures that

exceed the air temperature by 0.5 CO or more and wind directions



that are greater than 3609, A complete listing of the missing
and erroneous data is given in Append{x I.

In addition tc the missing or incorrect data values
discussed above, examiﬁation of'the sea temperature time series
plots revealed regular intervals of increased_diurnal variatiohs
for the first five years of the data. Because the period of the
increased activity is very nearly equal tc¢ the time that one
ship is on staticn, it is thought that this effect is due to
observers on one of the weatherships inadvertantly 1leaving the
surface water sample bucket on deck for some time tefore taking
the temperature., A special correcticn fcr the spectra o¢f sea
surface temperature will be discussed later.

In the time series subjected tc spectral analysis, the
missing and errcnecus data values were  replaced, The
replacement .values were simply determined by.means cf linear
interpclaticn between the 1last correct value tefore the
incorrect data and the first correct valhe fcllowing the
incorrect data. This ccrrection procedure .will have 1little
effect on‘the spectral contributions cf pericds lcnger than the
period of replaced data but will reduce contrikutions at periods
less than that of the replaced data. Hcowever, since the data
replaced is A very small fraction of the total data,.this effect

is expected to be negligible,



From the basic quantities several other surface quantities
were derived and used in the analysis. The east-west and north-
south components of the wind were ccmputed taking winds directed
to the east (westerly winds) and winds directed to the north
(southerly winds) as being positive. The temperature difference

tetween the sea and the air was computed taking AT=TS—T sc¢ that

a
positive values of AT should correspcend tc upward heat fluxes,
The absolute humidity (q3) (with wunits c¢f gm/m3) was
calculated from the values of wet-bulb temperature (Tw), air
temperature (T5) and air pressure (P). The vapcur rpressure of
water (e) is given by
e=e, ~[0.00066 (°C)~1 ]P (T, - T, ) ' (4)
where e Wis the saturaticn vapour pressure at T, (CRC Handbook
of Physics and Chemistry, 51st Edition, p. E-39)., The atsolute
humidity of a saturated atmosphere (q) depends cnly cn the
absolute temperature tc a very good approximation:
q=C1 exp (-C,/T) (5)
where C ,=6.4038 x 108 and C,=-5107.4 are determined bky a 1least
squaﬁes fit to tabulated values given in the CEC Eandbcok of
Physics and Chemistry. Applying the equaticn of =state c¢f an
ideal gas, (95=e¢/ (RL, ), where R is the gas constant) to equation
) : |
957 (T,;/ T )C1@xXE (=C /T ) -0, BB (T ;~T ) /Ty (6)
where the 'témperatures are in absclute degrees, pressure is in
millibars and the humidity is in gm/m3, The atmosphere at the

sea surface is taken to be saturated sc that equaticn (5) may be

applied for the absclute humidity at the sea surface (gg):
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94=0.98C1exp(-C,/T,) (7)
vhere the factor of 0,98 accounfs‘for the lcwering cf vapour
pressure due to the presence of sea salts at the surface.
Equations (6) and (7) are used to compﬁte the absolute humidity
dif ference, Aq=qs-qa, so that positive values cf A g ccrrespond

to an upward water vapcur flux.
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Chapter 3

SPECTRAL ANALYSIS

3.1 Introducticn

To study the <cycles and pericdicities c¢f a time varying
quantity, scme means of separating the fluctuaticns c¢f various
frequencies must be emplcyed. OCne can do this by elimination of
unwanted frequencies, <either visually or by using analog or
digital filtering technigues. Another method is to make a least
squares fit between the original time series <sigpal and an
oscillating signal of some well known frequency. Such methods
are useful for determining the strength c¢f a well known
periodicity but are ipadequate to provide an overview of the
periodicities that are present., Spectral analysis, rather than
eliminating frequencies, resolves the signal into its frequency
components,

A time series consisting of N equally spaced samples X (Jj),
j=0,1,2,...8-1 can be Tepresented by'a frequency series A (k) by
ﬁeans of the discrete Fourier transform:

- N-_Ll
A(k)=_2§(j)exp(2nijk/N) k=0,1,2,¢4.N-1 (8)
3=

where i=/~1 (Jenkins and Watts,1968). This expression can te
written as A(k)=N(a(k) + i*b(k)) where a(k) and k(k) are the

Fourier cosine and sine coefficients:
N-1 | .
a(k)=[jgg(J)COS(Zan/N)J/N (9)
N-1 )
b(k)=[ X (3)sin (2r Jk/N) I/N (10)
J::

These values are ccmputed using the fast Fourier transform (FFT)
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algorithm developed by Ccoley and Tukey(1965). In this study, a
versjon of the FFT algorithm devised by Singletcn (1968) is used.
The values of a(k) and b(k) are defined over frequencies ranging
from the fundamental frequency of the record 4f= (1/Nat) to the
Nyquist frequency fiy=(1/24t) where At is the sarmpling pericd.
A sample power spectrum has the property that
—_— o fyHOE/2 :
X2(j) - x((3Nz2= S b (£)df (1)
AE/2
One can show (Jenkins and Watts,1968) that for a discrete tinme
series of finite length
dyx (£) =[a2(£) + Db2(f) J/20f (12)
Thus from a time series of N equally spaced pocints, N/2 discrete
values (called harmonics) of gk(f) will be computed.
Physically, each value of <&x(f) represents the contribution to
the variance per unit frequency over the frequency range fron
mAf- Af/2 <to mAf+ A£ /2, for f=mAf. It has been traditional in
discussing spectral results to term the pcwer spectral values
tenergy densities?' and the contribution to the variance (¢df),
és the spectral 'energy'.

3.2 Cress-spectra

Spectral analysis can be applied tc simultanecus time
series c¢f two quantities to analyse their relaticnship at
various frequencies, For two quantities . X (J), Y (3),
§=0,1,2,.4.0..N-1, one has a co-spectrur such that

. fyhaf/2
XY - XY =/ ¢Xy(f)df (13)
Af/2

wvhere %qris computed from the Fourier ccefficients ax(f),

bx(f), and ay(f), by(f), of the time series X(t), Y (t)
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respectively:

b= 3,3 * b b)/2aE (14)
Similarily, the guadrature spectrum has the property that
T £ £/2 .
(Y - XY = fyaf 1
e Oy (5 (15)

wvhare the indicates the ¥ time series is shifted 90 degrees in
phase at all frequencies, In terms of the Fourier coefficients,

QXy = (axby - aybx)/(ng) | (16) -
A study of the 1relationship between the two signals at

various frequencies is made easier when some ncn-dimencsional

quantities are examined. The correlation, p (f)

o(f)= —EJ%W“—TQE‘ (17)
Pxx Pyy)

is the normalized cospectrum between the twc signals., The

coherence, Y is defined as

Xy *
— 1/2 _
o= F Xy 18
Yy ¢xx‘¢yy) (18)

-

This quantity ranges from 0 to 1 where a large value indicates
that similar oscillations were occuring in the two signals,
(YZ’Xy represents the fraction of the.power spectrum of one signal
thét is related to or predictive from the power spectrum cf the
other signal). In the discussion of the coherence estimates,
some criteria must be used to decide whether the twc quantities
teing studied are significantly coherent, Such a criteria can
be found using the probability distribution for 'the ccherence
estimates as given by Groves and Hannan(1968).. The cumulative
probability distribution of the coherence squared estimate me

for two randomly related signals (i.e. a true coherence of 0) is
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P (rz)=1-(1-vzf! (19)
where M 1is the number of harmonics wused in ccmputing the
estimate. That value cf ccherence at .which there is a 95%
probability that a truly random coherence value will fall below
is, from (19): i _
Y'—‘[‘l-(()s(_)S)E?’E-’[]“2 (20)
This will be called the 95% significance level and is plotted on
the coherence graphs., This 1level decreases with increasing
frequency, as a result of the band averaging scheme employed
which increases the amount of smoothing of spectral estimates
with increasing. frequency. For the purposes of our discussion
of the coherence results, coherence estimates that fall below
the 80% significance level are called poor, estimates that fall
between the 80% and 95% significance 1levels are called fair,
estimates between the 95% and 99% significance levels are called
good and estimates above the 99% significance. level are called
very good. |

The phase ny between the two signals at particular

frequencies can be estimated by means of the formula:

F y-arctan (-0, /9 ). : ' (21)
This definition is chcsen so that the phase is positive when
signal Y leads signal X and negative for the ofppcsite case,

The spectral theory described above applies‘tc twc scalar
signals:, This analysis can be generalized to apply to a vector
signal .and a scalar signal (or indeed another vector éignal
although this generalization has not beenr‘regu§red in this

investigation) following the method described by Eillsbury(1972)

\
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and Mooers(1973). This technique, kncwn as rctary spectral
analysis, cffers two advantages over scalar spectral analysis.,
It resolves contributions to the variance and ccvariance fro@
two oppositely_rotating vectors at frequencies ranging from the
fundamental to the Nyquist frequency. The frequencies range
from -%J through -4£,2 and from Af/2 to ﬁq; the positive and
negative frequencies being associated with anti-clcckwise and
clockwise rotations, respectively. In adﬁition, the derived
spectral quantities are independent ¢f the ccordinate system,
Let the vector time series E be represented by the time
series of its two components, X (j) and Y (j), 3j=1,2...N. The
scalar time series is S(j), j=1,2...¥%. For each of these time
series, the fast Fourier transform is used tc ccrmpute their res-
pective Fourier coefficients, These Fourier «coefficients are
then wused to compute the power spectra of each time series gx'
%y and gs’ as well as the co-spectral and quad-spectral values

by means equations (14) and (16), The

v xy

brg P Qg ©

¢qs’ st

computational formula for the rotary (vectcr) pcwer srectrum is
. (£) = + /2 + ¢ £>0 22
¢p( ) (q)xx ¢yy)/ % (22)

¢§(f)= (0

yl
+ 0 2 - Q £<0 (23
| vy V7% 7 Cxy )
where the factor c¢f 2 in the denominator results from computing

a two-sided rather the ordinary one-sided spectra. The rotary

power spectrum has the prorerty that

f’ .
f.l'b“lcb (£)af=X2+72- (X)2-(Y)2 (24)
N
This integral represents the total kinetic energy per unit mass

—
if P is a velocity as is the case here., The coherence squared

is computed as

( (bvq"Q ys)z'*'( ¢ :£N+Q YQ)L
( byt

2 (f)= Fo-— , >0 (25)
‘YPG yy+2Qxy)'¢ss
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%sz (f)= _(__X.S_O-;Ls) +(¢VS'QYS.2 , <0 (26)

yy"ZQxy Yss

and the phase between the two signals is given by

~bys =Qxg ]
F, f)=arctan ) , 0 27
g (F)marcta [ %xs -Qys J 2N
F. (f)=arctan[ -¢ys+ng ], £<0 (28)
S PxsHQys

Both the <coherence and phase values defined atcve, are co-or-

dinate independent.

—— — ——————

A useful means of displaying the infcrmaticn in the rotary
coherence squared is tc usevthe transfer spectrum. The transfer
spectrum is defined as the product of the coherence squared and
the rotary power spectrum., These values indicate the amcunt of
enerqy in one 'signal which is coherent with that of the other
signal for each frequency btand., Such a technique avcids misin-
terpreting cases of high coherence squared values at frequencies
where there is very little energy in either signal.

Due to the large number of data points used for calculating
the spectral vaiues, the frequency range is ccrrespcndingly
large. In some of the spectra to be discussed, the frequency
range is more than three decades. This wide range nmakes neces-
sary the use of a logarithmic scale for frequency in the spec-
tral plots, In order to display the relative ccntributicns to
total variance at different frequencies, the ordinate of the
spectral plots is f ¢(f) using the relaticn

J £ (£yd(leg f) = S (4(f)/2.303)df; (29)
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The use of graphs with f¢(f) plotted against log f ensures that
equal areas under the plctted curve contribute equal amounts tc

the variance of the quantities being apalysed.

3.5 Spectral Smoothing
i The random errér of a spectral estimate ccmputed frcm the
Fourier coefficients at a single frequency (i.e. with two
degrees of freedom) %is as great as the quantity Feing
estimated" (Bendat and Piersol, 1971). 1In cider tc reduce this
error, some form of swmocthing must be done. Smoothing can ie
done over spectral estimates madé frcm independent records
(ensémble smoothing) «c¢r smoothing can be done Lty averaging
spectral estimates over a range of frequencies frcr within a
single record (frequency smoothing). In this study, both me%ns
of smoothing are used following a schenme described by
Garrett (1970) . Smcothing by frequency is done over a varying
number of estimates in such a way that each smccthed estimate is
nearly equally spaced cn the logarithmic plots. For example,
the first four estimates are «ccmputed from single freguency
points (no frequency smccthing) , the next estimate 1is averaged
from 2 points, then 3 points and sc c¢cn up tc several hundred
points per estimate. The number of points used for smoothing is
chosen so that about 8 smoothed spectral estimates are prcduced
for each decade of frequencies.

While this band averaging scheme is well svited tc broad
band (continuum) processes, it tends to obscure narrow Land
(line) processes at higher frequencies, Fcr examgle, a natural

forcing frequency at the ocean surface is the diurnal frequency
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(period of one day) due to the daily cycle of solar radiation.
The band containing the diurnal frequency in the spectral flots,
is computed from 176 harmonics, just one of which is the diurnal
frequency. Thus a significant peak may cccur at cne day, Lut
its contribution to the band may not be large encugh tc raise
the spectral level of.the‘band significantly atove the others.
To avoid missing significant line spectral peaks, single power
spectral values were examined at natural frequencies at which
line spectral responses might occur: the diurnal, semi-diurnal
(12 hours) and their overtcnes (8 hours, 6 hours) and the iner-
tial frequency (18 hours at 50 N).

The total time series record was subdivided into N tlocks
and the frequency smoothed spectral estirates were ccmputed for
each block. These estimates - were then ensembled averaged in
order to provide further smoothing and to provide an emperical
estimate of the statistical variability. The mear, E and the
standard deviation between the astimates gare computed‘for each
frequency band. The spectral graphs that are prresented plct fg?
against log(f), where f gis the geometric mean of the endpoint
frequencies of the particular frequency band., The gecmetric
mean is used rather than {he arithmetic mean Lecause then
féﬁln&f is more nearly équal to ¢§j@f. The errcr bars shcwn on
the graphs are the approximate 95% confidence intervals of the

mean, computed as 120/(@5-1 )
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3.6 Twe-yearly Spectra

The basic spectra used in this study, tc prcvide a survey
of the pericdicities present in each quantity, were conmputed
from blocks of 5832 samples. Each block then covers a total
period df just under two years (an crdinary twc year fperiod
would ccntain 5840 3-hcurly measurements ﬁhile a two year period
including one 1leap year contains 5848 such measurements), The
number of samples, 5832, was chosen to use the fast Fourier
transforn algorithm efficiently. The computaticnal time re-
quired by the fast Fourier transform increases rapidly with the
size of the largest prime.factor of the number cf samples, 5832
was chosen since its largestAprime factor is only 3 and it conmes
very close to providing Llock lengths cf twc years. Because the
bklock 1length 1is not exactly two years, the strong annual spec-
tral peak found in many of the quantities spectra will have some
energy 'leakage' tc adjacent freqﬁencies. A simple <calculation
shows that for the rectangular window used in this study, the
leakage to side lokes is extremely small, being less than 0.01%
of the annual energy. The spectra produced resolve periods ran-
ging from th years to 6lhours. AThe ccenfidence intervals for
each averaged spectral estimate are based on 5 individual spec-
tral estimates. While strictly speaking, small samrple statis-
tics should be used for cémputing the confidence intervals, it
is felt that Gaussian statistics provide reprecsentative values

of the scatter abcut the mean.
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-—— - —

A special set of spectra of the varicus quantities  were
computed for blocks cof 728 samples cr a pericd c¢f ¢1 days. Each
tlock 1is cne ‘t'season'. Because the availakle data Legan on
Jan. 1, 1958 and ended on Dec. 31, 1967, the 'seascns' analysed
were shifted from the natural seasons in order to use as much of
the data as possible. For example, the first day cf winter for
our purposes was taken tc be Jan., 1 rather than Tec, 21. In
addition,' the season size of 728 samples, chcsen fcr efficient
use of the FFT algcrithm, makes up a year which 1is 8 samples
less than a complete non-leap year and 16 samples less than a
complete leap year. This choice alsc necessitates slight adjus-
tments. In non-leap years, the first four and last four records
are not used. In a leap year, the first eight and last eight
data records are not used., The spectral results for, each season
were averaged over the ten years sc that an average spectrum and
its approximate 95% confidence intervals for each of the four
seasons was produced.

Before the seasonal spectra were computed, the data was
processed by the <computer to effectively high pass filter it,
This filtering was dcne to remove the annual cycle from the sig-
nals. Ctherwise, a large trend would bte ©present in the time
series making up the seasons which could produce large, ficti-
tious spectral values at the low frequencies, The high pass
filtering was achieved by Fourier transforming each individual
fyear' (2916 samples), zeroing the first three harmcnics of the
transform values (corresponding to periods of one year, one-half

year and one-third year) and then inverse Fourier transfcrming



21

these values back into a time series., An example cf the effect
of this prccedure is illustrated in Figure 1. As discussed pre-
ﬁiously, sidéband leakage from the strong aﬁnual peak is pre-
sent, but is very small (less than 0.,01%) and the dominant 1lea-

kage would appear in the next two harmonics which are also set

to zero.
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Chapter 4

SPECTRAL RESULTS

4.1 Introduction

For each physical quantity, the power spectra are displayed
and the important pericdicities are described. These spectra
are compared to the spectra computed by other investigators.
The literature contains a sizeable number of =spectra o¢f wind
speed and a smaller number of spectra of wind components, air
pressure and air temperature, Spectra of absolute humidity and
sea temperature are very vrare. When discussing spectral re-
sults, it is often useful to know the average of the analysed
quantity and the cumulative integral of the spectrum. These
values are given in Appendix II for the two-yearly spectra and
the seasonal spectra.

4,2 Wind

The most striking feature of the wind speed spectrum (see
Figure 2) is the broad synoptic peak at 3.1 days, a result of
the passage of cyclones, anti-cyclones and their frontal sys-
tems. The peak which includes contributions from a wide range
of scales (having 1its half-power points at pericds cf 10 days
and 1.3 days) emphasizes the irregular nature of the passage of
synoptic scale scale disturbances, The synoptic peak accounts
for most of the total variance of the wind speed (28.3 m2/sec?)
for the periods resolved. The wind speed spectrum shows little
variation at periods longer than one month with the exception of
an important annual cycle. The annual cycle, seen as a peak at

one year and a secondary peak at one-half year, due tc scme dis-
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tortion, has a total variance of 3.9 m2/sec2. This corresponds
to an average annual range (2-/§[variance{z) of 5.7 r/sec.

At the high frequency end of the spectrum, the graph shows
a steady decline to periods of about 9 hours.and then an in-
crease out to the Nyquist period of 6 hours. This upturn at the
smallest periods is believed due to variance at smaller =ccales
tetween 6 hours and the 10 minute averaging pericd being aliased
tack into the spectrum at lower freguencies. Eecause in our
plots, the spectrum is multiplied by‘ frequency, . the ceoentribu-
tions due to aliasing are moré apparent at small periods thanlat
large periods (for a discussion of this effect see Oort and
Taylor,1969f., In order to correct the aliased. spectrum, one
must assume a frequency distribntion of the spectrum at higher
frequencies. Becaﬁse the effect of aliasing appears small, this
correétion was not felt to be necessary. It Seems clear from
inspection of the grarph, that a correction for aliasing would
leave the spectrum declining out to the Nyquist. pericd. Such a
decline in the speétral levels is consistent with the existence
of a 'spectral gap'; a .minimum of speciral levels in the mesos-
cale separating spectral peaks in the synoptic scale and micros-
cale (Fiedler.and Panofsky,1970).

Important changes. in the wind speed spectra occur between
one season and another., Figure 3 shows the wind speed spectra
calculated separately. for the four seasons with each season's
spectrum being averaged over the ten years, Differences are
found in 'both the 1level and the period of the synoptic peak.
The peak is largest in the fall (f$=10.3 nm2/sec2?2) declining

through the winter (9.71 m2/sec?) and spring (6. 36 mé/secz) to
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the 1lowest level in summer (5.48 m2/sec?)., The pericd at which
the peak occurs shows a similar variation being smallest in fall
(2.5 days) increasing through winter and spring and teing 1lar-
gest in summer (4.4 days). These results illustrate the general
seasonal pattern of syncptic disturbances which occur more fre-
quently and with greater intensity in the fall and winter than
in the spring and summer. It is interesting to note that the
largest change in the spectra is between the adjacent summer and
fall seasons with more gradual changes taking place over the
rest of the year. In the spring and fall, there is scme evi-
dence of activity at longer periods (20 to 45 days) tut in Loth
cases the peaks are not statistically significaht.

Figure 2 shows nc¢ peak at the diurnal or semi-diurnal
periods but a closer examination of single harmcnics cf the spe-
ctral values reveals some activity. The largest energy is found
in a semi-diurnal peak with a contributicn tc the variance of
0.022 m2/sec?2 correspcending to an average range of 0.&6'm/sec.
At the diurnal period a small peak is found but it is not signi-
ficant. A significant peak does appear at a period of one-quar-
ter day, the first overtone of the semi-diurnal pericd, with a
contribution to the variance of 0.016 m2/sec2, No energy is
found at periods of one-third of a day or the inertial period.

Examination of single harmonics of the seasonal spectra
reveal similar results. No peak is fcund at the diurnal period
for any of the seasons while each season does exhikit a semi-
diurnal peak. The energy of the semi-diurnal peak, after corre-
ction for the spectral background level, is found in Tatle 1I.

The background correction is made'by subtracting the average of
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the spectral levels of the four adjacent harmonics. In fall,
the semi-diurnél variation is the 1largest with an energy of
0.038 m2/sec?2 (an average range of 0.55 m/sec) while the <spring
has the lowest energy cf 0.016 m2/sec? (an averagde fange of 0.36
n/sSec) . |

Several spectra of ‘wind speed in the surface layer have
bean published. oOort and Taylor (1969) presented the wind speed
spectrum for Caribou, Maine, a station with a continental cli-
mate, Van der Hoven (1957) has computed the wind speed spectrun
at Brookhaven, New York on Long Island. Wind spectra at sta-
tions on the Oregon coast are found in PFrye et., al. (1972) and
Burt et. al.(1974) while Hwang(1970) presents a wind spectrum on
the tropical Pacific. i#land of Palmyré. At staticns. cver the
open ocean, .wind speeg spectra have been computed by EByshev and
Ivanov(1969); Millard (1971) and Dorman{1974), A summary cf the
results of these investigators together with the important data
parameters, is found in.Table II. When comparing these results,
differences in the experiments of thé various investigatofs must
be . considered, Millard(19771), Burt et. ‘al. (1974), Frye
et.al.(1972), Hwang(1970) and Vvan der Hoven(1957) used data that
did not cover a complete year, Thus their spectra.is biased due
to the seasonal variability of the wind speed spectra., 1In addi-
tion, different methods of computing and smcothing were used,
However, for comparison of a broad band feature like the synop-
tic peak these differences are not critical. Furthermcre, the
- number of locations available for comparison is very limited so
that any discussion of regional patterns must be 1regarded as

tentative.
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A summary of the pericd ard level (fed) cf the syncptic peak of the wind speed spectra

as determined by varicus investigators, Z is the height cf the anemometer and U is the

mean wind speed cf the dats analyzed. In cases where these values were nct available, a
'*-* is shcwn,

r —= T™ T ie Sntenienianie (et T —— - “
| Investigators |Lccaticn | Z | U | Data Feriod | Synoptic N
I | | | | ~— - 1
| | i | | | Pericd | Level |
| | | (m) |m/sec | (days) | {m/sec)? |
- . + +- + 4 +- 1
| - | | | , | | |
IVan der Hoven(1957) |40N 73W {108 | - | BAug., 1955 To Feb. 1956 | ] | 5 |
| o | | I | | |
j0ort and {478 €8W | 11 | - | Jan, 1949 Tc Dec. 1958 | 3.9 | 3 |
|Taylor (1969) I | | [ ~ i ! I
| | | | | | | |
|Byshev and I538 36W | - | = | Jan. 1561 tc Dec. 1963 | 6.4 | 5 |
|Ivanov (1969) JULN 41w | | | | i |
I | | 1 | | 1 |
| | 85 14w | -1 - | July 1957 tc July 1958 | 12 | 1 |
| |16S 6% | | | | i |
| | | | i | | |
|Hwang(1970) | 68 1628 | 2 | - | Mar. 1967 to May 1967 | 5.9 ] 1.1 |
| | | | | I | |
IMillard (1971) {308 70% | - } S.7| Apr. 1967 tc June 1967 | 4 ] 6 |
| I ‘ 1 | 1 | | |
|Frye et., al, (1972) 458 1256 | 20 | - | July 1970 Tc Aug. 1970 | 2 | 3.5 |
| | | | | | 5 | 1.5 |
| I | | I | | |
|Burt et., al. (1974) (458 125%W | 10 {11.8] Aug. 1870 | 3.0 | 7.5 |
| | i ] o | | I
{Dorman (1974) g [30N 140W | 25 | 6.2] Jan. 1951 tc Lec. 1970 | 8 ] 2.9 |
! | | i | I | |
[Thls Study 15 145W | 22 110.14 Jan., 1958 tc Lec. 1967 | 3 | 8.2 |
| | | | I | | |
Lae e i L e e e e e e e e o o e o = — + a4

0€.
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The pericd c¢f the synoptic peaks range from akout 12 days
at the Ascension(BS 14W) and St. Helena (16S 6W) Islands tc the
pericd of 3 days found at Station 'Papa' (50N 145W) in this
study and off the Oregon coast (45N 125W) repcrted by Burt
2t. al. (1974). An intermediate value of 8 days is reported by
Corman (1974) at Station N (30N 140W) located near +the northern
limit c¢f the Trade Wind belt in the Pacific Ocean, These fe—
sults suggest, as might be expected, a general pattern cf in-
creasing frequency of syncoptic activity with increasing lati-
tude.

A comparison of the various spectra alsc reveal large zonal
variations in the pericd. Station *Papa' (50N 145W) and the
Cregon coast (45N 125W) both have a péricd cf abcut 3 days while
at Caribcu, Maine (47N 68%), Cort and Taylor report a peak pericd
of 3.9 days. Van der Hoven (1957) finds a peak pericd of appro-
ximately 4 days at Brcokhaven, New York (41N 73W)., Further tc
the east, Byshev and Ivanov (1969) fcund a pericd cf 6.4 days for
the synoptic_ peaks at Station C (53N 36W) and Station D
(uuu 4iw) . A similar variation is seen at a latitude of atout
30N, with Millard (1971) reporting a pericd cf 4 days at 30N 70W
compared toc a period of 8 days reported by [orman (1974) at 30N
uow. (In fact, this compariscn understates the difference,
since Millard's results are fér April and May, when the peak
period is probably higher than the yearly value). These 2zcnal
variations indicate the importance of the local environment in
determining time variaticns of the surface bcundary layer. .

The intensity of the synoptic peak exhibits large regicnal

variations, Just as the pericd cf the syncptic reak decreased
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with increasing 1latitude, +the intensity shows a corresponding
increase. At low latitudes the peak 1level is 1lcw (£f6~1.0
mé/Secz) at the Ascension and St. Helena Islands, (Byshev and
Ivanov,1969) and it increases at higher latitudes (f¢=8,2
m2/sec2 at Station 'Papa'). Pronounced zonal variations exist
as well with the £¢ of Station 'Papa' compared against f¢=3.0
m2/sec? ét Caribou, Maine (0ort and Taylcr,1969) and £f¢=5
m2/sec2 at Stations C and D (Byshev and‘ Ivanov, 1969) ., The
zonal variation of both synoptic ©peak pericd and intensity
appear to be related tc more localized effects. OCne such effect
could be the presence of topographic features of syncptic scale
size in the vicinity of the observation station. For example,
at land stations the presence of surface features such as ﬁouh—
tain ranges, -may reduce the intensity and frequency of syndptic
scale disturbances, in contrast to the open ccean with its very
long fetches. Another factor may be the position of the station
in rélation to anomalous meteorological regicns such as areas
associated witﬁ.frequent cyclogenesis or frequent tlocking pat-
terns,

The activity found at the diurnal and semi-diurnal frequen-
cies differ considerably between ocean staticns and land and
coastal stations. At 'Papa' there 1is no significant diurnal
peak and 'the semi-diurnal peak is very small. Millard (1971)
found a similar result over the open Atlantic ocean while
borman's (1974) results show very small diurnal and semi-diurnal
peaks, with the diurnal peak being the larger of the two. In
contrast, Oort and Taylor's(1969) spectra at Caribcu and five

other land stations, show a large diurnal wind speed variation
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and a very much smaller semi-diurnal peak, At ccastal stations,
a large diurnal peak and smaller semi-diurnal peak is found.

over land, Blackadar (1959) has explained the diurnal varia-
bility of the wind as a result of the diurnal change in stabili-
ty. During the daylight hours, as the surface layer is heated
it becomes less stable, éllouing more convective mixing with the
layer above. The two layers become more strongly coupled with a
resulting increase in wind speed in the surface layer. At night
cboling of the surface layer due to radiative losses, makes it
more stable and reduces its coupling with the layer abcve, de-
creasing the surface layer wind speed. Frye et. al. (1972) argue
that along a coast, the diurnal wind variation is due tc ' the
land-sea temperature difference producing a sea kreeze during
the day and a weaker land breeze at night. Over the cpen ccean,
neither of these mechanisms are very powerful and thus the diur-
nal wind variation is small, |

The semi-diurnal peak, though small, appears to Le signifi-
cant indicating that at least sometimes the wind spreed has two
maxima and minima each day. Cne possible explanation is that
this periodic motion is associated with the well known semi-
diurnal variation of air pressure (Butler, 1962) which is found
in the spectral analysis of air préssure.

Figure 4 shows the rotary wind spectrum. The synoptic peak
dominates both the anti-clockwise énd clockwise spectra with
each having the'peak occuring at a period of 3 days. The levels
of thé peaks differ: the cléckwise peak has f£¢=18.4 (m/sec)?
compared to £¢=13.5(m/sec) 2 fdr the anti-clockwise peak. This

result can be explained by the general pattern cf synoptic wea-
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ther system movements in the N E. Pacific. The mecst cowmmon
storm track 1is to the north of Station 'Papa' over the Gulf of
Alaska (see U. S Navy, Marine Climatic Atlases). Fastward
moving weather systems, whether cyclonic or anti-cyclonic, when
passing to the north of the observation station, cause the ob-
served wind to rotate in a clockwise manner, Ccnsider, for
example, the passage of an eastward moving cyclonic system to
fhe' north of the observation station (the most commcn situvation
Qt Station 'Papa'). As it passes by, this would cause the obk-
served wind to change from southwesterly to westerly toc northwe-
sterly in direction, That is, the wind rotates in a clockwise
sense, Weather systems moving to the south of Staticn 'Papa’,
make dgreater contributions to the anti-clockwise spectrum, Of
course, the situation is complicated by such events as the pas-
éage cf storm fronts with their abrupt changes in wind direc-
tion. Nevertheless, the computed rotary spectrum afppears to
differentiate between the passage of weather systems to the
north and south of the observation staticn and is consistent
with the known pattern of pressure systen movements.

A comparison of the wind speed spectrun (figqre 2) with the
rotary wind spectrum (figure U4) is revealing. In both spectra,
the dominaht synoptic peak is found to occur at the same period. .
However, the important annual peak found in the wind speed spec-
trum is much less pronounced in the rotary sfpectrum, with no
such peak for clockwise rotations and a relatively small peak
for anti-clockwise rotations. This difference is due to the
long period variation of the wind directicn, Wind rcses conm-

piled from the data show that the wind tends to be from the
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south in winter and generally from the west in summer. The
variation of the wind direction over a period cf a year is not a
uniform rotation but rather an irregular shift. This type of
variation in wind direction probably causes the spectral energy
of the annual wind speed to be found at shorter periods in the
rotary wind spectrum. Indeed, the rotary spectrum shows a less
reqular rise from a pericd of one year to the synoptic peak than
does the wind speed spectrum.

The seasonal rotary wind spectra are displayed in figure 5,
The synoptic peak for both the clockwise and anti-clcckwise spe-
ctra fcllows the same pattern of the wind speed spectra: higher
levels and a shorter period of the peak in fall and winter in
comparison with spring and summer., The relative contributions
of the clockwise and anti-clockwise synoptic peaks dces not vary
appreciably with season.

An examination of single harmonic spectral values indicates
no significant diurnal peak but a significant semi-diurnal peak
(see Table I). The semi-diurnal peak is found only in the cloc-
kwise part of the rotary spectrum, with an energy of 0.045
(n/sec) 2, This result agrees with the findings cf Kuhlbrodt and
Reger in the Trade Wind zone (discusséd by Roll,1965) who re-
ported a semi-diurnal wind variation from the mean wind which
rotated in a clockwise sense during the course c¢f the day. The
clockwise semi-diurnal peak is reduced in size in winter and
remains relatively constant through the remainder cf thevyear.
ﬁo significant peak was found in any of the.rofary wind spectra
at a period of one-third of a day or at the inertial frequency.

A small peak was found in the the anti-clockwise spectra at one-
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quarter of a day.
| Rotary wind spectra at other 1lccations are uncommon,
Dorman(1974) has computed rotary wind spectra‘for Station N (30N
140W) in the Pacific, a location even further away frcm the main
storm track. His results show good qualitative agreement with
those of this study. The spectral levels are lower due tc¢ the
smaller amount»of synoptic actiﬁity in that area. The clockwise
rotational spectral peak is larger than the anti-clcckwise peak
as in this study, while the difference in the levels of the two
spectra is even more pronounced,
4.3 Air Pressure

The spectrum of atmospheric pressure (see Figure‘6) like
the wind speed spectrum, is dominated by a broad, scrmewhat irre—
gulat peak at intermediate periods., However, this peak rénges
over longer periods than that of the wind speed, having its
half-power points at periods of 70 days and 3 days. The highest
spectral level is found at 17 days where f¢=55,8 (mbar)2, The
spectrum also reveals a large annual periodicity in the air
pressure by the presence of a peak at cne year and a smaller
peak at a period of one-half year. The annual peak has a total
variance of 30,8 (mbar)?2 correspdnding tc an annual range cf 16
mbar (about a mean of 1012 mbar). The spectrum at the shortest
periods is notable for its very low levels, There 1is no évi-
dence of any aliasing at these periods.

Important changes take place in the pressure spectrum bket-
ween one season and another, The seasonal pressure spectra (see
Figure 7) show pronounced changes in the spectral 1levels with

large values in fall and winter, intermediate values in spring
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and small values in sunmmer, The seasonal variaticns of the
period of the peaks are more complicated. In fall, a single
peak is found at 17 days. This peak is alsc present in winter
together with a large contribution from periods around 45 days.
In spring the 17 day peak is accompanied by a peak at 9.2 days
while +the 1longer pericd variations are markedly reduced. 1In
sumnmer, while all spectral levels are greatly reduced, the réla-
tive contribution from lconger periods (say periods greater than
20 days) is larger than in spring,

An examination of the single harmcnic spectral values of
the air pressure reveals a sharp semi-diurnal peak with a
ﬁariance of 0,037 (mbar)z‘corresponding to.an average range of
0.55 mbar. Smaller variations (see Table 1III) are found at
periods of one day and one-third of a day. These variations are
larger in fall and winter at the one-half and one-third of a day
periods but the diurnal variations are lérger in spring and sum-
mer.

The air pressure spectral results are generally consistent
with the results cf other investigators. Roden(1965) has com-
puted the annual and semi-annual pressure oscillaticns for sta-
tions on the Pacific coast of North America. The annual varia-
tion found at Station 'Papa' agrees well with the annual varia-
tion found at Prince Rupert, B.C. and Alaskan coastal stations
but it is considerably larger than that fcund at Victdria,
B.C.'and Washington and Cregon stations. Air pressure Speétra
covering the synoptic and seasonal scales have been computed by
Dorman (1974) for Ocean Station N (30N 140W) and by EByshev and

Ivanov (1969) for Ocean Stations C and D located at 53N 36W and
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The energy of single harmonic spectral peaks
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temperature,

found at periods of one day,
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pressure,

one-half day and one-third day.

absolute humidity and sea surface temperature

r b

| Quantityf Period | Energy

‘ . | ¥ kB ¥ T R

| (units) | | Annual| Winter|] Spring| Summer| Fall
| | i

F + + T T T T

| | | | | | |

| {(mbar)2 | S.D. 1+.0086 | 1+.022 |+.017 |

| | ! | | | |

| | 0.5 10.037 j0.044 40,035 (0.030 0.043
| | S.D. {+.0035 |+,018 |+.008 |+.007 |#.017
| ] | | ] | |
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| . | 1 | ] | |
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| (gm/m3)2| S,D. |+.0011 |+,0008 |+.0029 [+.0023 {+.0013
| | | ] | | |

] | S.D. lj.0001 | | | {

| | | | | | |

+ + + { } + }

| | | | | i |

| Sea T | 1. 0 10.0020 }0.0003 10,0045 10,0027 0.0007
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4uN 41w, respectively,. Both of these air ©[pressure spectra
reveal a broad peak similar to that found at Station 'Papa' (17
days) with the period of the peak being 16 days at Sfaticn N and
about 12 days at Staticns C and D, While the periods of the
peaks were in reasonably good agreement,'the levels differed
considérably. At *Papa' the peak level was f¢=56 (mbar)2 comr-
pared to 9 (mbar)2 at Station N and about 8 (mbar)?2 at Stations
C and D. This reflects at least in part, the difference in the
level of synoptic activify between these locations. The seni-
diurnal and diurnal variation of air pressure has been rerported
at | many. locations (Butler,1962) inciuding Station N
({borman,1974), San Diego (Gossard, 1960) Bermuda (Wunsch,1972)
and Palmyré Island '(Hwang,1970). Aé expected the size of the
variation found at 'Papa' is smaller than that fcund at the more
southerly locations cited above,
4.4 Sea Surface Temperature

The spectrum of sea temperature is shown in Figure 8, As
previously mentioned (see Chapter 2), the sea temperature was
erroneously measured over the first five years on one of thé two
weatherships. The effect of this error c¢cn the spectrum was exa-
mined by comparing the spectrum computed from all ten years with
fhe spectrum computed from only the last five years cf data. At
the diurnal period, the ten yeaf spectral value is more than
twice the corresponding value computed from the last five years,
However, at other periods, while the smoothed spectral estimates
differ by as much as #0% for individual estimates, the dif-
ferences are within the 95% confidence interval -computed fronm

the separate spectral estimates of each data block. Thus, the
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two yearly and seasonal temperature spectra are computed fronm
all ten years of data but corrected at the diurnal period to
agree with the diurnal spectral value computed from the last
five years of data. The single harmonic spectral values dis-
cussed below are computed from the last five years of data as
well.

The two-yearly sea temperature spectrum is dominated by the
annual cycle with peaks at the annual and semi-annual periods.
over 95% of the total energy of the spectrum is contributed at
these periods. The annual period has an energy of 7,50 (C0)=2
corresponding to an average range of 7.9 C© while the semi-
annual period has an energy of 0.56 (C%)2 corresponding to a
range of 2.2 CoO, (The mean sea tehperature is 8.46 0C), With
ths exception of.the diurnal peak, the remainder of the spectrun
is featureless, declining steadily with decreasing periods.

The data from which each seasonal spectrum was computed,
was digitally filtered to remove thellarge annual variation (as
explained in Chapter 3). However, at the frequencies resolved
and displayed on the seasonal spectra (Figure 9), this filtering
should have little effect. To test this, the seasonal spectral
values were averaged and the results are plotted as a.dashed
line in Figure 8. As expected, the agreement is good except at
the 1lowest seasonal fregquency band. This discrepency is due to
the fact that the 1lowest band includes contributions fronm
periods of 182 days to 105 days, which were zeroed by the fil-
tering.

The seasonal spectra of sea temperature (see Figure 9), in

contrast to the wind and air preséure spectra, have their lar-
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gest spectral values in summer and the smallest spectral values
in winter., The largest changes in the seasonal spectra cccur at
periods ranging from 10 to 100 days. In spring the largest
values are found at periods of 12 to 30 days, while the other
seasons show the largest spectral values at longer periods, 1In
all cases, the 95% con%}dence intervals are large indicating a
~ large year to year variability and the factbthét the longest
period spectral estimates have the least amount cf smcothing.
The single harmonic spectral values of the last five years
were examined. They show a sharp peak at a pericd of one day
and a weaker peak at one-half day. ©No significant peaks were
found at one-third or one-quarter of a day. The diurnal peak
has an energy of 0.0020 (C9)2 corresponding to an average daily
range of 0.13 C9 (see Table ITI). The semi—diurnal Feak has an
energy of 0.00015 (C9)2 corresponding to a range of 0,04 CO,
The diﬁrnal variability of sea temperature alsc shcws a marked
seasonal variability. The energy is largest in spring and de-
creases by more than an order of magnitude tc its lcwest value
in winter. It is not =surprising that the greatest diurnal
variation occurs in spring since this season, which fcr the pur-
poses of thé analysis dincludes all of June, has the greatest
amount of solar insolation., In addition, downwards heat trans-
port is reduced at this time of year due to the presence of a
shallow seasonal thermocline (see Tabata;1961). The combination
of more heat input on a daily cycle, together with less trans-
port of heat away from the surface results in this large diurnal
Qariation. In winter, the situation is reversed, and the result

is a very small diurnal variation,
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Other sea temperature spectra can be compared withk the
above results. Dorman (1974) has cormputed seascnal spectra at
Ocean Staticen N (30N 1QOW)Q The summer spectrum agrees well
with that found at Staticn ‘'Parpa' while the winter spectrunm
shows more activity at periods of 2 to 10 days. Sea temperature
oscillations with periods of 25 tc 45 days have been reported by
Koizumi at Ocean Station 'Extra' (39N 153E), 1located off the
coast of Japan (Roll, 1965). These cscillaticns were related to
meandering ocean currents. Gill(1974) has computed a surface
temperature spectrum for Ocean. Weather Staticn E (35N 48W) which
shows a peak at a period of approximately one-fifth of a year
(70 days) believed to be related tc mid-ccean eddies. .The lack
cf any equivalent spectral features at 'Papa' ics perhaps due to
the great distance separating Station 'Papa' from any intense
ocean currents,

Bcth Koizumi and Dorman have studied the diurnal variaticn
of -sea temperature, Koizumi finds an average annuval range of
0.28 CO while Dorman determined a range of 0.13 CO very close tc
the range found at ‘'Papa’, Kcizumi and Dcrman both find a
change in the diurnal variation with season. In both cases, the
diurnal variation is largest in summer and smallest. in winter,
However, at 'Papa' the relative change is larger, reflecting its
more 'northerly position with mcre rrcencunced <seasons,
Denman (1972) has developed a model of the upper  layer of the
ocean which was tested for the mcnths cf May and June at Station
'Papa', His model, using a constant wind speed of 8 m/sec, pre-
dicts a diurnal sea temperature range ¢f 0.18 (0, This result

is very close to the spring value found in this analysis cf 0,19
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The air temperature spectrum (see Figure 10), like the sea
_temperature spectrum, is dominated by the annual and semi-annual
variations. The annual peak has an energy of 8,29 (C9)2 while
the semi-annual peak has an energy of 0.79 (C°)2, which together
account for 8u4% of the total energy. The corresponding average
air temperature ranges are 8,3 C° for the annual period and 2.6
co for the semi-annual period (as compared to the mean air tenm-
perature of 8.2 0C). .

At periods between the semi-annual and diurnal, the air and
sea temperature spectra differ considerably. The sea tempera-
ture spectrum decreases uniformly from the semi-annual peak
while the air temperature spectrum reveals a very broad, uneven
peak between periods of 2 days and 60 days with spectral levels
that are an order of magnitude larger than the corresponding sea
temperature spectrum. This broad region of increased activity
seems to be associated with the passage of different air masses,
At the shortest periods, the spectrum increases. This result
indicates that there are air temperature variations of periods
less than one-quarter day which are aliased back to longer
periods.

The seasonal spectra (see Figure 11) reveal a striking d4if-
ference between the high spectral levels of fall and winter in
contrast to the 1low spectral levels of spring and summer, In
addition, it appears that a 'gap' may exist in the fall and
winter spectra at periods of about 12 days separating the spec-

tra into a synoptic peak centered at about 6 days and a longer
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period peak centered at about 23 days.

Both the two-year and seasonal spectra show a prcncunced
diurnal peak. An examination of the single harmonic spectral
values (see Table III) reveal a significant but much smaller
semi-diurnal peak as well. The diurnal peak energy is 0.045
(C%) 2 corresponding to an average daily temperature range of
0.64 CO0, The semi-diurnal peak energy is only 0.0047 (C9 2 cor-
responding to an average range of 0.20 CO, As mright be ex-
pected, the largest diurnal variations are found in spring and
summer when the solar insolation is the greatest. .

The annual and diurnal variations of air temperature over
the sea are well known and have been studied by a number of in-
vestigators, Roll {(1965) provides a useful summary cf these re-
sults., The diuinal and annual air temperature ranges found at
Station 'Papa' are in good agreement with the findings of cthers
at similar latitudes., ‘

Studies of periodicities of the air temperature at periods
tetween one day and one year are much less common. Powalchuk
and Panofsky(1968) have computed the spectra at a number of sta-
tions in North America in winter., They find a peak occuring at
each station with periods of the peak ranging frcm 4 days to 20
days. The éeaks with longest periods are for stations on the
western side of North America in maritime climates, Byshev and
Ivanov (1969) have computed the éir temperature spectrum over the
ocean, At stations of approximately the same latitude as
Station 'Papa', their séectral results show a broad peak cen-
tered at about 11 days. Dorman (1974) for Staticn N (30N 140W)

further to the south, found a peak in winter at periods of 6 to
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11 days. The behavior of the air temperature spectra at Station
'Papa’ is generally consistent with these results over synoptic
periods, but additional energy is found at longer periods (15-60
days).

The absolute humidity spectrum (see Figure 12) reveals the
largest variations at the annual and semi-annual periods. = The
annual variation amounts to an enerqgy of 2,28 (gm/m3)2 corres-
ponding to an average annual range of 4.4 gm/m3, The semi-
annual variation has an energy of 0.36 (gm/m3)2 corresponding to
a range of 1.7 gn/m3 (the mean absolute humidity is 7.35 gm/m3)..
The absolute humidity spectrum features a broad well defined
synoptic peak at 5.5 days with half power points at 1.5 days and
48 days. The 1increase in‘ spectral values at the shortest
periods is an indication of shorter period variations being
aliased back to longer periods.

Figure 13 reveals important seasonal variations in the ab-
solute humidity spectrum, The spectral levels are largest in
fall and lowest in spring. In each 6f the seasons a synoptic
peak is found, with the peak value at periods ranging from 3.8
days (fall) to 6.8 days (summer). The longer pericd activity
appears to be more variable. In winter, and to a lesser extent,
in spring and fall, a peak is found at periods of 17 to 23 days.
In summer, the longer period activity is greatly reduced.

An examination of the single harmonics (see Table III)
shows a sharp peak at a period of one day and a weak éeak at a
period of half a day. The diurnal peak has an energy of 0.0014

(gm/m3) 2 corresponding to an average daily range of 0.11 gm/n3
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while the semi~diurnal peak has an energy cf 0.0001 (gm/m3)2
corresponding to a range of 0,03 gm/m3.. As might ke expected,
the diurnal variation is largest in spring and summer when the
increased solar radiation evaporates mcre water at the sea sur-
face. The single harmcnic spectral values show no peak at the
semi-diurnal period because of the reduced frequency resclution.
The semi-diurnal peak, which was only marginally defined with
the resolution of a two-year time series, ié lcst in the back-
ground with time series of 91 days length.

It is interesting to compare the spectra of the air tem-
perature and absolute humidity. While both spectra are
dominated by the annual peak, they show considerable differences
at shorter periods., The absolute humidity spectrum shows a well
defined peak at 5.5 days while +the air temperature spectrunm
éhbws no single peak but somewhat increased levels between 2
&ays and 60 days. The relative contribution fronm thesé periods
to the total variance is much larger for humidity than tempera-
ture. Such differences in the spectra, suggest that consi-
derable differences exist in the moisture and temperature fields
and their interactions with the ocean, con syncptic and seasonal
scales.,

Spectra of humidity are very rare indeed. Dorman{1974) has
presented a spectrum of dew point temperature for Ccean Station
N (140W 30N). Because dew point temperature is a deterministic
and approximately linear function of absoclute humidity (over the
rather narrow range of tempera£ure and humiditiés encountered),
the relative energy found at various frequencies can be meaning-

fully compared. Dorman's results reveal the same features found

[
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at 'Papa'. He finds a large annual variation and a ruch smaller
diurnal variation. 1In addition, he finds a synoptic peak at
about 5.8 days for each of the seasons,

4,7 Turbulent Fluxes

The spectra of quantities which are representative cf the
turbulent fluxes cf momentun, sensiﬁle heat flux and latent heat
. flux are computed., Fiqure 14 is d plot of the rotafy spectrum
of the vector time series (UUX,UUY), proporticnal thrcugh the
bulk aerodynamic parameterization (equation 1) to the wind
stress (also called the momentum flux). The rotaryAwind stress
spectrum is similar to the rotary wind spectrum with both clock-
wise and anti-clockwise rotations having a syncptic péak at 3
days. The clockwise rctations dominate the wind stress rotary
spectrum to a greater extent than the wind rotary sgpectrunm,

The seasonal wind stress spectra  (see Figure 15) show very
marked differences, The spectral 1e§els in fall are fcur to
five times greater than in summer as a result of the increased
stofm activity. These levels decrease from fall thrcugh winter
and spring to the lowest.levels in sunmer, The spectra also
reveal that a greater éroportion of the fall and winter spectral
enefgy is found at shocrter periods than is the case for spring
and summer, The relative contributions from the clcckwise and
anti-clockwise spectra .to .the total rotary spectrum over all
periods remains remarkably constant for all seascns. However,
changes are found between the . clockwise and anti-clockwise con-
tributions at individual frequency bands., The .mcst ncticeable
of these chénges is fcund in summer when the clockwise spectrun

L3

has a broad peak over periods from 1.5 to 9 days while the anti-
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clockwise spectrum has a rather sharp peak at 6.8 days. This
deviation from the dominant fall and winter spectra could ke the
result of a change in the pattern of the ©passage c¢f synoptic
disturbances over the N. E. Pacific between summer and winter.
Further study is required to test this hypothesis.

An examination of the single harmonic spectral values (see
Table 1IV) reveals a very sharp semi-diurnal peak in the clock-
wise spectrum. This peak has an energy of 10.8 (m/sec)?® which
amounts to an average range of 9,5 (m/sec)2., Nc peaks are fbund
at periods of one day, one-third of a day, one-quarter of a day,
or the inertial period. The anti-clockwise spectral values show
no peaks other than a very small one at one-half day.

Two-yearly spectra of quantities that are representative of
turbulent heat transports are displayed in Fiqgure 16, Figure 16
contains thrée plots: av plot of the spectrum of UAT which by
equation (2) is proporticnal to the sensible heat flux, a plot
of the spectrum of UAq which by equaticn (3) is pregpcrtional to
the latent heat flux and a plct cf the Stectrun of
1.2U0AT + 2.440A9 which is proportional to the total turtulent
heat transport (takinge=1.,2 x 1073 gm/cm3, L=2440 jcules/gm,
Cp=1.00 joules/gm-0C and CT=Cq in equations (2) and(3)). Each
plot in Figure 16 is scaled in such a way that eéual disrlace-
ments from the horizontal axis represent equal contributions to
the variance of the total heat flux. Each spectrum has the same
general features: relatively small but significant annual and
semi-annual peaks and a broad syncptic peak that ccntains'most
of the energy. The synoptic peak has 1its highest 1levels at

periods of 7 and 4 days for each of the quantities.
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It is clear from Figure 16 that the autc-spectral valves cf
the total heat flux represent ccnsiderakley mcre heat transferx
variaticns than the the sum of the sensitle and latert heat flux
;uto-spectral,vaiues at all pericds greater thaﬁ cne day. This
is a result of the high correlaticn between UeAT and UoAq varia-
tions. Over pericds from twc days tc twc years, the ccrrelaticn
between UeAT and Uepd is 0.7 cr greater.

on the plots in Fiqure 16, the semi-annual peaks are larger
than the annual peaks because in the 1lcqg f plcts the bancwidtth
is narrcvwer at the semi-annual pericd. . Hcwever, the ccntribu-
tion to the variance frcm the semi-annual pericd is less than
that from the annual period.

The annual variation c¢f the latent heat flux, as «ccrputed
from the spectral values c¢f UAq wusirng Cq=1.5x10'3, kas an
average range cf 103 cal/cm2-day while the =seri-anrval enerqgy
peak corresponds tc a range cf 86.4 cal/cm?2-day indicating large
annual. and semi-annual variations akcut the average cf £88.9
cal/cm2-day., These values are ccnsideralbly larger that the ccr-
respcnding values for the sensible heat flux (annual range cof U6
cal/cm2-day and a semi-apnual range of 32 calscm2-day). The
average sensible heat transfer was 11.7 calycmr?2-day. The tctal
turbulent heat transfer bhas an annual range cf 147 cal/cr2-day
and a semi-apnual range cf 105 cal/cm2-day akcut a mean cf 100
cal/cm2-day. That the semi-annual varjations are a large frac-
tion of the annval variaticns is a reflecticn cf the preserce cf
a secondary maximum in these heat fluxes in March ir additicn tc
the maximum heat transpert which occurs in the fall.

An inspecticn of the single harmcnic values (see Table IV)
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shows a very sharp diurnai peak in the UAT spectrum. This peak
has an energy of 2.27 (C9-m/sec)2 corresponding to an average
daily range of the sensible heat flux cf 16.9 cal/cm2-day. A
smaller semi-diurnal peak is found as well, The seascnai varia-
tion of the diurnal peak is rather small with the largest diur-
nal variation occuring in spring (a sensible heat range of 19.5
cal/cm2-day) and the smallest diurnal variation in fall (a range
of 15,6 <cal/cm2-day). The UAq spectrum shows hc diuinal peak
and only a very small semi~diurnal peak. Thus,.there exists no
daily cycle in latent heat trahsport similar tc that cf sensitble
heat transport. The spectrum of the total heat flux shows a
érominent diurnal peak and a smaller semi-diurnal peak. -.The
average diurnal range is 18,9 cal/cm2-day, very nearly equai to
that of the sensible heat flux, which suggests the variation is
largely due to the daily sensible heat cycle.

Large changes in the spectra of turbulent heat fluxes (éee
Figures 17, 18, and 19) are found with the seascns, The sen-
sible heat flux spectra show the largest differences in spectral
levels with the summer spectral values being an order cf magni-
tude less than those of fall and winter., The relative contribu-
tions from various frequencies show less pronounced changes. 1In
all spectra, a peak is fcund at periods of 3 to U4 days. A
longer period peak of marginal significance at abcut 23 days is
prominent in fall and is present in all the seasonal spectra
except that of sumnmer,

The seasonal spectra of the 1latent heat flux alsc show
ﬁarked changes with the seasons but not tc the =same extent as

the sensible heat flux. Unlike the case of sensikle heat flux,
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the summer spectrum of latent heat 1is much the same as the
épring spectrum., Both these seasons have spectral levels about
one-third of those of fall and winter., The period of the synop-
tic peak shifts with the secasons, Lkeing shortest in fall (2.9
days), at an intermediate value in winter and spring (3.8 days)
and longest in summer (6.8 days). A lcnger pericd peak is found
in fall and winter at about 23 days. The seasonal spectra of
the total turbulent hsat flux is very similar in character to
that of latent heat flux since over the pericds resclved, the
total heat flux is dominated by the contributions of the latent

heat flux.
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Chapter 5

CROSS-SPECTRAL RESULTS

5.1 Introduction

Cross-spectral analysis provides infcrmaticn cn the relate-
dness of pairs of guantities over the periods resclved. Because
the number of basic measured quantities plus the number of quan-
tities which may be derived from these (wind stress, sensible
heat flux, latent heat flux, total turbulent heat flux) is rela-
tively 1large, there are many possible pairs of quarntities that
could be subjected to cross-spectral analysis. T[ue to time and
space limitations, it is not possible tc present an analysis of
each of these pairs. 1In this study, cross-spectral analysis is
used to examine the relationship of each cf the basic surface
scalar quahtities (air pressure, air temperature, absolute humi-
dity and sea temperature) with those factors which are capable
of modifying the surface scalar gquantities., Such factors (which
are available from the data) are the wind and the rparameterized
turbulent heat fluxes. In addition, the relationships Letween
some of the pairs of scalar quantities are alsc examined,

The cross-spectral results are displayed bty means of four
graphs for each pair of quantities studied. These are plots of
éhase, coherence, the .transfer spectrum of the first quantity
and the transfer spectrum of the second quantity (see Charpter 3
for the definitions of these cross-spectral values), On'the
coherence plot, the dashed 1line represents thcse ccherence
values below which there is a 95% probability that a randomly

coherent signal will fall., The computed coherence estimates
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which 1lie above this 1line are described as 'gccd' and 'very
good' while those below the dashed line are descrited as *fair?
and t*poor' (as described in Chapter 3). It shculd be ncted that
for the shorter periods, the number of degrees of freedon aré so
large that it is possible to find statistical significahce.in
coherence estimates that are small (say less than 0.3). Such
small coherence estimates, though statistically significant are
of little value in attempting to predict the behavior of one
quantity from that of another quantity. The transfer spectral
values, (fraction of spectral energy of one gquantity that is
coherent with the other quantity) shcwn as dashed lines, are
plotted beneath the auto-spectral values for the same quantity.
5.2 Bir Pressure

FA study of the cross-spectra between wind and air pressure
provides some .insight into the dynamics of the surface atmos-
pheric layer over the ocean., The rotary crcss-cspectra between
vector wind and air pressure as well as the cross-spectrum Let-
ween wind speed and air pressure are ccmputed (see Figure 20).
| A discussion of the coherence relationship between wind and
air pressure can be conveniently divided intc three parts accor-
ding to the scale ranges resolved: the climatic/seasonal scales,
the longer synoptic scales and the shorter syncptic scales, The
mesoscale is unimportant since pressure fluctuations at these
periods are very small, Over climatic/seascnal scales, the co-
herence spectra show generally poor levels of coherence. One
exception to this statement is found at the annuval cycle in the
wind speed-pressure coherence spéctrum where the coherence of

0.91 is very good. The two quantities, as cne would expect are
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very nearly 180 degrees out of phase. Due tc the effect of wind
direction changes, the annual cycle found in the wind rotary
auto-spectra 1is greatly reduced and as a result, there is a
smaller ahnual peak in the rotary coherence spectra.

The most significant levels of wind-pressure coherence are
found at the shorter synoptic scales (pericds ranging from one
to ten days). Over this range of periods, a prominent peak 'of
statistically very good coherence appears in the clcckuwise co-
herence spectrum (peak level of 0.70) and anti-clcckwise co-
herence spectrum (peak level of 0.57) as well as the wind speed-
pressure coherence spectrum (peak levél of O.u7). The higher
coherences found for the clockwise and anti-clockwise rotating
wind in comparison with those of the wind speed, enphasize the
‘importance of cyclonic and anti-cyclonic pressure systems in
determining the wind field over the shorter syncptic scales. &
passing cyclone or anti—cyélone should be characterized ©Ly a
rotétion of the wind vector in asscciaticn with the préssure
chahge., The wind speed would also be expected to change with
the pfessure, but with a more complicated response,

A simple model can be used to illustrate this point. Con-
sider the passage of an eastward-moving 1low pressure cyclonic
system with its center slightly to the north of the observation
station, The air pressure will go thrcugh c¢ne-half a cycle
during the passage of the system (from intermediate to low to
intermediate values). Neglecting the effect of frcntal discon-
tinuities and other complications of pressure system airflows,
the wind vector will rotate from pointing very nearly due north

to pointing 'very nearly due south in a clockwise sense. Thus,
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the half-cycle change in air pressure is clearly coherent with
the 180 degree clockwise rotation of the wind., Hcwever, the
wind speed of a typical middle latitude depression (see McIntosh
and Thom, p. 150) will first increase and then decrease as the
low pressure center arpproaches and then increase and decrease
again after the center passes by. Clearly, the resgcnse cf the
wind speed should be less coherent with air pressure than the
response of the rotating clockwise wind component fcr these at-
hospheric pressure systems,

AR marked difference 1is found in the cocherence results at
longer synoptic periods (greater than 10 days) in comparison
with the coherence results at the shorter synoptic pericds. At
these longer péricds, the rotary coherence levels are considera-
bly lower. These results suggest that, at the loﬁger synoptic
periods, the wvariation of the wind can no longer ke thought of
as a relatively simple response to travelling afmcspheric circu-
lation systems. Instead, the relation between the wind and air
pressure appears to be <considerably more complicated at such
scales. Interestingly, {he coherence between the wind speed and
air pressure remains much the same at the longer pericds as that
found at shorter synoptic periods. Also, the phase difference
between wind speed and air pressure remains fairly ccnstant

(being nearly out of phase) throughout the synoptic scale.
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5.3 Air Temperature

The cross-spectral results (see Figure 21) show a signifi-
cant amount of coupling between the air temperature and the wind
over a wide range of scales, The most significant levels 6f
coherence are found at synoptic scales. The clockwise rotary
coherence ranges from 0.4 to 0,7 over periods cf 1.5 tc 35 days
wvhile the anti-clockwise rotary coherence levels are somewhat
lover, ranging from 0.25 to 0.6 <cver the =ame interval of
periods. These results suggest that the air temperature has a
greater Aresponse to clockwise rotaticns of the wind than anti-
clockwise rotations.

This differential response of air temperathre, cn synoptic
scales, 1s understandable in terms of the passage of synoptic
circulation systems over the North Pacific Ocean., Synoptic
éfessure disturbances travelling eastward to the north of
Station 'Papa' (resulting in a clockwise wind «rctaticn at
'Papa') are more 1likely to be associated with cold airmasses
fhan pressure systems passing to the scuth (anti-clcckwise wind
rotations) due to the difference in latitude. It would seenm
thét thesé cold airmasses produce more ccherent changes in the
air temperature than the relatively warmer pressure systems pas-
sing to the south.

When the wind direction is excluded from the analysis Gty
computing the wind speed-air temperature cross-spectrum, the
coherence levels are found to be much lower but still generally"
significant, At synoptic scales, the coherence spectrum shows a
peak from 1.3 to 3.5 days but with coherence 1levels of only

0.,20. This region of statistically very good ccherence is se-
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parated from the fair to good coherence found at lcnger periods
by a region of poor coherence found at 6.5 to 11 days. The
phase at the synoptic peak ranges from -30 degrees to 30 de-
grees, indiéating that the air temperature is nearly in phase
with the wind speed.

At periods longer than the synoptic scale, the coupling
between air temperature and the wind remains at significant le-
vels, The clockwise ccherence is very good out to periods of
about 200 days and remains fair and gccd at the periods c¢f one
year and two years, respectively. The anti-clockwise <coherence
exhibits a somewhat different behavicr: it remains gocd cut to
periods of 64 days but ‘fcr longer periods (with the exception of
a peak of very good coherence at 100 days) it declines to ©poor
coherence levels, The wind speed-temperature coherence isA
generally good at the longer periods with twc sharp peaks at the
annual and semi-annual cycles. The annual coherence is, of
course, extremely good with a value of 0,99, Air temrerature
ieads wind speed by 125 degrees over the annual cycle.

We have seen that changes in the air temperature are signi-
ficantly coherent with wind rotations. Such changes in the air
temperature are due to advection of different airmaéses Fast thé
observation point. The effect of more localized modifications
is examined by computing the cross-spectrum between the air tem-
perature and UAT ( a quantity which through the tulk aerodynamic
parameterization, equaticn (2), is representative «cf the upward
turbulent transport of sensible heat). The cross-spectral re-
sults, diSplayed in Figure 22, show a very significant and high

level of coherence between these quantities at all scales less
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than or equal to one-half year. At pericds longer than cne-half
year, the coherence levels are poor, with the exception of very
good coherence at the annual cycle,

Over the synoptic and mesoscale periods, the phase between
the two signals is very uniform, remaining within 10 degrees of
being exactly out of phase. Over these scales, then, an in-
crease in temperature is accompanied by a decrease in UAT and a
decrease in temperature is accompanied by an increase in UeAT,
The high coherence found here suggests that the fluctuations in
the - air temperature may be used to predict the ccrrespcending
" fluctuations in UeAT, While the coherence levels for air tem-
perature with UAT aré large (0.7 to 0.9) the ccherence levels of
air temperature with the sensible heat flux may be lower because
of the scatter found in experimental compariscns cf direct mea-
surements of sensible heat and the calculated value of sensitle
heat through equation (2) (see for'example, pond et, al. (1971)).

5.4 Absolute Humidity

The absolute humidity is an airmaés characteristic, which
like air temperature, is modified by means <c¢f +turbulent ex-
changes' with surrounding parcels of air. It is further related
to air temperature since the air temperature determines the
upper limit (saturation value) of absolute humidity. As one
would expect, then, the air temperature-absoclute humidity cross-
spectrum, displayed in Figure 23 indicates a strong correlation
over most scales, as seen from the high coherence levels and
small phase values., For periods less than 3 days, the «cocupling
Qeclineé sharply although the coherence between the signals does

remain statistically significant.
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The absolute humidity-wind cross-spectfum (see Figure 24)
is remarkably similar to the air tempefature—wind CL¢ss- spectrunm
previously discussed. Bcth cross-spectra show that the nmost
significant coherence levels occur at synoptic pericds and that
the clockwise wind rotations are more coherent with air tempera-
ture and absolute humidity than anti-clockwise wind rctaticns or
the wind's Speed. The major difference between the two cross-
spectra are to be found at shorter periods. Over rpericds ran-
ging from 4 days to 0.5 days, the absolute humidity is more co-
herent with the rotary wind and wind speed than air temperature,
The largest change is found for the case of the clockwise rota-
ting wind., Such differences between temperature . and humidity in
relation to the wind as weil as the reduced temperature-humidity
coherence .suggest that  over the smaller synoptic period, pro-
cesses other than the wind are important, . Apparently one mani-
festation of such processes is to reduce the wind-air tempera-
ture coherence. . One pcssible process which would have a dif-
ferent effect on temperature than humidity would be heat trans-
fers by long wave radiation.

The cross-spectrum between absolute humidity and UAq (é
quantity which 1is rerpresentative of the turbulent water vapour
transfer by mesans of equation (3)) was computed., The cross-spe-
ctral iesults, displayed in Figure 25, show very similar fea-
tures to the air temperature-UAT spectral results previously
discussed. The absolute humidity variations dominate Uepgq
changes but not to the same extent as temperature variations
dominate the UsAT changes. Over a considerable pért of the re-

solved periods  (periods 1less than 100 days) the ccherence is
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statistically very good, ranging from 0,90 tc 0.65 and the phase
remainé within 20 degrees of the signals being exactly out of
phase. Whilelit must be remembered that the ccrrelaticn between
water vapour (or latent heat) transfer and UAq is nct perfect,
the results suggest a strong inverse relationship Letween akso-
lute humidity and water vapour transfer,

2.2 Sea Temperature

The cross-spectral results of sea temperature with various
surface meteorological quantities can be used tc study the cocup-
ling between the ocean and the atmosphere. As previously wmen-
tioned in Chapter 2, the sea temperature reccrded cver the first
five years contain some apparentl& erroneous values, The major
effect of these efrors on the spectrum is to distcrt the diurnal
spectral estimate (as discussed in Chapter 4)., For the <cross-
épectral results that follow, all ten years cf thé data were
uséd in computing them., As a check on their reliabilty, the
same cross-spectra were computed usiﬁg cnly the last five yéars
of the data., The same general features were found in both sets
of cross-spectra.

Thé cross-spectrum between the sea temperature and the air
temperature is shown in Figure 26, It shows statistically very
good 1levels of coherence at all periods but the levels are
rather small t§ make a good predictor except at pericds 1longer
than 100 days. The highest coherence is found at the annual and
semi-annual cycles and the coherence levels generally decline
with decreasing periods, Over the synoptic scales, the co-
herence ranges from 0.3 to 0,5 and seems to vary abcut a fairly

constant level., The phase difference between the air and sea
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temperature 1is small, being 1less than 40 degrees over most
periods; The air temperature generally leads the sea tempera-
ture,.

The wind-sea temperature cross-spectra are displayed in
Figure 27, The rotary cross-spectrun shcus stétistically good
to ‘very good cocherence 1levels over all periods. However the
coherence levels are too low to be useful as a predictcr. The
clockwise coherence levels are somewhat higher than the anti-
clockwise coherence levels, particularily at syncptic periods..
Apparently this difference is a reflection of the differencé
between synoptic disturbances passing to the ncrth (resulting in
clockwise wind totations) and those passing to the south (resul-
ting in anti-clockwise wind rotations). Previcusly,' we have
seen that disturbances passing to the north are more strongly
coupled to the air temperature, apparently because they ori-
ginate at higher latitudes and therefore have more pronouncéd
airmass temperature differences from the air they rerlace. One
would then expect that the sea temperature will ke modified to a
greater extent by such synoptic disturbances as well, resulfing
in higher coherence levels.

The cross-spectrum between the wind speed and the sea tem-
perature shows statistically very good levels of coherence over
periods ranging from one year to one day.‘ These levels are
generally 1larger than those fqr the rotary wind at the longer
synoptic. and seasonal/climatic scales. The coherence decreases
steadily with decreasing period. The phase plot indicates that
except for the very longest and the very shcrtest ‘pericds re-

solved, the sea temperature leads the wind speed Lty 90 to 135
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degrees.

It is instructive to compare the cross-spectral results fecr
the wind and the sea temperature with thcse cf the wind and the
air temperature. The wind speed is more coherent with the sea
temperature than the air temperature while the rctary wind con-
ponents are more coherent with the air temperature than the seca
teﬁperature for periods greater than 3 days. This resqlt indi-
cates a greater degree of coupling of the wind speed with sea
temperature than air temperature on such scales, Ocean-atmos-
pheric coupling processes which could account for the high
degree of coupling with the wind speed include turbulent heat
exchanges and wind driving of the ocean's upper layer, tcth cf
wvhich are related to the wind speed. Similarily, the lower co-
herence of sea temperature with the rotary wind shows that the
sea temperature is less directly related to the rassage qf syno-
ptic scale pressure disturbances.

The relatedness of the sea temperature with air presscure is
examined by computing their cross-spectral .valués . (see Fiqure
28). The major features of the coherence.spéctrum are very good
coherence levels at the . annual . period (0.92) and at shorter
synoptic periods (ranging from 2 .tc 7 days). Over - the 1longer
synoptic periods and the seasonal/climatic periods, the co-
herence shows marked variations abocut the 95% significance
level, At pericds between 65 days and the annual period, the
coherence is only fair toc poor, A bulge in the =srectrum to
levels of statistically good and very good coherence is found
between 10 and 30 day periods. The +rhase stectrum indicates

that air pressure leads the sea temperature over most pericds.
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representative of the total turbulent heat flux). The annual-:

off-scale.

- and senmi-annual peaks of the sea temperature auto-spectrum are.
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The cross-spectrum between sea temperature and the total
turbulent heat flux (see Figure 29) reveals generally very good
coherence levels over most periods. However, the coherence is
only large enough to be of practical use fecr predictive purposes
at the 1longest pericds., The phase difference between the two
quantities ranges from 90 to 180 degrees, with the sea tempera-
ture leading. Over periods from one year to one day, a compari-
.son of Figure 29 with Pigures 22 and 25 shcws that the sea
temperature-heat flux coherence levels are consideratly 1oﬁer at
petiods less than 100 days, fhan the air temperature-UAT cr the
absolute humidity-UAq levels. |

5.6 Co-spectra Between Quantities Used Tc Compute Bulk Fluzes

The bulk parameterization formula for momentum flux (or
wind stress) is a relationship which allows east-west and north-
south components of the.wind stress to be computed frcm the pro-
duct of the wind speed and the east-west and north-south wind
components (U-UX,U-UY); Similarily, the sensible and latent
heat fluxes are determined from the products, UAT and UAq, res-
pectively (equations (2) and (3)). Tc assess at which scales
important contributions are made to these products (and hence to
the fluxes), the co-spectra between each quantity were computed
for each of the producté.

The co-spectrunm ¢XN' resolves the contributions to the .co-
variance XY due to in-phase oscillations from varicus ©periods.
In the. co-spectral plots fcllowing, f¢}q’is plotted to produce
the correct weighting for a logarithmic frequency scale,

The co-spectra between the wind speed and each wind com-

ponent are displayed in TFigqure 30, The ccntributicns to the
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covariance (as computed from the area under the graph of cc-spe-
ctral values) from all periods resolved by the co-spectral ana-
lysis 1is 14,9 (m/sec)?2 for the Uwleco—sPectra and 3.1 (m/sec)?
for the UcUy_co—spectra, To put these values intc fperspective,
it should be noted that the contribution to covariance from the
product of the long-term averages (UeU, and ﬁ'jy) are 41.5
(n/sec)?2 and 14.4 (m/sec)?, respectively. |

The U'qx co-spectral values are always pcsitive and show
peak levels at periods of about seven days with a marked decline
at the shorter periods. The <contributions to the covariance
from.  periods of 2 days to 6 hours amcunts tc only 12% of the
total spectral covariance and less than 3% of the total co-
variance (ﬁtﬁx#f¢quﬁiﬁx). Similarily, the Uel, coc-spectral
levels are generallé positive with the highest levels found at
periods of about 4 days. As with the east-west case, the north-
south covariance has relatively small contributions fron pefiods_
less than 2 days. These results suggest that when ccoputing the
long-term wind stress, using the bulk aérodynamic parameteriza-
tion, one must have measurements at intervals =separated by' no
more than 2 or 3 days to obtain reliablé wind stress estimates.

The co-spectra of the wind speed with the sea-air tempera-
ture difference!(u-AT) and of the wind speed with the sea-air
humidity difference (UsAg) are displayed in Figure 31, Both co-
spectra follow the same pattern: relatively large positive con-
tributions from the annual and semi-annual cycles, while. at
shorter periods between 7 days and 2 days, relatively large ne-

gative co-spectral levels are found. These negative cospectral

values are not unexpected since strong winds cause increased
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sea-air temperature difference and between the wind sgeed and:

the sea=-air humidity difference from five two-yearly tlocks.

The vertical error bars represent approximate 95% confidence

intervals of the mean co-spectral estimate. -
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mixing of the surface layers of both the atmosphere and the
ocean which decreases air-sea temperature and humidity dif-
ferences.

In relation to the total co-variance of the wind speed and
sea-air humidity difference (UeAq), the annual and semi-annual
variation accounts for only 4,7% of the total and the shorter
period variation account for only 3.8%. In addition, because of
their opposite signs, these two variations partially cancel one
another out. Clearly, the long ternm latent\heat transfer can be
determined adequately from long-term averages of the wind speed
and the sea-air humidity difference. .

In terms of the total covariance of the wind speed and the
sea-air temperature difference, contributions from the annual
cycle and the shorter‘periods (2 to 7 days) are more important.
The annual and semi-annual cycle peaks accounts for 24% of the
total covariance (UeAT) while the shorter periods account for
approximately 12%. Thus, in computing the 1long term sensible
heat flux by means of the bulk aerodynamic parameterization, it
is important to include the effects of these periods by choosing

a sufficiently small sampling interval.
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Chapter 6

THE EFFECT OF DATA SHMCOTHING CN WIND STRESS COMPUTATIONS

6.1 Introduction

In this chapter a study is made of the effect cf using the
smoothed data that are readily available over the cceans cn the
computation of wind stress (or momentum flux) by means of the
bulk parameterization formula (eqﬁaticn (1)). The twc scurces
of wind field data which are available over the entire ocean for
long periods are wind roses (as compiled in cliratic atlases) or
mean pressure maps from surface weather charts (from which the
wind can be computed gecstrophically and then ccrrected fcr the
frictional effect of the surface). Both of these data sources
are organized in such a way that the wind data are inherently
averaged or smoothed. The effect that this smoothing has on the
éomputed wind stress is examined by smcothing the basic 3-hourly
wind data at Station 'Papa' in a similar fashion and then app-
lying the -equation (1) to this smoothed data. The resulting
value of wind stress is then compared with the estimate of wind
stress made by applying the bulk parameterizaticn fcrmula direc-
fly to the 3-hourly data.

Two previous studies of this kind have been made by
Malkus (1962) and Frye(1972). Malkus computed the wind stress Ly
various means‘at two locations: one in the trcpical Atlantic and
the other at Weather Station 'C*' (53N 36W) in the North
Atlantic. However, the data used at bcth locaticnhs ccveréd a
period of less than a month, Wind roses are generally compiled

from many years of data for each month ¢f the year. The stress
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magnitude calculated from the wind roses agreed with the direct
calculation to within 25%. The stress magnitude computed from
the vector averaged wind (which is similar tc what can be con-
puted from surface pressure maps) showed good agreement with the
direct calculation at the tropical lccaticn., Hcwever at the
more northerly location, it was low by a factor greater than 2
as a result of the much greater variability cf the wind direc-
tion in the latitudes of the westerlies.

Frye (1972) studied the effect that the averaging distance
(or period) wused in <c¢btaining the mean wind speed has con the
¢om§uted Qind stress at an Oregon coastal locaticn, Because his
basic data did not include complete wind direction measurements,
he chose a data run where the wind was ccnsistently blcwing from
the north. His results showed that the wind stress steadily
decreased with the size of the averaging pericd. At a period of
about a week,'this change was approximately 20%.

Because the drag coefficient, C_, may be a weak function of

D
the wind speed, +two different drag coefficients were used.

Cp=1.5x10-3 (30)
and a linear drag'coefficient (Deacon and Webb,1962):
CD=(1.0+0.07~U)X10—3 (31
where U is the mean wind speed in m/sec. MNore recent msasure-
ﬁents indicate that the weighting factor of 0.07 wused 1in the
linear drag coefficient 1is too large, However, it useful for
this study in that it prcvides an upper bound of the possible

effects of the non-constant drag coefficient.

The drag coefficient may depend on the atmcspheric stabili-



97

'ty as well (Rol1,1965). This effect may be'important in coastal
regions, but it is not likely to ©te important cver the open
ocean, where the air-sea température difference (AT) is relati-
vely small, At Station 'Papa', the absolute value c¢f AT exceeds
2 Co in fewer than 10% of the cobservations., Furthermore, 1large
values' of AT often coincide with low wind speed values (Figure
31, so that the effect.of non-neutral stability is 1limited to
periods when the contributions to the wind stress are small.

Ssince the examination of the effect of smoothing in this
study is limited to one location, the conclusicns must be consi-
dered tentative. It wculd be desirable to apply the same analy-
sis at other locations to see how the effects vary gécgraphical-
ly. . The effect of swmoothing over sgatial scales also needs to
be examined.,

622 Direct wind Stress Ccemputation

In order to determine the effects of smoothing cn the wind
stress computation, the wind stress is first computed directly
from the .3-hourly, observations (i.e. no data émoothing)._ The
directly calculated values will be compared in later seétions
with the wind stress coumputed from smoothed data., In addition,
the directiy calculated values are useful tc illustiate the
variability of the wind stress over monthly and. yearly perioﬁé.

The direct calculation of the wind stress was made by con-
puting both wind stress components fof each three-hourly hea-
surement and averagihg these over thé data recofd used:

N 1/2 N 1s2

T, 520 (U 2+ 2huy 57y S X0 (G 24V, ) ¥y (32)
N N

where N is the number of data points,Tg, Tyare the east-vwest
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and north-south stress componénts; respectively and U, Vv, are
the east-west and‘north—south wind components, .The density p is
1.25x10-3 gm/cm3 (based on Table F-9, Handbook cf Chemistry and
Physics, 51st edition using.an air tehperaturé of 8,2 OC; abso-
lute humidity of 7.4 gmn/m3 and air pressure of 1010 mbar). The
wind stfess was ccmputed using both the constant (equaticn (30))
and linear (equaticn (31)) drag coefficieéents. .

The stress was calculated from 2916 observaticns for each
year (out of a total cf 2920 observations in an ordinary year
and 2928 observations in a leap year), The observations vere
centered bn . the year. The monthly wind stresses were computed
from the same number of observations with each 'menth' ccnsis-
ting of 243 observations, In months or‘years which include mis-
sing or ;erroneOus data (see Appendix ), the inccrrect data is
not used and the stress computation was based on the reduced
numrber of good observations,

The wind stress for each of the ten years, 1958 to 1967
inclusive, is displayed in Figure 32, The results are disglayed
‘as the magnitude cf the wind étress (in dynes/cm?) and the dire-
ction of the wind stress (as an angle in degrees clcckwise from
north). The magnitude <c¢f the stress has sizeable variations
between different years, These variations .are relatively 1large
in comparison with the long term wind stress mean but are small
in comparison with the fluctuations of the wind stress at smal-
ler scales., The direction of the wind stress has smaller year
to year variations, ranging in size from 60 to 90 degrees east-

ward of north in directicn.

The directly calculated stresses computed using the linear
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drag coefficient are somewhat larger in magnitude but have
nearly the same direction. The the ratio of the magnitude in--
crezase over the constant drag coefficient case ranges from 1,32
(1962) to 1.50 (1959).

A large seasonal variation is found in the wind stress cal-
culated for each month and averaged over each of the ien years
(see Figure 33). The magnitude of the wind stress is largest in
the fall and sméllest in the summer, The _1atger errcr bars
shown on the graph indicate the large year to year differences
in the wind stress magnitude for each month., As an example of
this variation, consider the month. of Febuary which in 1958 and
1962 was the month of the lowest wind stress for each year and
which in 1967 was the wmecnth of the greatest wind stress, .

The monthly wind stress‘direction displayed in Figure 31 is

~

computed as the mean of the ten direction values available for
each month., The graph indicates'that for all mcnths, the étress
direction is generally ncrthward (00) to south eastward (1350).
The monthly wind stresses computed using the 1linear drag
coefficient show 1larger magnitudes. The relative size of the
increase. is related to the mean wind speed of each month, In
fall and winter, when the.mean<wind is larger, the increase in
the magnitude is approximately 50% while in summer when the mean
wind is smaller, the increase is 25 to 30%. The difference in

wind stress direction.as a result of using the linear drag coef-

ficient is small, being less than 5 degrees for each month. .
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6.3 Wind Stress From Climatic Atlases

The impetus for studieé of the wind stress field cver the
ocean was provided by Sverdrup(i9u7) who related the strength cf
ocean currents to the cugl of the wind stress. .Shortly after
the appearance of this pioneering work, the Scripps Institute of
Oceanography compufed the wind stress field over £he North
pacific (1948) and the North Atlantic (1950).  Hidaka (1958)
later extended the computations to cover the Indian and Southern
Hemisphere Oceans.

The basic data used in thesé computations were wind rosés
tabulated from many years of observations, Fcr th? North
Pacific, Indian and Southern Hemisphere Cceans, these wind rdses
provided only the frequency of winds blowing in a given direc-
tion. The wind data for the Atlantic Ccean gave the wind speed
distribution in each direction, as well, but in rather coarse
gfoups.

With the publication of the Marine Climatic Atlas of the
World, volumes I-VIII (1955 to 1969), a better data set for wind
sfress computations became availatle, Using this atlas,
Hellerman{1967) recomputed the wind stress field over the
world's oceans, although the drag coefficient as a functiocn cf
wind speed that he used was probably not the best choice in the
light of more recent measurements,

In order toc assess the effect of this data format on the
wind stress computation, the data were sorted and tabulated in
the format of the Marine Climatic Atlas wind roses for each
month from all ten years of data..  The iniervals cf the wind

speed distribution of each direction and of the overall wind
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speed distribution are given in Table V., As in the Marine
Climatic Atlas, the wind speed distribution values were rounded
off to the nearest single percentage cf the total numker of data
points wused in constructing the wind rose., The symbcl '+' used
in the Marine Climatic Atlas to represent pércentages which are
non-zero but less than one-half of one percent was taken to be
1/4 of one percent for the purposes of calculation.

Twelve directions were used rather than the eight of the
Atlas because the original data were provided in 36 directions.,
Sorting the data into eight directions wculd result in somevbias
as some of the eight directioﬁs would have contributions from
five of the original 36 measured directions while cthers would
have contributions from cnly four of the measured directions..
(For a discussion of this effect see Lea and Helvey(1971)).

The wind stress was computed for each of the twelve direc-
tions following the method of Hellerman (1965). The <ccmputation
was made using two different drag coefficients (equations (31)
and (32)). Wind stresses were then added vectcrially tc cbtain
the east-west and north-south components. From the components,
the magnitude and direction were computed and are'used in disp-
laying the results,

The wind stresses, as computed from the data crganized in
the wind rose format, are given in Table VI. The ccrrespcnding
directly calculated values are also given»for comparison. The
results show that the two magnitudes differ by amcurnts ranging
from less than 1% to as much as 14% for the case of the constant
drag Vcoefficient. The average of the mcnthly absclute percent

differences is 5.6%. The difference between the magnitudeé cal-
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The data format used in wind roses fpresenteé¢ ir the Marire
Climatic Atlases, First, the speed distribution that is used to
group the wind data in each separated directicr is presented.
Then, the sreed distribution for all winé reedircs recardless cf
¢irecticn is rreserted.

Y¥or Fach Lirecticn:

™~ I | T B |
iIrterval | Beaufcrt| Finimum |
| | Numkers | Srpeed |
| | | (knots) |
| 1 4 4
| | | |
| 1 | 2-3 | 3.3 |
| 2 | 4-5 i 10,5 |
| 3 ] 5-¢ | 21.5 |
i 4 1 8-12 | 33.5 |
o | I |
L i 4 o |

o
i<
im
In
I
Vet
I

Speed Distribution

T T R ¥ R
|Interval | Eeaufcrt| Minimunm |
i | Nvobers | Speed |
| | | (krcts) |
2 1 + {
| | | : |
| 1 | 0-1 | 0.0 |
| 2 | 2 | 3.5 |
| 3 i 3 { 6.5 |
| 4 | 4 | 10.5 |
| 5 1 5 | 16.5 |
| 6 | e | 21.5 |
| 7 { 7 | 27.5 |
| 8 | 8 | 2.8
| 9 | 9 | 40.5 |
| i | |
BN 4 i 4
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IABLE VI

Comparison of the wind stress magnitude - aré directicr as
conputed frcr the data crganized intc the format of the Marine
Climatic Atlas (*MCR2') with the value ccmputed éirectly frcr the
3-hourly data ('Direct'). The results are given for the Ltoth
the cconstant and linear forms c¢f the dreg ccefficiert. The
stress magnitude has urits cf dynes/cm2-day and the direction is
in degrees clockwise from North.

———— - ———— - - —— - — — — -

T " R |

| Fagnitude | Cirecticr -

[ T E] : R ] T ¥ 3 T T -7
{ Mcnth} Directy MCA | %Diff| Direct| HNCA { Ciff. |
I -——+ + + { + 4 -——4
-} Jan.-| 1.052 | 1.043 | -0.9 | 43.44 | 43,09 | -0.35 |
| Febe | 1.226 | 1,149 | -6.3 | 62.42 | 5%.€61 | -2.82 |
- Mar. | 1.192 | 1.283 | 7.6 | 99.30 { 97.23 | -2.07 |
{ Rrr. | 1.046 | 1,078 | 3.1 | 91.7& | €E€.€€ | -3.12 |
| May | O0.€&11 | 0.922 | 13,7 | 69.89 | 65,18 | -4.71 |
| June | 0.634 | 0.666 | S.0 | 63.49 | €€.15 | Z2.€€ |
-} July | 0.€79 | 0,740 § 9.0 | 64,98 | 61,90 | -3.08 |
| BAug. .} 0.943 | 0,912 | -3.3 | 73.€63 | 73.3¢ | -C.24 |
-} Sept | 1.06€ | 1.0C7 |} -5.5 | 60.47 | £3,5¢ | -€.88 |
| Ccte | 1.945 | 1.916 | -1.5 | 75.31 | 77.96 | 2.65 |
| Ncve | 1.902 | 1.856 | -2.4 | 832,32 | €3,71 | <C.3¢€ |
] Lece | 1114 | 1,210 | 8.6 | 62.70 | 65.25 | 2.55 |
. | } 4 - +——- + + +- 4
| Year | 1.098 | 1.111 | 1.1 | 7z2.45 | T1.74- 1 C.71 |
L . X 1 1 i X .y 4

Linear Irag Coefficient

: ) T b

1 Fagnitude | Tirecticr {

T T T - T T T - T~ - 3
| Mcnthk} Direct|] MCA |} %Diff| Direct} MCA { Liff. |
b=t 1 + 4 4 -4 -4
-] dan. | 1.53C | 1.552 | 1.4 |} 47,09 | 46,74-}| -0.35 |
| Febe | 1.877 | 1.708 | -9.0 | €3.4C | €0.7€ | -2.64 |
| Mar. | 1.701 | 1.8¢1 | 11.2 | 95.37 | 98.58 | 3.21 |
| Apr. | 1.418 | 1.501 | 5,9 | 90.73 | £€.8C | -1.93 |
| May | 1.C17 | 1.2€0 { 18,0 | 71.52 | 65.46 | -6.06 |
| June | 0.779 | 0.828 | 6.3 | 65.0€ | €7.8€ | 2Z.80 |
t July | €.781 | 0.872 | 11.7 | 64,30 ) 60,70 | -3.60 |
| 2ug. | 1.183 | 1.147 | -3.0 | 73.01 | 7z.€€ | -C.23c |
| Sept | 1.421 | 1.332 | -6.3 | 61.75 | £3.3€ | -€.37 |
] Ccte | 2.862 | 2,842 | -0,7 | 74.85 | 77.55 | 2.70 |
| ecse | 1.584 | 1,759 | 11,0 | 65.51 | 66.97 | 1.46 |
t } + { + +—— + 1
| Year | 1.550 | 1.571 | 1.4 | 72.73 | T2.5C | €.23 |
| S 4 4 1 4 1 4 3
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culated over all the seasons is only 1.1%. The difference in
direction is less than 6 degrees for each month. The correspon-
ding differences for the case of the linear drag coefficient are
slightly larger.

These results demonstrate that the effect of organizing the
data into the wind rose format of the Marine Climatic Atlas has
a rather smail effect on the computed wind stress,

6.4 Wind Stress From Surface Heather Charts

Other sources of wind data over the cceans are the surface
air bressure charts issued by various metecrclcgical agencies.
Such charts display the mean pressure field over various
periods, often five days, one month or a seascn, By assuming
that the pressure gradient is balanced by the Coriolis force,
the geostrophic wind is calculated. At the earth's surface, the
geostrophic wind must be corrected for the frictionél effect of
- the surface, While the relation between the geostrcphic wind
and the observed surface wind is not well established, it is
thought that over the open ocean, this ccrrecticn is. relatively
small, amounting to a magnitude reduction of 0.7 and a rotation
of less than 10 degrees (Flohn, 1969).

The geostrophic wind computed from the pressure'gradient is
a vector quantity. Averaging the pressure field results in a
vector averaging of the resultant geostrophic wind (i.e. each
wind component is averaged), To estimate the effect c¢f using ;
vector averaged wind in the computation of the wind stress, the
observed 3-hourly surface wind observaticns were vectcr averaged
over various periocds, The resultant wind was then used in the

bulk transfer formula to determine the wind stress. The wind
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stress computed from the vector averaged wind was then compared
with the directly calculated wind stress.

The comparison scheme described above will only be sensi-
tive to the effect that the vector averaging of wind values has
on the computed wind stress. Any variations of the resultant
wind from other effects over the averaging periods investigated,
will not be detected by this analysis, Other effects which may
result in variations include a possible non-uniform surface cor-
rection to the geostrophic wind and the breakdown of the assumed
geostrophic balance in certain situations (e.g. during the pas-
sage of a storm front).

The vector averaging was done separately on each of the 5
blocks of 5832 wind components (each block includes very close
to two years of the data).

Each data block was divided into 5832 groups of one data
sample, 2916 groups of two data samples, 1458 groups of four
data samples, 729 groups of -eight data samples, and so on up to
one group of 5832 samples., The average of both wind components
was computed from the individual components in each group. From
these averaged wind components, (ﬁi,vi),i=1,2,...L where L is -
the number of groups, the wind stress was determined by applying
the bulk aerodynamic parameterization:

S
172

L —
T () =pCp e L (T )2+ (T ) 2] o

-

O, .75 WL (34)

where T is the averaging period (T=729/L in days). The density,
o was assumed to be constant and the calculations were made for
both the constant and linear form of the drag coefficients.

Because it was convenient in such a computation scheme to
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have complete data blocks, the small amount of missing and er-
roneous wind data was replaced by wind data taken frcm the pre-
vious two vyearly data block sampled at the same time cf the
year. For example, the two readings of missing wind data on
Dec, 23, 1961 were replaced by wind data measvrements made on
Dec. 23, 1959.

The results are displayed in Figure 34, which rlots the
ratio of the computed stress magnitude from the vector .averaged
data to the computed stress magnitude frem the 3-hcurly data,
IT{(TY /1Tt (1/8) ). Alsc plotted in Figure 34 is the difference
between the wind stress directions, 6/(T)-8Y(1/8), ccnputed from.
the vector averaged values and directly from the 3-hourly va-
lues, respectively. The vertical error bars represent approxi-
pate 95% confidence intervals of the mean computed from the five
two-yearly data blocks.

The magnitude of the wind stress decreases markedly with
the vector averaging period., At a period of one mcnth, the com-
Quted magnitude is reduced by more than one-half for the case of
the constant drag coefficient. At the same averaging period,
for the case of the linear drag coefficient the magnitude is
reduced to less than one-third of the directly calculated value.
The greater reduction for the case of the 1linear drag coeffi-
cient can be partly attributed to the use of the vector mean
wind speed in determining the drag coefficient, For longer
averaging periods, the value of the drag coefficient is reduced
which results in a further reduction to the <computed wind
stress., The relatively small size of the 95% ccnfidence inter-

vals indicates that the wind stress reduction with averaging
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Figure 34: The ratio of the wind stress magnitude ccmputed from
wind data that are vector averaged over a pericd, T to the
directly calculated wind stress. The lower plot represents the
dif ference between the direction of the directly calculated wind
stress and the direction of the wind stress computed from the
vector averaged data. The vertical error bars —represent
approximate 95% confidence intervals of the mean,
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period is much the same for each two-yearly data block.

The effect of vector averaging on the directicn cf the wind
stress is much smaller. Figure 34 shows that the agreement Llet-
ween the direction computed from the vector averaged values is
generally within 3 degrees of the direction computed directly
over all averaging periods studied.

These results demonstrate that the effect of vector avera-
ging the wind data (which is similar tc the use cf meén pressure
maps for computing the geostrophic wind) is to reduce considera-
bly the magnitude of the computed wind stress cover averdging
periods of a few days or longer. However, the effect on the
stress direction is quite small and averaged data cf this type
seems to provide a gcod estimate of the directicn the wind
stress., These conclusions must be considered tentative as they
are based on measurements at one location only. To test the
results, the same kind of test should be made on wind data from

other locations.
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Chapter 7

THE EFFECT OF EATA SMOOTHING CN HEAT FLUXES

7.1 Introduction

When turbulent fluxes of sensible heat and latent heat are
needed over large oceanic regions, the only data which are avai-
lable are inherently smoothed. The effect of this data smoo-
thing on the computation of the turbulent heat fluxes through
bulk aerodynamic parameterizations is examined in this charpter.

The bulk transfer formulas for the sensible heat £flux and
Jatent heat flux can be written as

Hg = G, Gp UAT (2)
HL=LCqUAq (3)
respectively where U is the mean wind in m/sec, AT is the sea-
air temperature differences in °C, and A9 is the sea-air humidi-
ty difference in gm/m3, The non-dimensional coefficients Cp and
C qare taken to be 1.5x10-3, the heat of vapourization per unit
mass, L=2.46%x1010 ergs/gm, the specific heat at ccnstant pres-
sure; qp=1.O0x107 ergsy/gm- C and the density of air, p=1.25x10-3
gn/cm3 (based on the average temperature of 8,2 °c amnd average
absolute humidity cf 7.4 gm/m3),

The basic data set needed for the calculaticn cf the heat
fluxes are values of U, AT and Aq. Twc sources of data avai-
iable over large coceanic regions are marine climatic atlases and
surface weather <charts. The wind data format cf these scurces
was described in Chapter 6.

From the climatic atlas, the wind rcses used tc display the

wind data, allow an accurate determination of the w@mean wind
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speed. Climatic atlases also provide the distribution of air
tamperature, sea temperature and wet-bulb temperature from which
AT and Aq may be determined.

Alternatively, surface weather charts may be used to obtain
the wind information, However, ths value determined frém this
data source corrasponds to vector averaged mean wind rather than
the mean wind speed (see Chapter 6) used in equations (2) and
(3).. In addition, surface weather charts may not contain ten-
perature or humidify data so these would have to be obtained
from othsr sourcss.

In order to compare the effects of data smoothing on the
computation of h=zat fluxes, the fluxes were computed diresctly
from the 3-hourly data. Thess directly calculated heat fluxes
sarve as standards fag comparison purposes, They are also
useful for displaying the year to year and monthly variations.

The data were organized into ten yearly blocks, with each
block consisting of 2916 3-hourly readinés ({out of a possible
2928 rzadings for a leap year and 2920 readings for a non-leap
year) . Each block was divided into 12 'months?', each being made
up of 243 data resadings. In those months which had 2 or nmore
incorrect readings, the heat fluxes were computed from the re-
duze2d numbar of only valid readings. When only a single reading
was missing (often the slowly varying sea temperature), linear
intarpolation was used to replace the reading.

The vyearly averages of each heat flux are displayed in
Figurz 35, The latent heat flux has a mean value of 89,2

cal/cm2-day while the sensibla heat flux averages 11.6 cal/cm2-
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day. (These values of mean heat fluxes differ slightly frcm the
values computed from the spectral analysis as'given in Appendix
11 because the missing and incorrect data were handled
differently). Clearly the sensible heat flux 1is consideralkly
smaller than the latent heat flux as indicated by the Bcéen's
ratio (HS/HL) which ranges from 0.05 (1958) to 0.18 (1966) atkout
the overall mean value of 0,13, From Figure 35, it appears that
over the ten year pericd, 1958 to 1967, the sensible heat flux
was gradually increasing. However, the latent heat flui does
not show any similar long term trend.

A very pronounced seasonal variﬁtion is found in toth the
sensible and  latent heat fluxes (see Figure 36). The largest
heat fluxes occur in the fall while the smallest heat fluxes are
found in the summer months. A secondary peak in March is found
on average, in both the sensible and latent heat fluxes. The
monthly 1latent heat flux is positive fcr each month
(i.e. transfering heat from the ocean into the atmosphere) Lut
the monthly sensible heat flux is generally negative during the
months of May through August.

7.3 Climatic Atlas

In order tc estimate the effect of the smoothing of data
presented in the format of the Marine Climatic Atlas, the dafa
were organized into a similar format and from these data, the
turbulent heat fluxes were computed. Marine atlases present the
wind data in the form of monthly wind <rcses (as discussed 1in
Chapter 6) from which the mean monthly wind speed can be accura-
tely determined. These atlases alsc prcvide the mean values of

the air temperature, sea temperature and wet-bulk temperature
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Figure 36: The monthly averaged sensible and latent heat.fluxes
directly calculated from the 3-hourly data., The vertical error
bars represent approximate 95% confidence intervals of the mean

computed from the separate monthly averages for each of the ten
years. '
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from which one can determine the mean monthly sea-air tempera-
ture difference and sea-air humidity difference.

The data were organized into 120 separate months with each
‘month?' consisting of 243 readings (as described in section
7.2) . In those months with two or more incorrect or nmissing
data valdes; these values were not included. In mcnths whiéh
had only one missing or incorrect value, the bad value was rep-
laced by means of linear interpolation., The data fcr each dif-
ferent month were then grouped tdgether (i.e. data from the ten
Januarys, the ten Febuarys and se¢ on, were grcuped tcgether).
From the data in these mcnthly groupings, the average wind speed
and the average sea-air temperature and humidity differences
were computed, These were then used in thé bulk parameteriza-
tion formulae (equations (2) and (3)) to ccmpute the heat
fluxes.

The latent heat flux computed from the data in the climatic
atlas >format shows generally good agreement with the directly
calculated heat flux (see Table VII and Figure 37). The average
of the monthly absoclute percentage difference between the two
methods is 5.5%. The agreement is better fcr mcnths cf large
latent heat fluxes than for months of smaller latent heat
fluxes, When the heat fluxes are averaged cver the year,‘the
difference is 2.5%.

The use of the climatic atlas data format results in grea-
ter deviations of sensible heat flux values. The agreement is
poor in months of small sensible heat fluxes; in the mwmcnths of
Febuary and May through August (|Hs|<12.5 cal/cm2-day) the abso-

lute percent differences exceeds 25%. However in each month of
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IABLE VII
A comparison of the sensible and 1latent heat fluxes computed
from the data organized into the format of the Marine Climatic
Atlas ('MCA?') with the value computed directly from the 3-hourly
data ('Direct')., Both heat fluzxes have units of cal/cm2-day.

Sensible Heat Flux
L B T ¥ R q
| Month}| Direct | MCA | #Diff. |
+ + 1 + 4
| Jan. { 13.7 | 14,8 | 8.0 |
| Feb. | 8.41 | 12.3 | 46.3 |
| Mar. | 25.1 | 284.5 | . =2.4 |
| Apr. .} 12.3 | 13.2 | 7.3 |
| May. | -6.09 | -3.54 | =-41.9 |
| June | -9.,01 | -6.64 | =-26.3 |
| July | =-7.31 | -5.06} -30.8 |
l Augo ‘ '5.79 ’ ‘3.01 ' -148.0 ‘
| Sep. | -0.746] 2.61 { -u50., |
] Octe. | 34,2 | 34,3 | -0.3 |
| ©Nov, | 43.9 | 45.6 | 3.9 |
] Dec. | 30.5 | 30.4 | -0.3 |
F 1 t + 4
{ Year | 11.6 | 13.3 | 4.5 |
E N B L. = N d
Latent Heat Flux
T LB T T 1
} Month| Direct | MCA | %Diff. |
} + + 1 1
] Jan. | 85,2 } 87.0 { 2.1 |
{ Feb. | 82.5 | 82.9 | 0.5 |
] Mar. | 102.3 | 102.4 | 0.1 |
| Apr. | 91.3 | 91.3 | 0.0 |
| May | 49.1 | 51.8 | 5.5 |
| June | 30.0 | 36.2 | 20.7 |
| July | 28.3 | 31.6 | 1.7 |
} Aug. | 54,9 { 60,4 | 10.0 |
|] Sep. | 86.2 | 94,6 | 9.7 |
] Oct. | 179.3 | 173.3 | -3.3 |
| Nov. | 169.5 |} 173.4 | 2.3 |
| Dec. | 111.6 | 111.3 | -0.3 |
F + t t |
} Year | 89.2 | 91.4 | 2.5 |
L 4 i 1 J
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Figure 37: The monthly'averaged sensible and latent heat fluxes
computed from the data organized into the Marine Climatic

Atlases format, For comparison, the corresponding directly
calculated values are presented.,
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larger sensible heat fluxes, (1H81212.5 cél/cmz—day) the abso-
lute percent difference 1is less than 8.0%. Averaged over all
th> months, the difference is 14.5%.

For the purposes of computing the turbulent heat exchanges
ovar the entire year, the data organized in the Marine Climatic
Atlas format can be used with a reasonable degree of accuracy..
However, for the spring and summer months when the heat fluxes
ara comparitively small, the difference between the heat fluxes
computed directly and those computed from the marine climatic
format may be unacceptabley high for some purposes.

The turbulent heat fluxes may be computed using wind data
derived from surface weather charts. From the isobars provided
on mean surface weather charts, the geostrophic wind may be de-
tarminad. Knowing the geostrophic wind and correcting for the
effects of surface friction, the surface wind is -derived. As
describ2d in sasction 6.4, the effect of using pressure maps
averaged over long periods, is that of vector averaging the
shortsr term wind observations, In order to simulate this
averaging effect, the wind components, vector averéged over
various periods were used to compute the magnitude of the wind.
Often surface weather charts do not provide sufficient informa-
tion to compute the sea-air temperature and humidity d4if-
ferences, Therefore, additional sources of data, sucﬁ as clima-
tic atlases, may be needed to computé the turbulent heat fluxes.

The averaged heat fluxes were computed for each of the five
two-yearly data blocks. As described in section 6.4, two or

mors missing or incorrect data readings are replaced by readings
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taken from the previcus two-yearly data block at the same time
of year. For example, the missing data beginning <¢n Dec. 3,
1967 was replaced by data beginning on Dec, 3,1965. Single in-
correct or missing readings are replaced by 1linearily interpo-
lated values, The effects of the surface weather chart smoo-
thing are displayed in Figure 38, For each heat flux, Figure 38
displays the ratic of the heat flux 6omputed frcm wmean values
averaged over a period, T, to the heat flux computed directly
from the 3-hourly measurements, The vertical errer bars repré-
sent the approximate 95% ccnfidence intervals of the mean of the
ratio at each pe:ibd, computed from the five separate data
. klocks.

The effect of using the surface weather chart data format
is to markedly reduce the heat fluxes over averaging periods
longer than one day. For example, at a pericd cf cne month, the
sensible heat flux is reduced to 0.62 of the directly calculated
~value and the latent heat flux is reduced to 0.53 cf the direct-
ly calculated value. At periods of approximately one year or
more, the ratio between the heat fluxes conmputed by the two nme-
thods appears to become pearly constant.

The reduction of the heat fluxes is less than that found
for the magnitude of the wind stress. This difference is due to
the wind stress being proportional to the square cf the wind
while the heat fiuxes are proportional to the wind itself. 1f
CD=C15C q and CD is a linear function of the wind speed rather
than a constant, the effects would be larger as in the éase for
wind stress although perhaps not so marked, Nevertheless, the

reduction in the fluxes is considerable and some correction is
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needed if surface weather charts of averaging periods of a few

days or more are to be used to compute these fluxes.
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Chapter 8

SUMMARY

The surface layer cf the atmosphere cver the cpen ccean and
the interaction between the ocean and the atmosphere were stu-
died by examining a ten year record cf 3-hourly surface meteoro-
logical quantities at Ccean Weather Station 'Papa' (50N 145W).

To determine the important periodicities cf each quantity,
the power spectrur was computed from data blocks of two years
duration, Separate spectra were ccmputed fcr each season as
well.

The spectrum of the wind speed is dominated by activity of
synoptic scales. A peak 1level in the fe$ spectrum of 8.2
(n/sec) 2 occurs at a period of 3 days. The annual ppeak is
prominent while there is no significant diurnal peak. A small
but significant amount of activity is present at the semi-diur-
nal period. Seasonal changess are found in the behavior cf the
wind speed. The wind speed spectra of the fall and winter fea-
ture a larger amplitude synoptic peak «centered on shorter
periods as compared to the synoptic peak of the spring and sun-
mer. £ A comparison with the wind speed spectra determined by
other investigators at various 1locations, reveals that Ocean
Weather Station *Papa' is characterized by higher levels cf ac-
tivity occurring at generally shorter periods.

An examination of the vector wind was made by ccmputing the
rotary power spectrum. Both the clockwise and anti-clockwise
part of the spectrum are dominated by a broad syncptic peak at 3
days. The clockwise-side'has higher synoptic levels, a result

of the prevailing pattern of the movement of syncptic distur-
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bances to the north of Station 'Papa'’. The rctary spectrum
shows no significant annual or diurnal activity. A small but
significant semi-diurnal peak is found only in the clockwise
part of the spectrum, The synoptic peak'has a distinct se&sonal
variation occurring with higher levels and at shorter periods in
fall and winter as compared to spring and summer.

The air pressure spectrum is dominated by a troad uneﬁen
peak over periods ranging from 3 tc 70 days. The spectrum re-
veals a sizeable annual variation. A much smaller semi-diurnal
variation 1is also present, As with the wind, the spectral
levels are largest in the fall and winter, smaller in the spring
and smallest in the summer,

The spectra of sea temperature, air temperature and akso-
lute humidity are all dominated by large annual and semi-annual
peaks., The average annual range of sea temperature is 7.9 (O
while the range of the semi-annual cycle is 2.2 CO., The average
annual and semi-annual ranges of air temperature are 8,3 CO and
2.6 €0, respectively. The average annual and semi-annual ranges
of absclute humidity are 4.4 gm/m3 and 1.7 gm/n3, resrectively.

Both the sea and air temperature have significant diurnal
variations, The absolute humidity has a smaller diurnal varia-
tion which is only marginally significant; The average diurnal
range of the air temperature is 0,64 CO and that of the sea tem-
perature is 0.13 C0, Both the sea and air temperature have the
largest diurnal variation in spring which includes the period of
greatest éolar insclaticn,

From the spectrum of sea surface tenmperature, it appears

that there 1is very little activity between periods of one day
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and one year. However, the air temperature spectrum shows a
very broad, uneven peak between pericds of 2 days and 60 days.
The spectral levels over this range of periods increase in fall
and winter and are reduced in spring and summer, The absolute
humidity spectrum reveals a broad but well defined synoptic peak
(over periods from about 1.5 days toc 48 days) with a peak level
at 5.5 days. These syhcptic spectral levels are largest in the
fall and smallest in the spring,

The rotary power spectrum of the time series (U'UX'U'Uy)'
proportional through the bulk aercdynamic parameterizaticn. to
the wind stress, has the same general characteristics as the.
rotary power spectra of the wind., The spectra cf UesAT (repre-
sentative of sensible heat flux) and UsAq (representative of
latent heat flux) each show a strong annual peak and a broad
synoptic peak that accounts for most- of the qﬁantities'
variance, The synoptic peak shows that the largest variations
are found between periods ocf 4 to 7 days. The sensible heat
flux has a sizeable diutnal variaticn with an average daily
range of 16.9 cal/cm2-day (as compared to the mean sensible heat
flﬁx of 11.7 cal/cm2-day). The latent heat flux has nc diurnal
cycle. The spectral levels of both the sensible and latent heat
fluxes show the greatest variability taking place in the fall
and the least in the spring and summer.

A rotary cross-spectral analysis cf the relatedness of the
vector wind with the scalar quantities of air pressure, air tem-
perature, absolute humidity and sea temperature reveals genéral-
ly significant coherence 1levels over synoptic periods. While

the coherence is statistically significant, the ccherences de-
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termined are generally too low to be useful for predictive pur-
poses. In each of the rotary cross-spectra, the synoptic co-
herence is larger for clockwise wind roéations than those of the
anti-clockwise wind.

The cross-spectra between the scalar quantities and the
wind speed were also computed. The coherence 1levels found at
synoptic periods were lower than the rotary coherence levels for
each scalar quantity except the sea temperature which at periods
of 3 days or more showed generally higher coherence. This
result suggests that while the wind rotation is important in
.determining air mass characteristics, it is much less important
in the coupling of the wind field to ocean water mass charac-
teristics at a fixed point.

The coherence spectrum between the air temperature and ab-
solute humidity shows high coherence levels (greater than -0.8)
from periods of two years to 3 days. At periods shorter than 3
days, the coherence declines rapidly.

The co-spectrum of the éast-west wind component with the
wind speed and the north-south wind component with the wind
speed are répresentative of contributions to each of the wind
stress components over the periods resolved. These values indi-
cate that wind measurements at intervals of 3 days or less are
required to accurately estimate the wind stress (within 5%) .

The co-spectrum of the wind speed with the sea-air humidity
dif ference, representative of contributicns to the latent heat
flux, show that contributions from the periods resolved are
small, Long-term averages of the wind speed and sea-air humidi-

ty difference are adequate to compute the latent heat flux. In
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contrast, the co-spectrum of the sea-air temperature difference
and the wind speed indicates that measurements at infervals of 3
" days or less are required for a reliable estimate (within 5%) of
the sensible heat flux.

The effect of data smoothing inherent in the data format of
the Marine Climatic Atlas was examined, The wind stress magni-
tude computed from the data organized into this format, differs
by 1 to 14% from the «corresponding directly calculated wind
stress for each month (taking the drag coefficient, Cp=1.5x10"3)
with an average . absolute percentage difference of 5.6%. The
dif ference in the stress direction is less than 7 degrees for
each month, When a drag coefficient that depends linearily on
the wind speed is used (103C;=1.0+0.07+0, U in m/sec), the dif-
ferences are slightly larger.

The effect of the data smoothing of the Marine Climatic
Atlas on the computation of latent heat flux is also small., The
average of the monthly absolute percentage difference between
tﬁe two methods is 5.5%. For the sensible heat flux, the effecf
of this data format is larger, exceeding a 25% difference in
months of small sensible heat fluxes (less than 12,5 cal/cm2-
day) and averaging just under 8% difference in months of larger
sensible heat flux.

An alternative method of computing turbulent fluxes over
large oceanic regions is to use averaged surface weather charts,
These are equivalent to vector averaging the wind data. The
wind stress computed from vector averaged wind data over various
periods is displayed in Figure 34. The magnitude of the wind

stress, for an averaging period of a month, is reduced tc less
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than one-half of the directly calculated value for the - case of
the constant drag coefficient., For the linear drag coefficient,
the wind stress magnitude is reduced tc less than one-third of
the directly calculated value. The effect of vector averaging
on the wind stress direction is much smaller, with the methods
giving the same results within 3 degrees, for all averaging
periods.

The effect of using the surface weather chart data format
on the turbulent heat fluxes is .also large. For an averaging
period of one month, the sensible heat flux is reduced to 0.62
of the directly calculated value while the latent heat flux is
reduced to 0,53 of the directly calculated value.

The results of the study of effects of data smoothing on
the computation of bulk fluxes, must be regarded as tentative as
they are made with data from only one locatiom. . Similar studies

are needed for other locations.
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APPENDIX I
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" APPENDIX 11X

MEANS AND POWER SPECTRAL INTEGRALS

When interpreting power spectral results, it is useful to know
the averages of the quantity and the cumulative integral of the
spectrum., These values are presented below for the two-yearly
spectra and for the sesascnal spectra of each gquantity.

T - T x|
| Quantity | Average |
| r T v T - T g ]
j |Overall| Winter| SpringjSummer | Fall |
F - + % } 1 } .
| Wind Speed | 10,2 {1 11.5 | 8.724§ 8,24 12.3 |
| (m/sec) | | | | | l
| ] | | | | |
| East-west Wind | . 4,06} 3.38] 3.52 3.95] 5.34]|
| (m/sec) | R | | | |
| i | | | | |
| North-south Wind | 1. 40} 1.54] 0.96] 1.69] 1.41}
| (m/sec) ] | | | | |
| | | | | | |
| Air Pressurce |1012.2 {1008.2 |1016.6 |1017.5 }|1006.6 |
| (mbar) I | | | | |
| ] | { | | |
| Sea Temperature | 8,46 5.65} 7.19] 12.5 | 8,54
| (°C) { | | | | |
| | | | | | |
| Air Temperature | 8,18] 5.25] 7.181 12.5 | 7.78]
| (eC) | | | | | |
| | | | | | |
| Absolute Humidity | 7.35] 5.91} 6. 851 9,82} 6.82}
| (gm/m3) | | | | | |
| | | | | i |
| (Uon) | 56,4 53.8 | 42.1 | u43.5 | 85.6 |
| (n/seC)? | - | | | |
A | | | | | |
| (U-Uy) | 17.5 | 20.2 | 9.38] 19.1 | 21.2 |
| (m/sec)? | | | | | |
| | | | | | |
| (cal/cm2-day) | . | | | |
| 1 ] 1 { | |
| Latent Heat Flux | 88.9 { 89.6 | 5S56.8 1 56.5 | 153.2 |
| (calycm2-day) | | | | i l
L 1 =N A d d J ]
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