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ABSTRACT

The ability to predict the température structure
successfully in the upper layers of the ocean has long been
sought by both military and civilian scientists, with
prime interest to date being focused on obvious surface
meteOrologiqal parameters, such as air-sea temperature
différence and wind speed. In an attempt to approach the
problem from a differert viewpoint, attention in this
paper has been directed to the higher atmospheric layers
ahd such significant conditions aloft which may p»ossibly be
associated with variations in the temperature structure in
the ocean. . rimary interest has been i: the onset and
initial disturbances or 'sinkings' of the newly-established
seasonal theritocline at ocean station "T" (latitude 501,
longitude 145%).

Cne of ule nain objectives of this paper is to letect
significant meteorologiical changes or disturbances in the
state of the atmosvhere whiclh accompany or precede ¢istinct.
variations in the thermocline; and, if jpossible, to take
advantage of these atmos_ heric changes as r.ossible fore-
casting tools to rredict the temperature structure of the
uvper layers of the ocean or tlie denth of the mixed layer.

as a result of this investigation, two basic hy»oth-
eces are ~resented: (1) that the ocezn upper mixed layer
and the layer of air in immediute contact with tiie ocean
surface should be treated as a unit which is affectcé by
rmeteorologicel parameters above this unit aloft, and (2)

that there exists in the upper atmosphiere a 'mirror image'
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level where the fluctuations in the wind speed closely

depict the oscillation in the depth of the mixed layer.

" In support of this theory, profiles and graphs of
meteorological parameters such as temperature, wind speed
and relative humidity have been prepared for various levels
in the atmosphere. & synoptic technique for predicting.the
annual commencement date of the seasonal thermocline using
temperature and wind discontinuities aloft is presented.

In addition, a mathematical relationship between wind speed
aloft and the depth of the mixed layer has been developed
in support of hypothesis (2) with tested predictions in-
cluded as appendix I. The complete investigation, results
and conclusions drawn, are based on data obtained at ocean
station "I'",

For his invaluable aid in the preparation of this
manuscrint, the author is deeply indebted to ..ssociate
irofessor G. H. Jung, Department of lleteorology and COcean-

ography, U,o. Naval Iostgraduate School, Monterey.
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1. Introduction.

‘Modern technologzical developments continue %o
aécelerate non's exploration Qf both outer space aﬁd the
denths of the oceans; scientific curiosity continues to
iead him further and further from his native environnent,
the faee of thie earthy hence it becomes increasingly nec-
ccsary, ond indeed vital, tGhat our knowledge of these newly
invaded nediums be exnanded.

The siuvdy of the oceans is a cliallenging one. although
oceanographers have accomplishied & jreat deal toward
succensfully unravelling the ore-o0ld nysteries of the deep,

P

tiere still rennins much to be lesrned in this area, Indeed,
thin 4o oue Tield ~Mere ~cdern technolosy has far surpassed
our linitec !mowledze of t..e physical and dynamiccal prbpf
erties of Gl brumsportii’ mediunm, Jor exawnle, sonar has
hecn feveloneld €0 a ish degree of sophistication, yeu its
operationul use ic limited by lack of knowledge conceriiag
tie Ter eratnre distritutior iﬁ the sea.

The abllity to wiredict the temperature structure
suceessTully in the woer layers of the oceua has long been
sougi:t by boti military and civilian scientists. uumerous
avrrouches to the :roblew, both sutjeetive and objective in
nature, h:vé been nade, yot the fuct rercins that the temp-
erature distribution in an extensive ocean layer encompass-
i @ proxdimutely 70,0 of the eartii's surface cranot e
correctly force: st witli: the decired linits. Yowever, if
one lLa..s into account the vast number of meteorolo;ical

and oceanosra:lhical _arameteru, which are coustantl
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interacting at the air-sea interface and affecting the
resultant ocean temperatﬁre structure beneath, it is not
surprising that an immediate solution to this intricate
problen has not been_forthcoming.

Laevaéfu [I], in compiling a list of factors affecting
the temperature of the surface'léyer of the sea, has listed
over ore hundéred parameters which individually or collect-

ively play some role in determining the tempercture of the
‘ocean. .elative humidity,'wind.speed, conducticn of
sensitle heat, turbulence, incomin;; solar radiation, latent
Lheat of evaporation, tidal currents and cloud cover are but
a few ol tle importaht factors wiich rust be considered. It
is rexndily evident, then, that an accurate mathematical
formulosion of the rroblen woﬁld necessarily be a lengthy
and cou_ licated series ol interaoting terms requiring
nccess to Ligh specd com.uters for ready solution cven
after the basic form of tie relationshin had been prepared.

20 date, in attempting vo arrive at a more compre-
hensive unlerstanding of the various reactions taking place
at the air-sea interface, most research activity has been
focused on the ocean surface or in the layer ol air immed-
intely adjacent to the curface.  l.any forecasting tech- 'h
nigues involvin:g obvious surface meteorological pafameters'
such as velutive hunidity, air-sea temperature difference,
wind smeed, etc., have becn offered but we still lack an
-accurate forecosting sroceuure which will correctly ﬁrediét
tie tenreruture structure of tne ocezi's surface layers. |

Undoubtedély such a forecasting teclnique will

2




eventually emerge; in the interim, in an attempt to
approach fhe nroblem from a different viewpoint, dtfention
in this paver has been directed to the higher atmospheric
layevs and such significant conditions aloft whlch nay
~0ssibly be associated with ldrgefscale'variations in the
tempercture structure ia the ocean. In other words, a
synorvic approach to tine prob}eﬁ has becn attenpted, closely
associated with the uynontie a, J~oach used in meteorological
forecusving, ‘rimery interest has becn in the onset and
initial disturbances or 'sinkings' of the newly-establishedn;
. seasonal thermocline, Cne of the main objectives of this
vaper 1s to deteet significont meteorological chianges or
¢isturborces iu the ctate of the avmosphere which accombdany
or wreccde distinet variations in the thermocline:; and, if
vousible, to te'le advunta;e of thcoe atmospheric cianges as
Losuible ferccacting vools to .redict the tener ture |
structure of the ugser layers of tihe ocean.or the denth of
vhe .ained legyer. |

.rofiles and¢ gre hs of neteorclogical parameters such
58 teuperature, wind s ecd cnd relative humidity have been
.ve_uree for verious lcvels in the atmosphere and are dis-
cuzsed in the voldy of the acer. 4 synoiptic tecini-ue for
swedicting the annuzl ceommenrceusrt date of the scasonal
tvircrmiocline usin. ten,crature «nd wind discontinuities
Joft is also »reseated. In ad’icion, a uathematical
rolationshiy bebween wind sreed aloft and the depti. of the
rixed layer has eea developed. Zonouted wredicticns and

)

re:ults for s r'ng 'vio summer nonths, 1935 ti.rcu h 1959,
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are tabulated in appendix I,
The comnlete investigation, results and coiiclusions
drawn, are based on data obtuined at Occan Station "I

(latitude 50K, lonzitude 145%).
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2. Background
The decisign to a_preach this ~roblen from 2 synoptie
viewpoint, and to focus attention on the upper atmospheric
levels rather than on the sea surface, was bused on the
results obtained and observations noted in two ecrlier
vayers oveparel using data obtained at ocean station "V,
‘In the firsty paper [2] which was prinarily a casec
history of the siate of the atmosphere cduring the onset
of the scasonal thernocline for the year 1959, four inter-
estin vhenomena were observed: (1) en abrupt horizontal
w nd discontinuity at ¢COC meters precedcd the first sudden
'sinking' ~f the newly-established thermocline; (2) a
definite neriod of increxsed stability in the lower strat-

osphere Dreceded the chuin-like reaction of temporury

stability down tlrou 'L th. atmostheric loyers andé culmi-

nated in increased surface wind sreed and subsequent sudden
cinking of the mixed layer (deepenin; of the isotheraal
ocean layer); (2) abrupt reversals of the stability dis-

o woution aloft coineided witih the on<et and sudden increases
in depth of the aixed layer: and (4£) exgected variations in
tne relative humidity could be detected nore realily at €50
mb than av the ocean surface.

Prawley an¢ Clark [3}, in atterpting to construct a
vechnijne for determinin_ the therral structure in the usrer
luyers of the ocean, considered varicus coubinatiorns of '
nmeteorclo dc.l caraeters and @iscovered Lhot the inclasion

R = A (A | R G PO G0 090y 3 o - Y -
of atros hewic Fualilits pove un bast wesulis,

\J




S3ince....., the air-sea temperature difference for the
0200Z forecust did not seem adequate to describe the
radiation cffects, other meteorolorical parameters in-
volving radistion effects were investiated. It was
found that the best results were obtained by using the
lapse rate through the layer 850 mb to 700 mb.

In reviewing the resvlts summarized above, it was con-
sidered that sufficient justificution existed for additional

research in the hicher atmosphieric levels rather than on the

level cdjacent to the sea.




5. . Syneptic Technique for Determining the innual Cnset
Date ol the Seasonal Thermocline

Jirst of all, consider the general state of the atmos-
Shere aloft yrior to the annual onset of the seascnal
thermocline. In the 1958 s;ring edition of the Pan imerican
iirways Tecunical Revort [4], a statistical suamary of
seasonal incidences of jet stream centrums was compiled,

ased on ten years of hemispheric data. Statvion "P" is
located in thc area of mastimua jet stream incidence in the
facific Ccean, vevorted in [4J, with the winter maximum
doninating. It wus found:

actually the incregse of ianciderce in the s viag over

winter between 500 ard 550 is sonewhat nisleading

inasinucihh s o hizh ;rovo>tion ol these inecicences occur
during larch and can be conzicered as a carry-over
frem the winter ratterns.
-nalyzing the seasonal picture and tracing the gradient of
nocinun jet incidence throurhout the spring months one notes
the following trend: in liarch, pyrior to the establishment of
the seasonal theraoéline, mascimun Jet activity occurs di-
rectly aloft. IHowever, durin  Auril and Lay there is a
narked decreasce in cyclonic activity wn” a mariied decrease
1 the pradi-ut of incicence of jet centruns. 1the seasonal
tuernocline comuenees cucsins; thas eriod: and, for thc
laace of tre s _ring ond & ner wonths, ridging, hloc.ing
and stable condition. -:rcloninate. a8 a result of She Pan
.aericon survey it is noted thet:

-~ ronounced Jecreases in Incicexnce occur in anril anid
HESTN Tl e i A R Bt I 3

1]
; Lt (veater frecuency of Piubl S oand
Z>lo:‘:1‘-m A Wh A= Tin . thoce oalias. ssin She chemie

from s_rvin to sm v the cyclone frejuc:c, l'etween
SO an” 575 Jininioanes which fact is well relloceted in
Che vecrenae ot o oTreies cuunt i this arca.

J




It would therefore appear,{on a very broad scale, that
one of'the prerequisites for 'setting the state' for the
onset of the seasonal thermocline is the northward migration
of the jet stream past station "P" during the early spring
nonths. In support of this theory, it is noted that in 211
four years analyzed, a period of decreasing wind speed at
the 500-mdb level precedes the actu.l onset date.

In 1959 the secasonal thermocline commenced on 17 April.
Before this date the winds at alli levels were relatively
licht, varying in magnitude from twenty to forty knots, and
they were primarily zonal in character. This zona;_charac-
teristic persisted during the périod that the thermocline
was being established at a depth of eight to ten meters.
The first interruption to the pattern occurred eisht days
after the onset date. .t this time, a decided wind dis-
continuity appeared at a level of 6000 meters (i.e., a
sudden veering of 80° in wind direction) and exactly twenty
hiours later the first sﬁdden sinking of the nmixed layer
occurred, a drov to a depth of forty-five meters. |

This discontinuity could be readily tracked, with
aporrovnriate time lag, through higher tropospher e layers,
across the tropopause and inlo the lower stratosphere., A
surface front was located in the vieinity of station "P"
and nossessed the correct magnitude of slove to account.for
this discontinuity. However, the existence of a frontal
passase 1s eliminated as the prime cause of the discontinu-
ity if one concurs with the current belief that air-mass

discontinuities do not cwtend into the stratosmhere.
8




In an attenpt to establish what role, if any, this upper
level wind discontinuity played in the establishment and
subsequent sinking of the thermocline, additional years were
exanined and the following observations noted: In 1958 the
thermocline commenced on 15 MMay. .gain, on 23 lay, eight
days after the actual comnuencenent date, and following a
pericd of relatively light zonal winds, the same discontiru-
ity or veering of 80° in wind direction appears at 6000
mehers.  Also, twenty hours later, occurs the first sudden
sinking of the mixed layer to a dejth of forty-five meters.

4t this point in the investipotion, the possitility of
utilizing the wind discontinuvity ale’t as 2 synoptic fore-
casting index wies considereld., In order te -test this theory,
the year 1955 was analyzed, and aain, a major wind discon-
tinuity was found at 0000 neters eight days after the onset
dave., In adlitvlon, twens: aours later the first sudden
sinking of the liixed laycr oeceu—:ed, This consistency in
the order of cverts sugpested one set of criteria for
establishin~  the sinking orf the secasonal thermocline.

Tenpersture nrolfiles, as illustrated in figures 1 and
2, were tGien drawn Jor three at.iospheric levels: 500 mb,

850 mb and the surfice. In all four years analyzed (1956-
1959), it was noted that a relatively cold neriod immeci-
ately _~rcceded Gle thermocline onscet and that the 5C0 mb
and. 8% ab levels showed an abrupt incre«ase in temperature,
reachin: maximun valucs on ihe acitual onset date. This
ter: erabture mexisuwn could be Lraced doun through the atnos-

chere and it was interesting to note that the surface

9




temperature did not reach ité naximun value until after the
tnermocline had set in and been well-established.

To summarizé: the temperature maximum at 500 mb occurs
on the‘thermocline onset date, and the wind discontinuity at
6000 ueters ei-ht davs later occurs twenty hours before the .
firsy sudden simnlzing of the uived layer denth. This combie
nation of events is susgested as a synoptice forecasting teche
nique for determining the commencerzen’ dute of the seasonal
thernocline and the first major sinitdng of the mixed layer.

In order to test tlLis synojtie technigue fof 1961,
daily wind and tempercfure data received from statibp nen
sre Leing analyzed as of this writins and a prediction date

for the 1961 theriocline onset'will be forecast,

10
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Fige 1 Temperature profiles (0000Z) during
the onset of the seasonal thermoecline
at Ocean Station "P", The 500 mb

_ temperature reached a maximum on 15

May 1958, the date that the seasonal thermocline

commenced. The date of maximum temperature can

.be traced down through the atmospheriec layers

with appropriate lag., Note that the surface

temperature does not reach its maximum value

until the thermocline is firmly established.
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Temperature( C) '

—46% " ‘
a3 APRIL 1959
-35 T
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-10 k thermocline
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'Fig.2 Temperature profiles (0C00Z) during
‘ the onset of the seasonal thermocline
at Ocean Station "P", The 500 mb
temperature reached a maximum on
17 April 1959, the date that the seasonal
thermocline commenced. The date of maximum
temperature can be traced down through the
- gtmospheric layers with appropriate lag. Note
that the surface temperature does not reach its
maximum value until the thermocline is firmly
established. : ~
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4, Distribution of itrmospherice 3tability During  the
(nset llonth

If we cxamine the distribution of stability in the
inner troposphere during «pril 1959, thc nonth that the
seasonal therzocline commences, we note the following vari-
ations in the distridution as deseribed by Clark [2I:

irior to the estatlishnient of vhe thermocline, the
over-all picture of the trorosphere shows unstabl.
lapses in the lowest laycrs adjacent te the sea surface
uith e tendency toward increasec stability aloft,
Ilowever, as the thermocline sets in, the reverse wicture
is true. Jurface inversions are established on 16 April
and persist through the onset until 19 April. At the
same tine the hijher stroescheric levels expericnce o
decrcase in atabllltf and on the Cay that the thermo-
cline commences the lower tro,osyhere is composed of
two extreme laycrs; below 3,000 meters we have ex-

‘ vrerely stable conditions withh three iaversions apoears
iny, while above 5,000 meters unstable conditions
dominate, as the surface Hressure falls, ascending air
anC increased instability destroy the surface inversions.
Juring the period thut the surface pressure rises, 21
to 24 .Lpril, subsidence assists in the temporary re-
establishaent of uurface 1nversions. Cn 25 April, the
increase in de; tlh of the occan isothermal layer coin-
cides witl. an aurul reversal of the stability
distribution alofi. Wﬂrc we see that tho surface
inversion has completely <isavpeared and has be
relaced by an uustoble ladcr c:ictendinge to &1108t 1500

~cbers. This unst.ble layer persists through 22 april,
slowly decreusin; in deptl as niddle atnospheric
inversious are rea,idly established aloft,
Hence ve note that duringg tle onset of the ther:iocline,

5
atmossheric st«bilily Jrevaills, onc drrin the sudden siniking
of the mized layer the rcverse dicturc is true. JSince the

nal:isenance of the nived loyer at a greater derth during this
siming veriod re_resents ver; stoble conditions in the ocean

Juat Lelow Shic smixed layer, it a . _.ears thut the lower

r

o

atos cheric layers adjacens the seu are attenpting to
co_cnsnte for “lo increcse 1u cceanic stabllity and so main-

codin ow '"orlanel ' of ctavilits condllions av the air-~sea

\\\\\\




interface. This conpensating effect seens to exist through-
out the onset month,

Atmospheric stability during the onset months for 1957
and 1958 was enalyzed as well, and Showalter otability
Indices {5} were computed on a daily basis and appear in
figure 3 in profile form for these months. Unfortunately,
the Showalter 3tability Index tended. to smooth major stabile
ity variations and desicted a vertical average, rather than
a detailec, analysis of the existing atmespheric conditions.
This fact is readily apparent il we compare the profile for
april 1959 with the detailced stability crossesection which
appears in [271, re roduced here as fijure 4. One car. ob-
serve a tendency toward siable couditions as the thermocline
comnences and « nininun value dcoes show uy» on 25 4;ril 4o
accori.a:sy chic sinkin, ol the mixed layer; on the whole, it
vas felv tiet the stavilivy Index ;rofiles ¢id not represent
a sufficient 7 detailed analysis of the true stability con-
Gitions for Cuk arilschl YUT MIGES.,

.5 a wabter of interest, daily soun ings for april 1959
we e conpared with the comuted Jhowalter Stability Indices;
1t was inceresting to note thet a minimunm value of +5
rerresenied the most unstable sounding of the nonth. 4

neutrally stuble seunding croduced o value of +7.7 and the

incerr values incrcasecd o a nwxinum of +20 for the nmore

-

stablc condivions. Sliowalter “evelopcd thd:s index primarily

t

a G.understorn: Jorccasting t.ol Ifur use over land areas,

.\S A

)

3¢ aas iU 1s nov sur_risia; to note ti.. 6 our index scalce

Losoonilted to hisher values clen oo lied cover the occan.
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During the course of this investigation, c¢onsideration
was given to developing a graphical forecasting technique for
predicting the temperature difference in the upper 30 meters
of the ocean., The Showalter Stability Index was utilized as
one of the six basic parameters in lieu of the lapse rate
previously used in reference [3]. While the grapbical fore-
casting technique was not included in this paper, it should
be mentioned that inclusion of this parameter did not resuld
in as significant a contribution as initially hoped. However,

at no time did the index tend to err in the wrong direction.
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5. Relative Humidity

In a orevious study [21, the author, in discussing the
surface relative humidity during the onset of the thermo-
cline in 1959 found:
It is interesting Yo note that operations had to
cease temporarily during the period 16 to 18 April
(coincident with the establishment of the thermocline)
due to extreme fog conditions. For a period of six
days the lowest relative humidity recorded was 96 with
nost of the days maintaining a value of 100%. As we
approach the 25% of .ipril the relative humidity de-
creased steadily reaching its lowest value of 707%
coincident with the sudden sinking of the thermocline.
In figure 5, thc rclabive humidity at 850 mb is shown for
this same month to indicute the distribution of moisture
aloft. In 1957 and 1958 as well, the relative humidibty is
at a maximum value coincident with the establishment of the
thermocline: and minimum values are reached when the iso-
thermal layer cxtends to grecter denths., 4Also, when the
actual water vapor content ol the atmosphere immediately
above station "I'" was examined and a level selected where
naxinun variations in the moisture concentration occurred,
it was found t:at the greatest changes in the concentration
of vapor occurred in the laycr 350 mb to 700 mb, In ref-
erence |2}, figure 2 , revroduced here as figure 6, an
excellent example of this appears. o decided maximum in
the mixing ratio »rofile occurs on the onset date with a
minimun value existing cduring the sinking of the mixed layer.

Cver land, maxinum acdvection of water vanor occurs at
300 nb, [5}, and one would be inclined to e:ircct a slishtly
lower elevation for tliis sane H>hienonenon over a water

surface.  lowever, an aralvsis of the level of maciinun

18




concentration of, and variations in, the moisture content
aloft reveals that over the ocean, at least at station "I",
the greatest variatiqp in water vapor content annears to de
at a slightly higher altitude, naﬁeiy, in the vicinity of
850 mh. Frawiey and Clark [5], in selecting a forecasting
naraneter for inclusion in a sronhical technique for pree
dicting the temperature distribution in the upper layers of
the sea, substituted the 850 mb relcotive humidity.for the
surface lhumicdity. Inclusicn of this upper-level parcetber

improved the accuracy of the forccasting leclinique.

19
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Fig. 6a., Mixing ratio profile (solid-850 mbs; dashed
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Fig. 6b. Mixing ratio profile (gms/kgm) for the layer
850 mbs to 700 mbs at Station "P", April 1959.
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O+ Tropopauce Hzight and Tevel of Maidmuwm Winds suring

- the Onget

In figures 9 througit 20 the tropopause hei;ht, level
of maximum winds, an? “he maximum wind sneed aloft have
been. lotted: for the onset mounths of 1957, 1955 and 1959,
For case pf corvarison, the nixed layer denth hés been
»lotted sejarately for each of these months and the ectual
onsef date snd¢ first sudden sinking are shovm on the respec=
tive profiles.

In firvre 9 for ;Lril 105%, we find that the tropqraﬁse
has o tendency to reach its maxinwr elevation during the
period tuol the thermocline sets in (17 april). .t the saae

ine, we sce that the level of monirum winds and the nazinum

i

wind sneed aloft, figure 10 ‘"ger101ce rininum values on
the onset cate. IHowever, uien the HLKCd layer undergoes its
first sudden sinking on 05 .oril, we see thuat the reverse
victure is trie. Wlidle the trororausgse is at 2 minimum
heicht, the level of naximw: winds returns to greater
heichts with an accomianyin,: increase in windé snced aloft.
Mhis tendenc; o peors o hold true for the other years cizam-

ined (fisures 12 throush 20).
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Fig.l5 Tropopause height at 0300Z(solid)
. and Level of Maximum Winds({dashed).
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7. ind Speed at 6000 ilebers

In figure 21, the 0600Z wind speed profile at GDOO
neters is shown for the month of June 1958, [or gase of
comcarison, the actual de: th of the mixed layer existing
at 02002 on the followingy Cay was plotted, utilizing the
gtme scale.  With the introduction of thisytwenty-~hour lag
we note thet the two curves tend 4o narallel each other
fairly well during the first threcequarters of the month,
ilowever, it is apparent that the assumption of a counstant
lay throughout the month cannot be correct, for the two
curves are decidedly out of nhose during the neriod 25 June
tlrows 27 June. Jollowins this three-day eriod, the
curves again continue in phase until once gaim, around the
<5%h through the 27th of the following month, the maximum
phase difference occurs. Thic was the case for all nonths
crzonined duriag the four yeor seriod 19506 throuch 19569,
Glivione]l wonths ore included as [isures 23 thro&gh 20.

wowever, for siaplicity, a constant twenty-hour lag
vas assumed, ond the 6000-reter ind siueed wos correlated
with the denth of the mixed layer yielding a correlation
cocfficicent of 0.8% for this .articular month. In order Lo
cetverine whetlier this ratiicr high correlation existed
throughout the balance of the s;ring‘and sunmer months,
cocfTicients were couruted for 1956, 1957 ancé 1957 and are
tabrleted in ampendixz I, Table VI, It should be noted that
far tie 1959 months where :i:” snheceds ot 500 mb were sub-

2

;L buted for the 6000 -meter wide whiich were not ovoiluble
L.

<or t.is study, a nar:ed docrecce i correlation resulted.

jole!
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Fig.22 Scatter Diagram suggesting an
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the wind speed at 6000 meters, and
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Ocean Station "P",

30




meters
(meters/sec) first | MAY 1956
‘ . 45 4 sudden J
sinking
I

p

of the
40 t thermoclin

.351

. 30 1
25

20 -

15 4

10 «

24 6 810 14 18 22 26 30
PFig.23 6000 meter wind speed at 0300%({solid)
and depth of the mixed layer at 0200Z

(dashed). Correlation coefficient for
this month was .73

meteés.
MAY 1956

o

" 40t
a 30..
201

10+ ¥

0~—16 20 30 40 50 GO0 70...mps
Fig.24 Depth of mixed layer at 0200Z

plotted vs 6000 meter wind speed
at previous 0300Z,

31




‘ meters
{meters/sec)

- 437

JULY 1956

4O‘L
35 ¢

. 3ﬂ L o

25 +

2071

15 1

ln -

0TATEE 10 18 18 22 26 30
Fig25 6000 meter wind speed at 0300Z(solid)
and depth of the mixed layer at 02002

(dashed). Correlation coefficient for
July 1956 vas «70-,

meters
JULY 1956
40t

50}

EG--

10

0 ; e ; ; : ;

10 20 30 40 50 60 70,.mps
Pig26 Depth of mixed layer at 02002
plotted . vs 6000 meter wind speed
at previous 0300Z.

32




surface wind 3pee§s were alse correlated with the
mixed-layer depth and are included in Table VI for cém—
parison., for all months excgpt two, July 1958 and June
1956, the correlation coefficients for the upper =wind speeds
were highér. Table VI also illustrates that for both levels,
the correlation between wind spced and the depth of the
mixed layer decreased a8 the secason progressed. This would
suggest that as the thermocline deepened toward the end of

the summer months, the effectiveness of the wind as a mixing

agent decreased.




8. Develoument of an Zmpirical lelationship Betwean the
6000=leter Wind Sneed and the Denth of the llixed Layer

The 600é~meter wind speed was plotted against the
depth of the mixed layer énd the resultant scatter diagranm
is shown for the month of June 1958 in figuré 22. Since
the distribution suggested an exponential relationship be~
tween the two narameters, fﬁe equation of the 'best fit'
curve was assumed to be of the form |

MID = k, exp{0.1V) (1)

1
where kl is a proportionality factor. Yhen plotted azainst
the wind speed, kl turned out tc be & linearly=-decreasing
function of the 6000-meter wind speed and the resultant
best-fit straigcht line may be seen in figure 27. llence,
the final relotionshin is

o = 2 (2,3-0.0567) (2) .
where 7 re-resents the 6000-neter wind sneed at 06007 in
neters nper second and MLD is the denth of the mixed layer
in noters at 02002 or the following caye.

Gouation (2) was develoned o the basis of one month's
daba only, June 195&, anc was teéted as a possible twenty-
hour emirical »rediction formula for all spriﬁg and sumneyr
months over the four-yesr seriod 1956 through 1959.
Com_uted -.redictions for the de th of the riwed layer were
co :ured with the actual denth existing ot 02002 and the
resnlvs Jor each month arce  tabulated in sppendix I, Table
T. Xe cversge absolute error for the jeriod analyzed was

' N e e .
R C’LI‘::'

A4
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9. ind 3peed Greater than 70 Knots
“hen the 6000-meter wind speed exceeded 35 meters per
second (epprovimately 70 knots), the magnitude of the error
resulting from equation (2) hecame excessive for practical
suryoses, Accordingly, isolated cases for wind speeds ex-
ceeding this value were analyzed ond appear in scatter-
diagran form in figure 28, We note that the‘distribution
sests an alnmost-linear relationship betwéén the wind

sug

sueed and the depth ol the isothermal layer, but the best-

fit curve arpears to be slightly convex toward the right,
Iznee the e nation of the curve was assumed to be of the

fom

v - kaemD (3)

A

where . re_ resents {he dexth of the nixed layer im neters,
¥ re recents the 06004 wind'speed at 5000 meters in meters
ver cecand, ond %, and m are proportionality factors. In V
is plotied ageinst the depth of the nixed loyer in figufe 29; .
since the resulting distribution is linear, the initial i
assn vbicr a nears to be verified. he nathematical de=
tails nre Celineated in figure 29 an® the final equation
neeones

D= 500 -mf - 131.5 (4)

Somnted rediction Certhic for the iscothermal layer were

reered for all cases during; the four yeors Micre wind

coeods were grenwner ohen 70 mots 2 dhe resulis avear in

endix T, Uebhle TI. The avernse absolute error for the

entire or-iod onalyoed wan 5,0 metores.
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10. tatenient of liynotheses and the 'Ilirror Imuze' Joncept
is a result of tiis investigation, two basic hyrotheses
are presented: (1) that the ocean mixed layer and the layer
of air in imﬁediate contact with the ocean surface behave as
a unit which is affectec by meteorological parameters aloft;
and (2) that there exists in the upper atmosphere a ‘mirror
imsga' level where the fluctuations in wind speed closely
denict the oscillation in Che depth of the mixed layer.

In presenting these hypotheses, it is definitely nbt
the intgntion of the author to dispute the fact that surface
saraneters of sea and air do affect the ocean senperature
;tructure-dircctly below the cdjocent layers of the atmos-
;heré. I'owever, 1t is contended thab this layer acts
esoentinlly ac a Luller affecting the rate of cooling,.br
the rate of heatir;, and as suel cannot act as a heat ﬁoufce
for the undérlyipg waters. ﬁence, in choesing a basi¢ fore-
casting paraicter for a starting point, the »arancter should
net be clhiosen necesscerily fronm this aire-sea transitiou zone..

e profiles and zrayhs of nmeteorological rerameters
such as temperature, wind sneed and relative hunidity, pre-
cored for various levels in the atnosphere ﬁnd discussced in
ti.e paper, support the first hy othcsis. In addition, the
nathenatical relationship developed between the wind speed
aloft and the depth ol the mixed layer tends to suuport
Lypothesis (2). The possibility of a 'mirror imgpe' level
2v 000 neters is a new and rather interestin: conce:t.
vicdence of its existencéllés been Ceuonstroued in tle

Jreceding Cares, wub a 'eause and offcet' relaticnshiis




'between the wind speed at tiis level and the depth of the
mixed layer has been carefully avoided. . Cn the contrary,
it is preposed that these Ltwo levels are responding
similarly to some exterral trigrering action or energy ims~

pulse, nossibly incoming solar radiation acting on the

stratosphere.




1175 ‘Coﬁclusions and Recommendations

-The scatter-diagrams, empirical formulae developed,
and the tested nredictions based on the concept of an
étmospheric level responding similarly as the depth of the
nixed layer, all tend to support the corclusion that &
“mirror-image' of the mixed-layer depth does indeed exist
in the atmosphere at an altitude of GOOC meters. It is
recpﬁmended, however, that in order to derive greater fore-
casting: accuracy fron utilization of this upper-air synontic
vhenonenon, additional research be undertzaken to determine
the exact magnitucde of the tine-lag éncountered.

‘ It is further conclude@ that surface neteoroloical
oarameters iudicate to a greater extent what has happened
to the thermal structure ih the upper ocean layers, rather
than what will happen, and hence should not necescarily be
sclected as forecasting parameters. In addition, a more
accurate determination of the vertical extent of'the layer
of zir énd the occan nixed layer, which act as a unit,
should be attenpied.

M™inelly, since the &£50-mb relative humidity would
acpear to be a nore re.rescutative forecasting parareter
thon the surfuce relsative hvmidity, it is stronsiy recou-
nended tict continuved resesrci. be condveted in order to
derive n ea.irical relstionslip betveen the vertical dist e

q.

[ PR P

of atospherie walier vapor and the tenperature
distmilnbion in the surface larers of the occan immediately

celov.
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APPINDIX TABLE I

Computed predictions for the depth of the mixed layer
using the forecasting formulae MID=exp(0.1V) (2.9-0.056V)
for V< 35 meters/sec; and MLD=54,8 lnV - 161.5 for V=5
neters/sec, where V=6000-meter wind speed.
6000-m Forecast Actual
Wind Speed MLD for MLD at Forecast MLID~
Day of at 03002 0200% v200Z Actual MLD
Month (meters/sec) (meters) (meters) (meters)
May 1?56 e . " T
2 17 - M =
5 16 10 9 1
4 21 14 18 -4
D, 14 -8 3 5
6 i ? 7 ~4
7 26 26 . 21 5
8 25 26 27 -1
9 33 35 - 37 -2
10 . 35 35 .48 - -13
11 32 30 36 -5
12 31 28 30 -2
13 37 37 32 5
14 28 29 33 -4
15 52 -~ -~ =
16 40 41 46 -5
17 27 29 . 0
18 26 27 27 0
19 19 13 17 . -4
20 16 10 - 33 «23
21 21 14 17 -3
22 32 30 35 ' ~6
23 24 - - -
24 37 37 38 -1
25 15 10 43 -53
26 43 44 41 ' 3
27 37 24 30 7
26 14 ~ - =
29 55 £ 40 -5
50 56 35 g -
31 13 - 1 .-

wveraze error = 4.% meters (ignoring 20t & 25%)
e




- PABLE I (Cont'd)

6000-m Forecast Actual
Wind opeed IMLD for INLD at Forecast MLD-
Day of at 0300% 0200% 02007 Actual MID
Month (meters/sec) (meters) (meters) (meters)
Jun 1956 '
1 18 — N | -
2 26 26 27 Al
3 33 35 34 1
4 31 28 42 T 14
5 M -- y e eE
6 23 18 D S
vi 16 10 17 o7
8 5 4 9 -5
-9 .10 8 gl -3
10 8 6 4 2
11 1 £ —- =
12 I - S, -
15 0 0 46 4G *
14 - M . - _ -
15 28 29’ 43 RS '}
16 36 35 37 a2
17 17 12 52 ~40 *
15 17 112 46 ~Bl *
19 26 26 -2 .12
20 34 36 42 -G
21 SN - - S
22 28 29 49 T u200e
23 51 28 37 =9
24 31 28 71 -3
s 14 8 10 -2
26 2 14 24 ~10
27 18 13 19 -6
2c 19 13 3 -8
29 1 -- = ' -
30 11 8 16 8

AVerase errer = 9.5 meters
*Zxcluding 5 days, fornula didn't work, average error o 6.2 m
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TABLE I (Cont'd)

6000-m. TForecast Actual
Wind Opeed IILD for  IMLD at Forecast MLD-
Day of at 03002 02007 02004 Actual MLD
llonth (meters/sec) (meters) {meters) {meters)
Jul 1956
-1 2% 18 21 -3
2 23 18 18 0
5 21 14 19 -5
4 11 9 18 -9 .
5 24 19 21 -2
6 27 27 25 2 2
7 31 . 28 26 2
8 36 55 27 8
9 15 10 24 ~14
i{0) 25 26 24 2
11 22 18 22 4
12 12 10 11 -1
13 17 12 10 2
14 10 3! 14 -5
15 13 11 : 12 -1
15 16 10 17 -7
17 20 . 14 21 -7
& 24 19 12 Vi
19 13 11 12 -1
20 16 10 17 -7
2] 12 10 16 -5
22 - % 26 26 0
25 51 28 56 -8
el 23 18 18 ¢
25 18 12 22 -10
26 25 26 30 -4
27 19 15 16 -3
285 11 9 2 -3
29 15 10 11 -1
30 15 © 10 16 -6
31 I I — --

*Ii=z missing data

.vera:e error = .3 neters i
LIRS




TABIE I (Cont'd)

6000-m Forecast Actual
Wind Speed I1LD for  MILD at Forecast lMLD-
Day of at 03002 02007 02004 Actual MLD
Month (meters/sec) (meters) (meters) -(meters)
sug 1956
i 8 6 8 -2
2 12 10 14 -4
3 21 14 18 -1
4 21 14 20 -6
5 18 13 20 ' =7
6 8 - I -—
7 10 8 13 -5
8 4 3 3 0
9 5 4 & -2
10 6 5 0 4
. 3 3 0 2
12 5 4 3 1
13 6 5 3 2
14 14 8 9 =}
15 17 12 2 '3
16 1?7 12 12 0
17 11 8 2 ~12
S 9 o 24 -16
19 25 18 17 1
20 ug 51 18 33 ¢
24 21 28 18 10
22 40 340 17 2% *
23 30 25 21 4
ou 23 18 24 )
25 4.2 42 24 18
26 52 30 32 -2
27 30 25 _27 -2
28 , 42 42 27 15
29 402 a2 31 11
50 55 55 53 2
2L 24 19 51 -12

*.verage error = 5.4 meters, excluding 2 days marked *
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TABLE I (Cont'd)

6000-m Forecast Actual
Wind Speed. MLD for IMLD at Forecast MLD-
Day of at 03002 02002 - 02002 Actual LD
Honth (metgrs/seqz (meters) (meters) {meters)
U : .

1 5 4 45 <41

2 18 12 40,51 | -39

P 22 18 ‘ 53 ~35
4 2 23 20 ~7

5 23 18 30 =12
& 2 27 35 -8

7 14 8 23 ' -15
8 12 10 10 0
9 9 ~ M -
10 25 26 30 i}
11 24 19 20 -1
12 X - I —
X5 10 8 8 0
14 ? ) 6 0
15 14 8 6 2
16 14 8 11 -3
17 7 6 10 <}
13 16 - 10 14 -4
19 26 25 15 10
20 21 14 15 -1
2 30 25 28 -3
22 9 23 20 3
a> 25 24 31 3
24 2% 23 20 3
25 18 12 20 -8
26 24 33 30 3
27 21 29 35 -5
28 17 - M =
20 o 19 25 &
30 —- - - -
31 - - - -

~vera e errcr 7 Tuly through 29 July = 3.3 meters




TABLE I (Cont'd)

6000 -m " Forecast Actual
Wind Speed  MLD for MID at Forecast lMLD-
- Day of at 0300Z 0200% - 02007 Actual MLD.
- Month (meters/sec) (meters) (meters) {meters)
aug 1957
1 7 - M -
2 M - - -
3 11 10 12 ' -2
4 20 14 20 )
> 19 16 . 28 -12
6" 40 40 28 12
7 23 35 35 0
8 19 16 53 -17
9 17?7 12 30 -18
10 10 8 7 1
11 - 6 4 5 | -1 -
12 12 10 il -1
13 8 7 14 - ~7
14 18 J2 . 20 -l
15 8 - I1 -
16 6 4 4 0
17 6 4 4 0
18 7 6 5 1
19 14 8 ] 3
20 11 10 13 5
21 12 10 7 3
2z 33 36 33 5
27 50 20 30 -4
e 27 27 25 2
25 8 7?7 10 -3
a5 7 6 5 L
a7 I - - -
28 15 10 1% -3
2% 14 8 14 -6
5C 2% 16 22 i
Al 19 . 16 24 -8

2w ervor = 4.5 meters. (ignoring 8t & Ob, average

o
3 - DR .
LRk n ooy
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TABLE I (Cont'd)

6000 -n TForecast Actual
Wind Speed - MLD for  MLD at Forecast MLD=-
Day of at 0600z 0200%2 02004 Actual MLD

‘onth (méters/sec) (meters) (meters) (meters)
May 1958

13- 10 6 e . -1
14 15 8 4 -~ 4
15 31 28 20 ° 8
16 23 17 15 2
17 21 14 20 -6
18 23 Y 10 7
19 10 : 6 1?7 -11
20 2 3 5 =2
21 a2 ? 15 .8
22 21 L1 50 -16
25 52 o4 45 9
24 14 8 25 ~17
25 ou. 18 15 3
26 23 17 20 -3
o 19 12 15 -3
ol 10 6 7 =1
29 10 - 6 3 . 3
30 13 v 4 3
31 I . M ) “ 8z

average error = 5.4 meters

~
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TABLE I (Cont'd)

6000 -1 Forecast .ctual
Wind Speed  MLD for MLD at Forecast MLD-
Day of at 0600Z 02002 0200% Actual VLD
Month (meters/sec) (meters) (meters) (meters)
Jun 1958 - '
1 Mo e o =
2 10 © 5) 0
3 12 / 7 0
4 8 5 5 0
5 b 3 0 2
6 M - - -
7 I - -— —
8 by - - ——
9 17 ' 11 11 0
10 19 12 13 S |
1l 21 14 16 -l
12 26 19 14 : 5
13 26 19 16 3
14 27 29 24 3
1% 28 21 22 -1
16 26 19 18 1
17 26 19 20 -1
18 29 23 22 0
19 35 29 25 4
20 27 2 25 2
21 24 18 - 30 -12
22 28 21 26 S
27 14 8 5 : 3
24 6 5 5 0
25 10 6 6 . 0
26 18 12 6 6
27 18 12 18 -6
28 25 i8 18 o)
29 18 1% 20 -7
30 18 13 25 -12

average error = 3.0 meters




T:BLE I (Cont'd)

6000-n Forecast Actual
Wind Jpeed MLD for MLD at
Day of at 0600% 0200% 0200%
vionth (meters/sec) (meters) (meters)
Jul 1958
1 17 11 25
2 21 14 16
5 27 27 25
4 29 58 35
5 25 17 14
6 14 8 12
? 15 8 5
3 12 7 15
9 11 7 18
10 o1 18 15
11 Jyf — .
12 16 10 25
b 7%) 8 5 10
14 11 7 13
15 i 3 2
16, 6 5 15
17 2% - 17 2%
18 18 12 15
L 9) 29 2% 28
20 29 58 34
2l 255 18 22
28 18 12 20
23 55 52 30
24 2 19 25
25 i - 55
26 ith o _—
27 a5 17 23
28 25 27 25
29 3% 29 26
50 54 56 27
51 15 -8 %3

*.ivereage error

Forecast MLD~-
Actual MLD
(meters)

-14
-2
2

20 *
_25 *

5.5 meters, excluding 2 days mar.:ed *

=
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TABLE I (Cont'd)

6000-n Forecast Actual :
Wind opeed  MLD for LD at - Forecast MLD=-
Day of at 0600Z 02007 02002 Actual MLD
Month (meters/sec) (meters) (meters) (meters)
Aug 1958
1 30 25 30 -5
2 25 18 28 -10
3 22 16 %5 -19
L 18 12 .25 -13
5 11 -- -- -
6 M - - -
7 1 - o —
8 15 8 32 -on *
9 12 7 55 -28 *
10 41 41 41 ©
11 4 0 4
12 29 17 30 -13
T - 41 o4 26 5
14 29 38 38 0
15 51 25 50 ~5
16 2% 17 35 : -18
17 51 ' B 50 1
18 1 - — ot
19 Mo - -- —
20 14 8 40 -32 *
21 29 24 P2 -8
22 25 18 30 -12
23 27 2 45 -18
2L 4.0 40 - 40 0
25 18 12 25 -13
26 19 13 25 ~12
27 18 12 25 -13
28 36 36 37 -1
29 39 38 40 -2
30 42 42 40 2
31 16 10 15 -5

.veruze error = 10,3 meters *(excluding 8,9,20%, average
error = 7.0 neters)




TABLE IT

Computed predictions for the depth of the mixed layer
using the forecasting formula MLD=54.8 1nV - 161.5 for

wind speeds greater than 35 meters/sec.
6000-m Forecast
- Wind Speed IMLD for  Actual !MLD Torecast MLD-
At 050027 02002 at 02002 ictual MLD
Date (meters/sec)(meters) (meters) (meters)
1956 lay 13 37 37 I 2
16 40 41 46 -5
24 37 51/ 38 -1
26 43 44 41 3
22 3 37 30 7
Jun 16 36 35 37 -2
kg 20 49 ol 13 33
22 40 W0 17 2% *
28 42 e 27 5
29 42 42 - 31 : 11
1957 Jul 23 35. - 4 50 4
26 30 33 29 n
iug 7 33 35 35 0
22 38 26 32 4
1958 May 23 50 54 1 9
Jul 4 39 38 | 35 5
20 29 38 24 4.
25 55 52 50 2
30 54 56 27 29 *
aug 10 41 41 41 0
13 41 o 35 6
14 ) 33 58 o
2l 40 40 40 0

AN
ne




6000~m Forecas%t
Wind Speed LD for  Actual MLD Forecast lMLD-

At 0600Z 02007 at 02002  Actual IMLD

Date (meters/sec)(meters) (meters) (meters)
1958 fug 28 36 36 37 =1
29 39 38 40 -2

30 u2 42 4.0 - A
Sep 4 95 72 35 , -3
6 4% 1 45 | Ll
18 46 48 48 0
0 om 41 50 9
21 58 60 57 3
22 iy 45 49 4
23 41 41 45 4
24 . 45 46 50 4
25 49 51 50 1
1959 - ‘ipr 28 52 54 5% 1
Nay 7 13 4 41 3
10 54t . 56 55 1
19 37 30 28 2
ug & 39 38 34 y
6 39 58 36 2
17 59 58 42 4

average error 5.5 meters,

*Lxcluding 3 dates formula failed to predict correctly




ummnary of nean error (forecast MLD-actual MID) for

TABLE III

months tested during the neriod 1956 through 1958,

1956 1957 1958

Ho. of |liean No. of | Mean No. of | Mean .

days error days error days . error
lionth | tested | (meters)|ltested | (meters)ltested | (meters)
Iay o4 4.3 -- = 18- 5.4
June 23 6.2 - - 26 2.0
quly | 30 4.3 26 3.3 || 28 5.5
sugust| 30 5.4 27 3.8 || - 26 7.9
Total | 87 5.0 53 2:5 98 Dt

lican error for the seriod 1956 through 1958 was 4.9 meters

TABLT IV

statistical Analysis of daily errors (forecast MLD -
actuval NILD) for the testing period 1956 through 1958,
Total number of days =

256

orror o, of days Percentage
= occurrence of total days
(meters) tested
2 &2 32
5 117 45
4 138 54
5 154 60
6 174 68
7 185 72
8 198 77
) 201 78
10 207 81
11 210 82
12 220 85
13 22 87
14 22 89
15 232 90

\__,"1




T45BLE V

Monthly means and standard deviations for the 6000-meter
wind speed and the depth of the mixed layer (MLD).

liean Standard Mean Standard Correlation
Wind Deviation || MLD Deviation || Coefficient
Speed | of Wind (mete.s) | of MLD
(mps) | Speed

1956

May || 27.0 9.5 29,0 12.0 73

Jun 214 9.6 2015 14.3% 47

Jul 19.8 e > 19,1 6.3 70

wg || 21.0] 12,0 16.0 9,7 .79

19586

Licar 18,6 1@ D 14,8 10.9 .71

Jun 19.9 7.9 15.6 8.4 .82

oul 21.9 11.0 18.3 8.0 A8

Aug 2507 1002 BOOL]' 9.0 .58

1959

API‘ 21. 7 11;02 1608 1709 083

II&Y *20:8 12ul 25-9 12.6 ‘058

Jun {*14.9 Ble> 272 21.9 PG

Aug |[*19.5 10.6 354 11.8 PING)

*6000-meter wind speed data not available for these
months. Substi%ution of Jhe 500-mb wind speed re-
sulic. 1n decreased correlation between the two

parameters.




TABLE VI

Correlation coefficients (r)** for the depth of the
mixed laver against (1) surface wind speed, .gand (2) 6000-
meter wind speed. ‘

1956 1958 1959
Surface Aloft | Surface  Aloft | Surface  Aloft
Apr —— — —— —— - ———
May 39 .73 .26 .71 36 .38
Jun Sl 47| s 82 | .43 .35%
Jul 24 .70 .61 48 _— -
Aug W73 .79 40 .58 .00 .10*

[}

*6000-meter data not available, Substitution of the
500-mb wind speed resulted in a greatly decreased
correlation between the parameters.

~ where 3_= 2(x-x)
. 2B (-7 i
" n oo, N >




