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ABSTRACT 

The ability to predict the temperature structure 

successfully in the upper layers of the ocean has lonr been 

sought by both military and civilian scientists, with 

prime interest to date being focused on obvious surface 

meteorological parameters, such as air-sea temperature 

difference and wind speed. In an attempt to approach the 

problem fron a differert viewpoint, attention in this 

paper has been directed to the higher atmospheric layers 

and such significant conditions aioft which may possibly be 

associated with variations in the temperature structure in 

the ocean. Primary interest has been in the onset and 

initial disturbances or 'sinkings' of the newly-established 

seasonal thennocline at ocean station "P" (latitude 50U, 

longitude 145W). 

Cne of ui.e main objectives of this paper is to detect 

significant meteorological chan0es or disturbance;: in the 

state of the atmosphere which accompany or precede distinct, 

variations in the thennocline; and, if possible, to take 

advantage of these atmospheric changes as possible fore- 

casting tools to predict the tenperature structure of the 

upper layers of the ocean or the depth of the mixed layer. 

^s  a result of this investigation, two basic hypoth- 

eses are presented:  (1) that the ocean upper mixer! layer 

and the layer of air in immediate contact with the ocean 

surface should be treated as a unit which is affected by 

meteorological parameters above this unit aloft, and (2) 

that there exists in the upper atmosphere 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. A 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. rJ?he complete investigation, results 

and conclusions drawn, are based on data obtained at ocean 

station "I", 

?or his invaluable aid in the preparation of this 

manuscript, the author is deeply indebted to Associate 

]rofessor G. H. Jung, Department of Ileteorology and Ocean- 

ography, U.J. Naval Postgraduate School, Monterey. 
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1.  Introduction. 

'Modern technological developments continue to 

accelerate nan's exploration of both outer space and the 

depths o£  the oceans; scientific curiosity continues to 

lead him further and further from his native emrironnent, 

the face of the earth; hence it becoraes increasingly nee- 

ecsary, and indeed vital, that our knowledge of these newly 

invaded nediums be expanded. 

The study of the oceans is a challenginc; one. Although 

oceanographers have accomplished e ^zetxt  deal toward 

successfully unravelling the 3[:;c-olc! nysteries of the deep, 

there still remains -auch to be learned in this area. Indeed, 

thic i- one fiele -.'here -icdern technology has far surpassed 

our United Iqnowled^e of t..e jhysical and dynamical prop- 

erties of the tranaportihj medium, ^or example, sonar has 

been developed to a hi,pi decree of sophistication, yet its 

operational use i;; limited hj  lach of knov^ed^e concerning 

the ter.^eraturo distributior in the sea. 

:
21IQ  ability to predict the toai>erature structure 

successfully-in tue i^per layers of the oceaa has long been 

sought by hofcli military and civilian scientists, uiunerous 

approaches to the problem, both subjective and objective in 

nature, have been made, yet the fact reirains that the'temp- 

erature distribution in an extensive ocean layer encompass- 

ing approximately 70,J of the earth's surface cannot be 

correctly forte: r-.t  v;lthi:. the desired li:,iits. however, if 

one ta.^o into account the va;.-t nurber of meteorological 

and occanograihical _ ara'.Teters, v/l.ic'n are constantl, 



interacting'at the air-sea interface and affecting the 

resultant ocean temperature structure beneath, it is not 

surprising that an immediate solution to this intricate 

proble i has not been forthcouiiag. 

Laevastu [l], in compiling a list of factors affecting 

the temperature of the surface layer of the sea, has listed 

over one hundred parameters which individually or collect- 

ively play some role in determining the temperature of the 

■ocean. Relative humidity, wind speed, conduction of 

sensible heat, turbulence, incoming; solar radiation, latent 

heat of evaporation, tidal currents and cloud cover are but 

a feu of the important factors which nust be considered. It 

is readily evident, then, that an accurate mathematical 

formulation of the problem would necessarily be a lengthy 

and complicated series of interacting terns requiring 

access to high speed computers for ready solution even 

after the basic form of the relationship had been prepared. 

fo date, in attemptinj; to arrive at a more compre- 

hensive understanding 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 of air immed- 

iately adjacent to the surface. . Lany forecasting tech- 

nioues involving obvious surface meteorological parameters 

such as relative huniuity, air-sea temperature difference, 

v;ind speed, etc., have been offered but we still lacl: an 

.accurate forecasting procedure which '.-.•ill correctly predict 

the temperature structure of the oceau's surface layers. 

Undoubtedly such a forecasting technique will 



eventually emerge; in the interim, in an attempt to 

approach the problem from a different viewpoint, attention 

in this paper has been directed to the higher atmospheric 

layers and such significant conditions aloft which may 

possibly be associated with large-scale variations in the 

temperature structure in the ocean. In other words, a 

synoptic approach to the problem has been attempted, closely 

associated with the synoptic approach used in meteorological 

forecasting, rrinary interest has been in the onset and 

initial disturbances or 'sinkings' of the newly-established \ 

. seasonal thermoclinc. One of the main objectives of this 

paper is to detect significant meteorological changes or 

disturbances iu the state of the atmosphere which accompany 

or precede distinct variations in the thermocline; and, if 

possiblej to take advantage of these atmospheric changes as 

possible i'crocaeting tools to predict the temper ture 

structure of the upper layers of tie ocean or the depth of 

the ;.ii::ed layer. 

Irofiles and gra.fas of neteorological parameters such 

as temperature, wind s ecd and relative humidity have been 

:ve^:..Toc  for various levels in the atmosphere and are dis- 

cussed in the body of ehe  paper, .i synoptic teciini'pjie for 

predicting the annual commencement date of the seasonal 

tucrmocline usiiv tevcrature and wind discontinuities 

aloft is also presented.  In ad;'icion, a mathematical 

relationship between wind speed aloft and tht depth of the 

!.".i:rcd layer has been developed. Computed predictions and 

results for s_r-a_ ar. summer months, 19?6 tdrouph 1059, 



are tabulated in Appendix I. 

Tlie complete investigation, results and conclusions 

drawn, are based on data obtained at-Ocean Station "i" 

(latitude 50n, lonpitude 14-5'-0. 



2. Background 

The decision to a^proacli this  problem from a synoptic 

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-tvro earlier 

papers prepared usin^ data obtained at ocean station "1", 

In the first paper £2ji which was primarily a case 

history of the state of the atmosphere during the onset 

of the seasonal thernocline for the year 1959» four inter- 

esting phenomena were observed: (1) an abrupt horiaontal 

wind discontinuity at 6000 neters preceded the first sudden 

'sinking' of the newly-established thermocline; (2) a 

definite period of increased stability in the lower strat- 

osphere preceded the chain-like reaction of teiaporary 

stability down throu/h the atnospheric layers and culmi- 

nated in increased surface wind speed and subsequent sudden 

sinking of the mixed layer (deepenin,:; of the isothermal 

ocean layer); O) abrupt reversals of the stability dis- 

* .^ution aloft coincided with the onset and sadden increases 

in depth of the ;.iircd layer; and (':) expected variations in 

the relative humidity could be detected more readily at GJO 

nb than at the ocean surface. 

Prawley and Clark [3] , in atter.ptin^ to construct a 

technipae for determining the therr:al structure in the'upper 

layers of the ocean, considered various conbinatior.s of 

neteorclopicv-l jaraieters and diccovorod thr.t tic inclusion 

of atr.os boric st;i:.il:'.t' ,:-ve tin. best result.-'. 

t, 



Since , the air-sea temperature difference for the 
0200Z forecast did not seem adequate to describe the 
radiation effects, other meteorological parameters in*- 
volving radiation effects were investigated. It was 
found that the hest results were obtained by using the 
lapse rate through the layer 650 mb to 700 mb. 

In reviewing the results suimarized above, it was con- 

sidered that sufficient .justification existed for additional 

research in the higher atmospheric levels rather than on the 

level adjacent to the sea» 



5c A Synoptic Technique for Determining the Annual Onset 
Date of the Seasonal Theraocline 

virst of all, consider the general state of the atmos- 

phere aloft prior to the annual onset of the seasonal 

thermocline« In the 195S spring edition of the Pan American 

Airways Technical Report [Vj, a statistical summary of 

seasonal incidences of Jet stream centrums was compiled, 

based on ten years of liemispheric data. .Station "P" is 

located in the area of maximum jet stream incidence in the 

Pacific Ocean., reported in C^J, with the winter maximum 

dominatinc. It was found: 

Actually the increase of incider.ee in the spring over 
winter between '}ön  and ^11  is somewhat misleading 
inasmuch as a high proportion of those incidences occur 
during Ilarch and can be considered as a carry-over 
from the winter patterns, 

..nalysing the seasonal picture and tracing the gradient of 

arcdLmm jet incidence throughout the spring; months one notes 

the following trend: in Parch, prior to the establishment of 

the seasonal thernocline, maximum jet activity occurs di- 

rectly aloftc However, during April and Hay there is a 

marlced decrease in cyclonic activity and a msrlced decrease 

in the cradir.nt of incidejice of jot centrums. The seasonal 

thernocline commences during this period; and, for the 

balance of the s. ring MI/, SI. ntr months, ridging, bloc,:ing 

and stable condition.: "■..■'edominatCc As a result of the Pan 

.iiericon survey it is noted that: 

pronounced decreases in incidence occur in April and 
Pay "cflcctiiig Lh-: treator frengiency of ridging and 
bloc".:iig_ uctiTitg'  r.i.np those months...in the chanpe 
from s_ riri' to s^m cv  the cyclone frciuc cy hetv.'een 

m" 3:i: diniiioLcs which fact is well refloctec in 
:]■:.'.:.   .rc^-j;^  Cwunt rn this area. 

rO*« c. 



It would" therefore appear, 'on a very broad scale, tliat 

one of tLe prerequisites for 'setting tlie state* for the 

onset of the seasonal thermocline is the northward migration 

of the jet stream past station "P" during the early spring 

months. In support of this theory, it is noted that in all 

four years analyzed, a period of decreasing wind speed at 

the 500-.Tib level precedes the actual onset date. 

In 1959 the seasonal thermocline commenced on 1? April. 

Before this date the winds at all levels were relatively 

licht, varying in magnitude from twenty to forty knots, and 

they were primarily zonal in character. This aonal charac- 

teristic persisted during the period that the thermocline 

was being established at a depth of eight to ten meters. 

The first interruption to the pattern occurred ei^ht 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 

hours later the first sudden sinking of the nixed layer 

occurred, a drop to a depth of forty-five meters. 

Shis discontinuity could be readily tracked, with 

appropriate time lag, through higher tropospheric layers, 

across the tropopause and into the lower stratosphere, A 

surface front was located in the vicinity of station "P" 

and possessed the correct magnitude of slope to account for 

this discontinuity. Hov/ever, the existence of a frontal 

passage is eliminated as the prime cause of the discontinu- 

ity if one concurs with the current belief that air-mass 

discontinuities do not extend into the stratosphere. 

8 



In an attenrpt to establish ¥liat role, if any, this upper 

level v/ind discontinuity played in the establishment find 

subsequent sinking or the  thermocline, additional years were 

examined and the following, observations noted: In 1958 the 

thermocline commenced on 15 Hay. Again, on 25 Hay, eight 

days after the actual connenceaent date, and following a 

period of relatively ligivt zonal winds, the sane discontinu- 

ity or veering of 80° in i^ind direction appears at 6000 

meters, also, twenty luurs later, occurs the first sudden 

sinking of the mixed layer to a depth of forty-five meters. 

At this point in the investigation, the possitility of 

utilizing the v/ind discontinuity aloft as a synoptic fore- 

casting index was considered. In order to test this theory, 

the year 1955 was analysed, and a ;ainf a najor wind discon- 

tinuity was found at 6000 ueters eight days after the onset 

date. In addition, twent; hours later the first sudden 

sinking of the nixed layer occu'"?ed,  Ihis consistency in 

the order of events suggested one set of criteria for 

establishing the sinking of the seasonal thermocline. 

Temperature profiles, as illustrated in figures 1 and 

2, were then drawn for th^ee atmospheric levels: 500 mb, 

85O mb and the surface.  In all four years analyzed (1956- 

1959), it was noted that a relatively cold period immedi- 

ately  receded uhe thermocline onset and that the 500 mb 

and 8^v) mb level;: showed an abrupt increase in temperature, 

reaching maximum values on ehe actual onset date. This 

tern] erature maximum could be traced doi.n through uhe atmos- 

phere and it was interesting to note that the surface 



temperature did not reach its na^iraurn value until after the 

thermocline had set in and been well-established. 

To summarize: the temperature maximum at 500 ofe occurs 

on the thermocline onset date, and the wind discontinuity at 

6000 meters ei^'ht days later occurs tv;enty hours before the • 

first sudden sinking of the mixed layer depth. This combi- 

nation of events is suggested as a synoptic forecasting tech- 

nique for determining the comoaencemeiit date of the seasonal 

thermocline and the first major sinking of the mixed layer. 

In order to test this synoptic technique for 196X, 

daily wind and temperature data received from station "k" 

are being analyzed as of this writing and a prediction date 

for the 1961 thermocline onset v.ill be forecast. 

10 
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Fig. 1 Temperature profiles (O0OOZ) during 
the onset of the seasonal thermocline 
at Ocean Station "P". The 500 mb 
temperature reached a maximum on 15 

iMay 1958, the date that the seasonal thermocline 
commenced. The date of maximum temperature can 
be traced down through the atmospheric layers 
with appropriate lag. Note that the surface 
temperature does not roach its maximum value 
until the thermocline is firmly established. 
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Fig.2  Temperature profiles (OOOOZ) 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 dovn through the 
atmospheric 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 Atnospheric Stability During the 
Onset Month 

If v/e examine the distribution of stability in the 

inner troposphere during ^pril 1959, the raonth that the 

seasonal thermocline coamences, vie note the following vari- 

ations in the distribution as described by Clarh [2]: 

irior to the establishment of the thennocline, the 
ovei-all picture of the troposphere shows unstable 
lapses in the lowest layers adjacent to the sea surface 
with1a tendency toward increased stability aloft. 
However, as the thennocline sets in, the reverse picture 
is true, ourface inversions are established on 16 April 
and persist through the onset until 19 April.  At the 
sane time the higher atnospheric levels experience a 
decrease in stability and on the day that the thenno- 
cline coramenccs the lower troposphere is composed of 
two extreme layers; below 5,000 meters v/e have ex- 
tremely stable conditions with three inversions appyar«- 
ing while above 3,000 meters unstable conditions 
dominate.  As the surface pressure falls, ascending air 
and increased instability destroy the surface inversions. 
During the period that the surface pressure rises, 21 
to 2/l- April, subsidence assists in the temporary re- 
establishment of surface inversions.  On 25 April, the 
increase in depth of the ocean isothermal layer coin- 
cides v;ith an abrupt reversal of the stability 
distribution aloft. Hero we see that the surface 
inversion has completely disappeared and has been 
replaced by an unstable layer extending to almost 1500 
-'.cters. dhis unstable layer persists through 28 April, 
slowly decreasing in depth as middle atmospheric 
inversions are rapidly established aloft. 

Hence we note that during the onset of the then.iocline, 

atmospheric st'd)ilit;; prevails, and during the sudden sinAing 

of th. mixed layer the reverse picture is true. Since the 

maintenance of the mixed layer at a greater depth during this 

sinking period represents very stable conditions in the ocean 

just bolov.' the uiixod layer, it a ..ears that the lower 

atnonpheric layers ad.jacent to the sea are attempting to 

corg ensatc for he increase in oceanic stability and so main- 

tain a 'h'laiaa ' of stability conditions at the air-sea 

1 



interface.  This conpenoating effect seens to exist through- 

out the onset month. 

Atmospheric stability during the onset months for 1957 

and 1958 was analyzed as well, and Showalter Stability 

Indices [5} were computed on a daily basis and appear in 

figure 5 in profile form for these months. Unfortunately, 

the Ghowalter Stability Index tended, to smooth major stabil» 

ity variations and depicted a vertical average, rather than 

a detailed, analysis of the existing atmospheric conditions. 

This fact is readily apparent if we compare the profile for 

April 1959 with the detailed stability cross-section which 

appears in [',91, reproduced here as figure 4, One car. ob- 

serve a tendency toward suable conditions as the thermocline 

commences and a minimum value dees show up on 25 April to 

accorm.any the sinkiri_;, oT the mixed layer1; on the whole, it 

was felt bbat the Jtability Index profiles did not represent 

a sufficiently detailed analysis of the true stability con- 

dition;: for cu gurison our; oses. 

s  a latter od interest, daily soundings for April 1959 

we ie compared wild; the computed -howalter Stability Indices; 

it was interesting to note that a minimum value of +5 

represented the most unstable sounding of the month. A . 

neutrally stable sounding produced a value of +7»7 and the 

index values increased to a nnximum of +20 for the more 

stable conditions. Showalter developed this index primarily 

as a In.undcrstorm dorccasting t<.ol f>_r use over land areas, 

sc '.;ha: i'J is not suigrisi.ig to note Id.. b our index scale 

P s shifted to higher values ,;hcn ■.: lied over the ocean; 

L- ■-i- 
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During the course of this investigation, eonsideration 

was given to developing a graphical forecasting technique for 

predicting the temperature difference in the upper 50 meters 

of the ocean, ^he Showalter Stability Index was utilised as 

one of the six basic parameters in lieu of the lapse rate 

previously used in reference [Yf. While the graphical fore- 

casting technique was not included in this paper, it should 

be mentioned that inclusion of this parameter did not result 

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 previous study £2], the author, in discussing the 

surface relative humidity during the onset of the thermo- 

cline in 1959 found: 

It is interesting to 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 
most of the days maintaining a value of 100%, As we 
approach the 25tjl of April the relative humidity de- 
creased steadily reaching its lowest value of 70% 
coincident with the sudden sinking of the thermocline. 

In figure 5» the relative humidity at 850 mb is shown for 

this same month to indicate the distribution of moisture 

aloft. In 1957 and 1958 as well, the relative hxmidity is 

at a maximum value coincident with the establishment of the 

thermocline; and minimum values are reached when the iso- 

thermal layer extends to greater depths. Also, when the 

actual water vapor content of the atmosphere immediately 

above station "1" v;as examined and a level selected where 

maximum variations in the moisture concentration occurred, 

it was found that the greatest changes in the concentration 

of vapor occurred in the layer 890 mb to 700 mb.  In ref- 

erence [2], figure 2 , reproduced here as figure 5, an 

excellent example of this appears,  A decided, maximum in 

the mixing ratio profile occurs on the onset date with a 

minimum value existing during the sinking of the mixed layer. 

Cver land, maximum advection of water vapor occurs at 

900 mb, jpoj i anä one wo^ld be inclined to expect a slightly 

lower elevation for tl:is sa::ie phenomenon over a water 

surface,  üov.evcr, an analysis of the level of maximum 

18 



concentration of, and variations in^ the moisture content 

aloft reveals that over the ocean, at least at station "P", 

the greatest variation in water vapor content appears to be 

at a slightly higher altitude, namely, in the vicinity of 

850 mh. Prawley and Glark [3J, in selecting a forecasting 

parameter for inclusion in a graphical technique for pre- 

dicting the temperature distribution in the upper layers of 

the sea, substituted the 850 mb relative humidity for the 

surface humidity. Inclusion of this upper-level parameter 

improved the accuracy of the forecasting technique. 
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6.-, Tropopauce H^igLt and Level of naclnnii;; '.-/inds During 
■ the Oncet 

111-figures 9 tiirougii 20 the tropopause lieirlrt, level 

of ma::imuin winds, anc' the maximum wind speed aloft have 

been.'plotted'for the onset mouths of 1957» 195G and 1959. 

.For ease of comparison, the mixed layer depth has "been 

plotted separately for each of those months and the actual 

onset date one first sudden sinhinr; are shOHn on the respec«* 

tive profiles. 

In firure 9 for ^pril 1959, v;e find tlat the tropopause 

has a tendency to reach its maximur elevation during the 

period that the thermocline sets in (17 April). ;.t the same 

time, we see that the level of maximum winds and the maximum 

wind speed aloft, figure 10, experience minimum values on 

the onset date, however, when the mixed layer undergoes its 

first sudden sinking on 95 ...oril, we sec that the-reverse 

picture is true.  V.'hile the tropopause is at a minimum 

height, the level of maximur. winds returns to greater 

heights with an accompanying increase in wind speed aloft. 

Phis tendencp appears to hold true for the other years exam- 

ined (figures 12 through 20),, 

o/' 
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Pig. 12 Tropopatise height at 00002 (solid). 
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n 
i < Wind Speed at 600Q iieters 

In figure 21, the 06002 vdnd speed profile at 6000 

meters is sliown for the month of June 1958.  For case of 

comparison, the actual depth of the mixed layer existing 

at 02002 on the following day was plotteo, utilising the 

same scale. Vlith the introduction of this"'twenty-hour lag 

we note that the two curves tend to.parallel each other 

fairly well during the first three-quarters of the month. 

However» it is apparent that the assumption of a constant 

lag throughout the month cannot he correct, for the two 

curves are decidedly out of phase during the period 25 June 

through 27 Jane,  following this three-day period, the 

curves again continue- in phase until once cgain, around the 

2;3th through the 27th of the following month, the maximum 

phase difference occurs, i'his was the case for all nonths 

examined during the four year period 195^ through 1959« 

.additional months are included as figures 25 through 26. 

however, for simplicity, a constant twenty-hour lag 

was assumed, and the 6000-metcr \'inC  speed was correlated 

with the depth of the mixed layer yielding a correlation 

coefficient of 0,85 for this ^articular month. In order to 

dctcr'dne whether this rather high correlation existed 

throughout the balance of the spring and summer months, 

coefficients were computed for 19%, 1957 and 195n and are 

tahdated in appendix I, fable VI.  It should be noted that 

for the 1959 months where :ri-y/  speeds at 500 rab were sub- 

stituted for the 600d-meter v.'indu w'.dch were not available 

Cor t". is study, a narhed decrccse in correlation resulted. 
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Surface wind speeds v/ere also eorrelated with tlie 

mixed-layer depth and are included in Table YI for com- 

parison. For .all months except two, July 1958 and June 

1956, the correlation coefficienta for the upper vdnd speeds 

were  higher. Table VI also illustrates that for both levels, 

the correlation between wind speed and the depth of the 

mixed layer decreased as the season progressed. This would 

suggest that as the therraocline deepened toward the end of 

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

agent decreased. . 
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. Development of an Empirical Relationship Between the 
SOOCMIeter V/ind opeed and the Depth of the Mixed Layer 

The 6000-raeter v/ind speed was plotted against the 

depth of the mixed layer and the resultant scatter diagram 

is shown for the month of June 1958 in figure 22. Since 

the distribution suggested an exponential relationship he<- 

tween the two parameters, the equation of the 'test fit' 

curve was assumed to be of the form 

KLD = 1^ exp(O.lV) (1) 

where k, is a proportionality factor. When plotted against 

the wind speed, k, turned out to be a linearly-decreasing 

function of the 6000-meter wind speed and the resultant 

best-fit straight line may be seen in figure 27. Hence, 

the final' relationship is 

KLL = e0'1V (2.9-0.056V) (2) ■ 

where 7 represents the 5000-neter v/ind speed at 06002 in 

meters per second and MLD is the depth of the mixed layer 

in rioters at 0200Z oi the following day. 

Equation (2) was developed on the basis of one month's 

data only, June 195S5 and was tested as a possible twenty- 

hour empirical pi-ediction formula for all spring and summer 

months over the four-year period 1956 through 1959« 

Computed -.-redictions for the de th of the vixed layer were 

co Spared with the actual depth existing at 0200Z and the 

result:: for each month arc tabulated in appendix I, Table 

I.  PI:e average absolute error for the period analysed was 

''■ . '■ act-.r:;. 





9. v/ind Speed Greater than 70 Knots 

V/hen the 6000-meter v/ind speed exceeded 55 meters per 

second (approximately 70 knots), the magnitude of the error 

resulting from equation (2) became excessive for practical 

purposes. Accordingly, isolated cases for wind speeds ex- 

ceeding this value were analyzed and ajjpcar in scatter- 

diagram form in figure 28, V/e note that the distribution 

suggests on almost-linear relationship between the wind 

speed and the depth of the isothermal layer, but the best- 

fit' curve appears to be slightly convex toward the right, 

Il'jncc the equation of the curve was assumed to be of the 

form 

V - l^e mD (5) 

where J represents the depth of the mixed layer in neters, 

7 represents the 0600« wind apecd at 6000 meters in meters 

per second, and \i0  and u  are proportionality factors. In V 

:U plotted against the depth of the mixed layer in figure 29; 

sincv4 the  resulting distribution is linear, the initial 

assumtior a pears to be verified.  .Kie mathematical de- 

tails arc delineatec' in figure 29 anr1 the final equation 

becomes 

0 = 54.2 InV - 151,5 (4) 

Com;uitcf] prediction depths Tor the isothermal layer were 

pre;-;.red for all cases during the four years where wind 

spcxlc were grentcr tlien 70 i-;nots nr/"; the results appear in 

." cnr1ix I, 'P:.Plc Tl., Phe average absolute error for the 

entire eriui onalysed '.van - > r1 r-i " n "p ^ 

:o 
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10. ,'itaterrient öf Hypotheses and the Mirror Image' Concept 

As a result of this investigation, two basic hypotheses 

are presented: (1) that the ocean mixed layer and the layer 

of air in immediate contact with the ocean surface behave as 

a unit which is affected by meteorological parameters aloft; 

and (2) that there exists in the upper atmosphere a 'mirror 

ims^s' level where the fluctuations in wind speed closely 

depict the oscillation in the depth of the mixed layer. 

In presenting these hypotheses, it is definitely not' 

the intention of the author to dispute the fact that surface 

parameters of sea and air do affect the ocean temperature 

structure directly below the adjacent layers of the atmos- 

phere. However, it is contended that this layer acts 

essentially a., a bi'-ffer affectinn, the rate of cooling, or 

the rate of heating, anrl as such cannot act as a heat source 

for the underlying waters. Hence, in choosing a has:" c fore- 

casting parameter for a starting point, the parameter should 

not be chosen necessarily from this air-sea transition sone. 

'j?he profiles and graphs of meteorological parameters 

such as temperature, wind speed and relative humidity, pre- 

pared for various levels in the atmosphere and discussed in 

the paper, support the first hypothesis. In addition, the 

mathematical relationship developed between the winci speed 

aloft and the öepth of the mixed layer tends to support 

hypothesis (2). fha possibility of a 'mirror image' level 

at 6000 meters is a new and rather interesting concept. 

Evidence of its existence has been demonstrated in the 

precodinp pages, hut a 'cai-sc and affect' relationship 



between the wind speed at this level and the depth, of  the 

mixed layer has been carefully avoided. . On the contrary, 

it is proposed that these two levels are responding 

similarly to some external trigrering action or energy im* 

pulse, possibly incoming solar radiation acting on the 

stratosplierc. 



11. Conclusions and Recommendations 

The scatter-diagrams» empirical formulae developed, 

and the tested predictions based on the concept of an 

atmospheric level responding similarly as the depth of the 

mixed layer, all tend to support the conclusion that a 

'mirror-imase' of the mixed-layer depth does indeed exist 

ia the atmosphere at an altitude of 6000 meters. It is 

recommended, however, that in order to derive greater fore- 

casting accuracy from utilization of this upper-air synoptic 

phenomenon, additional research be undertaken to detenaine 

the exact ma^nitu^e of the time-lag encountered. 

It ie further concluded that surface neteorolojical 

parameters indicate to a greater extent what hag happened 

to the thermal structure in the upper ocean layers, rather 

than what voll happen, and hence should not necessarily be 

selected as forecasting parameters. In addition, a aore 

accurate determination of the vertical extent of the layer 

of air and the ocean mixed layer, which act as a unit, 

should be attempted. 

Finally, since the G50-nb relative humidity would 

appear to he a nore representative forecasting parameter 

th,?n the surface relative humidity, it is stronpiy recom- 

menced that continued research be conducted in order to 

derive an empirical relationsl ip between the vertical dist l- 

tP.l.::  of atmospheric walier vapor and the temperature 

distribntion in the surface Papers of the ocean immediately 

below. 
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APPEKDII TABLE I 

Computed predictions for the depth of the mixed layer 
using the"forecasting formulae MLD=exp(0.1V) (2.9-0.056Y) 
for V<35 meters/sec; and MLD=54-.8 InV - 161.5 for 7-^-35 
meters/sec, where V=5000-meter wind speed. 

6000-m     Forecast actual 
Wind Speed  MID for 

Day of at OJOOZ    02002 
Month (meters/sec) (meters) (meterg) 

May -■-i- --■'-^^"-■^ " -■- :'-"' --■—— 

10 

14 

• 8 

3 
26 

26 

35 

35 
30 

28 

37 

29 

41 

27 

27 

13 
10 
14 

30 

37 
10 
44 

57 

35 

55 

.verarjc error = 4.3 meters (ip;nnrinr 20^ & 25üi; 

1^56 
16 

2 17 

3 16 

4 21 

5 14 

6 4 

7 26 . 

8 25 

9 33 
10 35 
11 32 

12 31 

13 37- 

14 28 

15 52 

16 40 

17 27 
18 26 

19 19 
20 16 

21 21 

22 32 

23 24 

24 57 

25 15 
26 43 

27 57 
25 14 

29 33 
30 36 

31 15 

MLB at 
a2002 
(meters) 

Forecast MLD- 
Actual MLD 
(meters) 

K »-V 

M — 

9 1 

18 -4 
5 5 

7 -4 

21 5 

27 -1 

37 -2 

.48 -15 
56 -6 

30 -2 

32 5 

35 -4 

^6 -5 

27 0 

27 0 

17 -4 

33 -23 

17 -5 
56 -6 

58 -1 

43 -53 
41 3 
30 7 

40 -5 
M «•«i 

I-'i *» — 



■ TABLE I (Cont'd) 

6000-m     Forecast Actual 

Day of 
Nontli 

Jun 1956. 
1 

V/ind opeed 
at 0300Z 
(meters/sec 

18 

MLD for 
0200Z 

) (meters} 

HID at 
0200Z 
(meters) 

11 

Forecast MLD- 
Actual MID 
(meters) 

tmmt 

2 25 . 26 27 -1 • 

3 33 35 54 1 

4 31 26 42 -14 

5 II —-ii» M •* — 

6 25 18 46 -28 * 

7 16 10 17 • -7 

8 5 4 9 -5 
9 . . 10 8 11 -5 

10 . 8 6 ■ 4 2 

11 n — — ,.. 

12 u *M*> — — 

15 0 0 46 -46 • 

14 ■ n — ■M«» — 

15 28 29 45 -14 

16 36 35 37 -2 

17 ,17 12 52 ■ -40 * 

18 17 12 46 -54 • 

19 26 26 42 -12 
20 3^ 36 ' 42 -6 
21 K —. — M>«» 

22 20 29 49 -20 • 

23 31 28 37 . -9 

24 31 28 51 -5 
25 14 8 10 -2 
26 21 14 24 -10 

27 18 13 19 -6 
28 19 13 31 -8 
29 M — m*m «to«* 

30 11 8 16 -8 

.vveracc error = 9«5 meters 

* Excluding 5 days» formula didn't work,- average error * 6.2 m 

4^ 



TABLE I  (Cont'd) 

Day of 
Ilonth 

Jul 195^ 

6000-in. 
Wind Speed 
at 0300Z 
(meters/sec) 

25 

Forecast 
liLD for 
0200Z 
(meters) 

18 

Actual 
liLD at 
0200Z 
(meters) 

21 

Forecast I-ILD- 
Actual MLL 
(meters) 

-5 

2 25 18 18 0 

3 21 14 19 -5 
4 11 9 13 -9 • ■ 

5 24 19 21 -2 
6 2? 27 25 -. 2 

7 31 28 26 2 
3 56 35 27 8 

9 15 10 24 -14 
10 25 26 24 2 
11 22 18 22 4 
12 12 10 11 -1 

15 17 12 10 2 
14 10 8 14 -6 

15 13 11 12 -1 
15 16 10 17 -7 
17 20 14 21 -7 
ic 24 19 12 7 
19 15 11 12 -1 
20 16 10 17 -7 
21 12 10 16 -6 
22 26 26 26 0 
25 ' 31 .28 56 -8 
24 25 18 18 0 

25 18 12 22 -10 
26 25 26 30 -4 

27 19 15 16 -5 
23 11 9 12 -5 
29 15 10 11 -1 
50 15 • 10 16 -6 

51 Ml M — — 

*Ii= missing Cat a 

-iVerarje error = ZL. ^ ; ieters 



TABLE  I (Cont'd) 

Day of 
lionth 

Aug 195^ 

6000-m 
V/ind Speed 
at 0300Z 
(meters/sec 

forecast 
KLD for 
0200Z 

.) (meters^ 

Actual 
KLD at 
0200Z 
(meters) 

Forecast KLD- 
Actual KLD 
(meters) 

1 8 6 8 -2 

2 12 10 14 -4.. 

3 21 14 18 -4 
4 21 14 20 -6 

5 18 15 20 -7 
6 8 — M *_ 

7 10 8 13 -5 
8 4 3 3 0 

9 3 4 6 -2 
10 6 5 0 4 

ii 5 5 0 2 

12 5 4 3 1 

13 6 5 3 2 
14 14 8 9 -1 

15 17 12 9 3 
IG 17 12 12 0 

17 11 e 20 -12 
18 9 8 24 . -16 

19 25 18 17 1 
50 49 51 13 55 • 
21 ■ 31 28 18 10 
2?. 40 40 17 23 * 
23 50 25 21 4 
24 25 18 24 -6 

25 42 42 24 18 
25 52 30 52 -2 

27 50 25 27 -2 
23 42 42 27 15 
29 42 42 51 11 
50 55 35 55 2 

51 24 19 51 -12 
*Average error = 5.4 • meters » e: ccludinrj 2 

45 

days marked * 



TABLE I (Cont'd) 

6000-in     Forecast Actual 

Day of 
Hontli 

Jul 1^7 

Wind opeed 
at O30OZ 
(meters/sec 

KLL for 
02002 

) (mete.rs_) 

riLD at 
■ 0200Z 
(meters) 

Forecast KLD- 
Actual HLD 
(meters) 

l 5 4 ^5 -41 

2 .18 12 ^0,51 -39 
5 22 18 55 •55 
4- 29 23 30 -7 
5 23 18 30 -12 

6 26 27 55 -8 

7 14 8 23 -15 
ß 12 10 10 0 

9 9 mm M «■«• 

10 25 26 50 -4 

11 24 19 20 -1 
12 K «• K ■■• 

13 10 8 8 0 
14 7 6 6 0 

15 14 8 6 2 
IS 14 8 11 -5 
17 7 6 10 -4 
13 IG 10 14 -4 

19 26 25 15 10 
20 21 14 15 -1 
21 30 25 28 -3 
22 20 25 20 3 
23 35 34 51 5 
2A- 20 23 20 5 
25 18 12 20 -8 
26 34 55 30 5 
2? 31 29 35 -6 
28 17 — M «I4M 

29 24 19 25 6 
50 

• 31 

.'.vcra::e 

— — — 

error 7 -Tuij through < >9 July = 5 3 meters 



TABLE I (Cont'd) 

6000-m    " Forecast Actual 

Day of 
Honth 

Aug 1957 

Wind Speed 
at 0300Z 
(meters/sec 

liLD for 
0200Z ' 

) (meters) 

I-ILD at 
0200Z 
(meters) 

Forecast l-ILD- 
Actual MLD. 
(meters) 

1 7 — n — 

2 n «••>• •*** — 

3 ii 10 12 -2 
4 20 14 20 -6 

5 19 16 28 -12 
6 ' 40 40 28 12 

7 35 55 55 0 
8 19 16 55 -17 . 

9 17 12 50 -18 

10 10 8 7 1 

11 6 4 5 -1 ! 

12 12 10 11 . -1 

13 8 7 14 -7 
14 IS .12 20 -8 

15 Ö —. n — 

16 6 4 4 0 

17 ■ 6 4 4 0 
18 7 6 5   . 1 
19 14 8 5 5 
20 11 10 15 5 
21 12 10 7 5 
22 53 56 35 
23 50 26 50 -4 
24 27 27 25 2 

25 8 7 10 -3 
2S 7 6 5 1 

27 Ii — — — 

^S .15 10 13 -3 
^i-) 
'•-./ 14 8 14 -6 

50 23 18 22 -4 

51 19 ■ 16 24 -8 
.vcra ■<• err •or = 4.8 

• :'; ;ü) 

meters, (i gnorinjj 8ü & 9^, average 



m 
.L-: 'ABLE I (Cont'd) 

6000-m     Forecast Actual 

Day of 
lionth 

May 1955 

Wind opeed 
at 0600Z 
(meters/sec 

■ MLD for 
02002- 

1) (meters) 

MLD at 
0200Z 
^meters) 

Forecast MLD- 
Actual MTiD ; 
(meters) 

13 ' 10 6 7  .. -1 

14 15 8 4  - 4 

15 31 28 20 ' 8 

16 25 17 15 2 

^ 21 14 20 -6 

18 ■ 23 ^ 10 7 

19 10 6 17 -11 

20 4 3 5 -2 

21 12 7 15 -8 

,  22 ' 21 . 14 50 .16 

25 52 54 45 9 
24 14 8 25 -17 

25 24 16 15 5 
26 23 17 20 -3 

2? 19 12 15 -3 
28 10 6 7 -1 

29 10 6 3 3 
JO 13 7 4 5 

51 IT — K 1 ■" — 

Average error = 5»4 meters 



TABLE I  (Cont'd) 

6OOO-21 Forecast    Actual 

Day of 
Month 

Jun 195B 

Wind Speed 
at 0600Z 
(meters/sec 

MLD for 
0200Z 

) (meters) 

MLD at 
0200Z 
(meters) 

Forecast MLD- 
Actual MLD 
(meters) 

1 M  . mmmm — -.- 

2 10 6 6 0 

5 12 7 7 0 
4 8 5 5 0 

5 3 5 0 3 
6 M «•<■ wmmm •»«» 

7 n «MB w*nm — 

8 n — — -. 

9 17 11 11 0 
10 19 12 13 -1 
11 21 14 16 -2 
12 26 19 14 5' 
15 26 19 16 3 
14 27 27 24 3 
15 28 21 22 -1 
16 26 19 18 1 

17 26 19 20 -1 
18 29 23 23 0 

19 33 29 25 4 
20 27 27 25 2 
21 24 18 • 50 -12 
22 23 21 26 -5 
25 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 18 18 0 
29 18 13 20 -7 
30 18 13 25 -12 

Average error =3.0 meters 



IVBLE I  (Cont'd) 

6000-m Forecast    Actual 

Day of 
Mouth 

Wind opeed 
at 06003 
(meters/sec 

IILD for 
0200Z 

) (meters) 

HLD at 
0200Z 
(meters) 

Forecast HLD- 
Actual IILD 
(meters) 

1 17 11 ,.. 25 -14 
2 21 14 16 -2 

5 .27 27 25 2 
4 59 38 35 5 

5 23 17 14 3 
6 14 8 12 -4 

7 15 8 5 3 
8 12 7 15 -8 

9 11 7 18 -11 
10 24 18 15 3 
11 H — — — 

12 16 10 25 '-15 
13 8 5 10- -5 

' 14 11 7 15 -6 

15 4 3 2 1 
16. 6 5 15 -10 

17 23  :" 17 23 -6 
18 18 12 ■ 15 -3 
19 ' 29 . ■ 23 28 -5 
00 59 58 34 4 
21 . 18 22 -4 
22 18 12 20 -8 

23 55 52 30 2 
24 26 , 19 25 -6 

25 ?■■- 
i; -- -- «.. 

26 i: __ «»«> 

27 23 17 23 -6 
28 OO 27 25 2 
29 33 ' 29 26 .3 
50 54 56 27 29 * 
51 15 8 53  ■ -25 * 

*Average error = 5.3 meters, ex eluding 2 d ays mar.:ed * 

5^ 



TABLIi; I (Cont'd) 

6000-ra     Forecast Actual 

- 
Day of 
riontli 

Aug 195^ 

Wind IJpeed 
at 0600Z 
(meters/sec 

I-1LD for 
0200Z 

;) (meters) 

MLD at 
0200Z 
(meters) 

Forecast MLD- 
Actual MLD 
(meters) 

1 30 25 30 -5 

2 25 18 28 -10 

5 22 16 35 -19 

4 18 12 25 -15 

5 n ,_ — — 

6 n __ — — 

7 M »_ — . — 

8 15 8 32 -24 ♦ 

, 9 12 7 55 -28 * 

10 41 41 41 0 

11 5 4 0 4 

12 ' 23 17 30 -15 

13 ' 41 41 36 5 

14- 59 58 38 0 

15 31 25 30 -5 

16 25 17 35 -18 

17 31 ■ 31 30 1 

18 n _. __. 
—■ 

19 n ■ *<■*» — — 

20 14 3 40 -52 • 

21 29 24 52 -8 

22 25 18 50 -12 

23 27 27 ^5 -18 

24 40 40  ■ 40 0 

25 18 12 25 -15 

26 19 13 25 -12 

27 18 12 25 -15 

28 36 36 37 -1 

29 59 38 40 -2 

30 42 42 40 2 

31 16 10 15 -5 
.'.verase error = 10,5 meters *(excluding 8,9,20a), average 
error =7.9 meters) 



TABLE II 

Computed predictions for the depth of the mixed layer 
using the forecasting formula MLD=54-.8 InV - 161.5 for 
wind speeds greater than 35 meters/sec. 

Date- 

1956 Kay 15 

16 

24 

26 

27 

Jim 16 

Aug 20. 

22 

28 

29 

1957 Jul 25 

26 

Aug ? 

22 

1958 Kay 25 

Jul 4 

20 

23 

30 

Aug 10 

13 

14 

24 

6000-m 
Wind Speed 
At ÖoOOZ 
(meters/sec 

Forecast 
KLD for 
0200Z 
)(meters) 

Actual KLD 
at 0200Z 
(meters) 

Forecast KLD 
Actual KLD 
(meters) 

37 57 32 5 

40 41 46 -5 

37 37 38 -1 

45 44 41 3 

57 57 30 7 

56 35 57 -2 

49 51 18 55 * 

40 40 17 25 * 

42 42 - 27 15 

42 42 51 11 

35- • 54 30 4 

34 33 29' 4 

53 55 55 0 

58 56 32 4 

52" 54 45 9 

59 58 35 5 

39 38 34 4 

55 52 30 2 

54 56 27 29 * 

41 41 41 0 

41 41 55 6 

59 38 38 0 

40 40 40 0 

32 



Date 

1958 Aug 28 

29 

50 

3ep 4 

6 

18 

20 

21 

22 

23 

24 

25 

Vpr '2 

Hay 7 

10 

19 

AuG 4 

6 

17 

1959 3- 

6000-m 
Wind Speed 
At 0600Z 
(meters/sec 

Forecast 
MLD for 
0200Z 
)(meters) 

Actual MLD 
at 0200Z 
(meters) 

Forecast MLD 
Actual MLD 
(meters) 

36 36 57 , -1 

39 58 40 -2 

42 42 40 -2 

35 52 35 -3 

45 44 45 1 

46 48 48 0 

41 41 50 9 

58 60 57 3 

44 45 49 4 

41 41 45 4 

_ . 45 46 50 4 

49 51 50 1 

52 54 53 1 

43 44 41 3 

54 • 56 55 1 

37 50 28 2 

39 38 34 4 

39 38 56 • 2 

39 58 42 4 

Average error 5.3 meters'. 

'"Excluding 3 dates formula failed to predict correctly 



TABLE III 

..Aimmary of mean error (forecast MLD-actual KLD) for 
months tested during the period 1956 through 1958. 

1956 1957 \          1958 

Ilonth 

No. of 
days 
tested 

1 riean 
error 

1 (meters) 

|No. of 
days 
tested 

i Mean 
error 
(meters) 

INO. of 
days 
tested 

1 Mean •  | 
error  j 
(meters) 

Kay 

June 

1 July 

August 

2A 

25 

30 

50 

4.3 

6.2 1 

4.3 j 

5.4 . 

26 

27 

3.3 

3.8 

18- 

26 

28 

■ 26  1 

5.4 

3.0 

5.5 

7.9  | 

Total 87  1 5.0  j 53 3.5 j 98 5.4 1 
Mean error for the period 1956 through 1958 was 4,9 meters 

TABLE IV 

statistical Analysis of daily errors (forecast MLD - 
actual TILL) for the testing period 1956 through 1958» 
Total, number of days = 258 

!     Error !   No, of days i  Percentage 
i      «c occurrence 1  of total days   \ 
!      (meters) tested 

i            9 82 32 
5 117 45 
4 138 54 
5 154 60 
5 174 68        1 

'       7 185 72       ! 
i       u 198 77       1 

9 201 78       1 
1      10 ■ 207 81       I 

11 210 82       j 
!          12 220       1 85       I 
1           15 225       j 87       | 
!        14 229       | 89       ! 

15 252       j 90      i 

5': 



TABLE Y 

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

{Mean 
Wind 
iSpeed 
(mps) 

Standard 
Deviation 
of Wind 
Speed 

Mean 
1 MLD 
(mete.,s) 

Standard 
Deviation 
of MLD 

Correlation 
Coefficient 

[1956 

Kay 27.0 9,5 29,0 1  12.0 .75 

Jim 21.4 j   9*6 50.3 14,3 A7 

Jul 19.8 6.5 19.1 6.5 .70 

| ^S 21.u 12.0 i 16.0 9.7  ' 1   '7'9        1 
1958 

Hay 18.6 10.5 14.8 10.9 .71 
Jim 19*9 7.9  | 15.6 8.4   j !   t82 

Jul 21,9 11.0   i 18.5 8.0  | ,48 

Aug | 25.7 10.2 30.4 9.0  j .58    ( 

1959 

Apr 21.7 14o2 16.8   | 17.9 .83 

May *20.8 12a  | 25*9 12.6 *.38 

Jui *14.9 6.5 27.2 21.9 *.55   j 

Aug *19.5 1 10,6   j 35.4  j 11.8 *.10 

^6000-meter wind speed data not available for these 
months.  Substitution of uhe 500-mh wind speed re- 
SIJIWI in decreased correlation between the two 
parameters. 

en 



TABLE VI 

Correlation coefficients (r)** for the depth of the 
mixed layer- against (1) surface wind speed, «and (2) 6000- 
meter wind speed. 

1956 j     1958 1959    | 

Surface  Aloft Surface  Aloft Surface  Aloft 

Apr        ——             

May .39    .73 .26     .71 .36    .38* 

Jun .74    .47 .74     .82 .43    .35* 

Jul .24    .70 .61     .48 —    — | 

Aug .73    .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. 

n S S 
x    y 

where 3 = I(x-x^ 
n 

and  S = 
7     \ n 


