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ABSTJ.{ACT 

The general problet:l of ~:1odific<!tion of the oc~~n's therr.ul 

~tructure by meteoro lo~ icnl influences is discussed. Meteoro logical 

f~~tors i ssocinted uith mixed-layer depth fluctuat ion ~t three ocean 

st2tions in the open Pacific Ocean are evaluated and ~iscussed. Sea-

sur fac~ temperature correlation \vi th raixetl-layer depL1 £: t ocean 

station • .'AfA to ~upport t he meteorological influence is also evalu-

~t~d and discussed. 

The 2uthor wishes to express his appreciation for the advice 

3nd nssist~ncc gi ve n by Prc,fcssor G. H. Jung of the U. S. Naval 

.c'JSt....>r~H~l.W.te School i.n thia investigation, and also hia thanks to 

the Pnci fie Oceanographic Grou p for making tht• oceanographic data 

nvailable. 
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1. lntr~duction 

One of tnc most significant factors determining commercial 

and military sonar effectiveness in any ocean area is the vertical 

temperature structure of the sea. Varying processes modify the 

thermal structure to produce an essentially homogeneous ocean layer 

on the sea surface, varying in thickness in time and space. There­

fore, the prediction of the behavior of this homogeneous layer 

(mixed layer) and its thickness (mixed-layer depth, abbreviated 

MLD} has practical vulue . 

Many authors have described how various physical processes 

modify the thermal structure to produce the MLD. In nature these 

processes either may act independently or may be dependent upon one 

another, making difficult isolation of distinct relationships and 

classification. 

MLD fluctuations may be classified broadly according to: l) 

general processes capable of causing fluctuations, or 2) predominant 

period of fluctua tion . Interaction relationships act c ss the air­

sea interface suggest that NLD fluctuation is associated prim:1rily 

with meteorological variables . Study of the meteorological factors 

associated with the general physical processes, and resulting 

relations with MLD variation,clarify the causes of MLD fluctuation. 

The purpose of this paper is to attempt to correlate mctcorologi­

cnl factors with MLD fluctuation and to determine which variables 

appear to contribute significantly. A parti~ular parameter, such as 

sea-surface temperature, will be isolated for correlation with l'1LD 

to substantiate the meteorological influence on the MLD fluctuation. 
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The study also will investigate differences in such influences 

for the various periods of MLD fluctuation. 

2 



l... • ... ~,. ' .... r \,.J 

ihLr. is general acceptance that the surface mixed lcyer exists 

90% 0 f t lL tir.1~ on the se~ su:r face [12] In a general sense, the 

nix .. et: layc.l" •;arie~,; ¥Jith latitude. The surface layer is abst..:nt in 

.ig~ l a:~ tu ~ ... -s, .:.1 minimum in the equatorial region, nne: r ore pru-

;-,,,u:-'.c~~d in the nid-lnt i tude area. This mer idiona 1 var i.:~ t ion of the 

mix~d layer can b~ related brun~ly to the typical meridional tempera­

ture profit~;!. In r.10re d~-.:tail, however, tbe HLD varies in time and 

.>?:1;;.L i.n c~St·(·,.,s.:! to vnriations in the physical processes. 

Gilcr~::;t [ 3] ~w.-:r:1Ln·i;;:ed the application of the Ros~by and 

. :vn tg(·n1l.:ry [ 5] ~H t.ady-r. tate theory for the open ocean !-1LD ti,)pl ied by 

.._.t..:--lb) [l J to .,.:,H·ld-\.rid(~ vct;,:,n areas belO\v 60 degrees latitude. r:1e 

.n '-1 erag~~ st~l; ~ity par:tmeter, are in substantial ngrtc"lc-nt \.iti1 a 

sunnary [1 ~ b:lS.t c' upoa hydrographic and ba thytherr.:ogra/1 data. 

The tir-e ~nd spate variation of the ocean thermal structure, 

•diC,, l-!f.D, 11~~s bt>E·n d<:;)iCtl!d by Leipper [9] among other8 . .lo\.:ever, 

t.1 ;••Jcl t:;. ...:•f continuous data over ocean areas has rn.:'lcll: preci5e 

vcl1•~tion uf i".I.D fluctu2.tion difficult. Detailed studit.s of the 

tl'i.I.J~ rn ture dis tr i but ion (from Hhich HLD may be inferred) havl' been 

~~coQplishcd by variou~ investigators for particular :1reas bnsed 

up011 accumu ln t~..-d b"-t h_ ·t'-ermograph dn ta ava ilu.bl e. t:obinson [~tJ . ·::::e-

SPntE.d :::..>ci.1 : .• ..:t~.:ri:1l for the i·lorthc.:1st Pacific Occ~tn :1r~..-a ..... ~:c .. 

l stabL.d-L'-.. : 0 ~.....1ernl clirna.toll)gicnl features frotu vJhich iurther SLUu) 

l'.h ""' ' •. vral. or key processes capnble of causing :1LD fluctuation 

·n:t- dt.!l kn·. ,1[~:-:].>nd fall into the c<~tagories of l)~ea~ing, 2) 
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covling, 3) r.tixing, and 4) advection. Other similar clnssifications 

have been used by various recent au thor s [2, 7, 8, 16] . One summary 

of th~ key atmospheric parameters (which will be defined as m2teoro­

logical factors later) associated with these key processes h~s been 

preser.tec by Jung [ 6] . 

fhe predominant periods of HLD fluctuation have been describe(} 

by Schule in five primary categories [1 6] . These categories are 

1) sc~sonal; 2) lun~r (monthly, bimonthly); 3) semi-diurnal and 

diurn~l, tidal; 4) short period; and 5) random variations due to 

I'1iYing. 
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1 h r ,chani ~111 o i m~ teoro logi ca 1 influence 

A l~t·orologic~l motivating influcnc~ on MLD fluctuation will 

o~ ~~fi11ed ~s one operbting through metcurological variables. Thot 

llll .. ':.•. _,t·,)l,,gical '.'ariablE..s ure physic<tlly cnp:1ble of moc;ifying tne 

1'J.;~D ,1;_ s beLn indica ted previously. There fore, if it can be shov.rn 

that correl<~tion exists betw .. :en meteorological factor:> ano NLD 

flucru~tiuns> th~s~ fluctuations will be classified as mcteorolopi ­

~ :. ll y mo t i. v a t e q • 

Tht: .·l<:an <1nnual march of th-= thermocli.nc is tne most b;l:;ic 

v •. rL.ti .. n, in t,l.._ :H.D; this annunl fluctuation can be relatu:! to 

L ... liiUJl eli~ Jtic .;c..riations overlying the occ..an region. Clu:>t..r 

l:t!,Lh:Lti'-"i r v ... als that t,h; ag~rcgatc of the mon.:t y uea:.: dt::pths uf 

tht; thvrnH.1cline; t.::hwl.ly t.Jbulated actually nrc a rt..pres"-ntaU.u .• of 

thL •• nnual n~n::: of the thic!-<ness of the surface Hixed layt.r, ur 

~.LD. fhc :;n,h)::Jth annunl course of the MLD iz made up of distinct 

shvrter flue tua tious occu.rring \·lith pronounced regularity \·lh i.c.t 

1 o.x:~-. s L l 1 am,)l i t\ .. dt: and the most regular) to short term vari<... t Lms 

wf a fv ... Jimxtes or hours. Other per-iods Hithi.n the ~lLD vnriation 

incl 11:L lo~lJ t•3rm, rnr:.3ine fr or.1 one lo four ....,leeks; diurnal, whi.d1 

arL uf 24 hour period; and seasonal. 

tkat oa:br;nge proccSG(;G provide basis for annual, seas.Jnal, 

lung tt:t·L. <lnd diurxwl heat e:-:change components. L\elativcly little 

is kno~ n .rb.Jut the shot~t period variations currently ascribed tJ 

L,r...-rn~ll v.avc..s. Land and w<:ter surfaces arc heated d1l'n C}:pos~..d 

tl> r- ~}i~:.t .. on oe \:U'l!Lr air; ~,..~,l they lase he.:>t \.'11~.-n insul<ttiun 

CL.:.; .;, -V~,~t'< tion o...:curs, u1.· cooler nir overlies th\.. st.r1.acL. 
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1htc~f0r~ , tht SLo-surfncc temperature could be considered as 

rep~esenting the integrated effects of the heat e~change parameters. 

Cht~ng e in a i. r te:1pera ture normally preceeds sea-sur face 

temperature change . Wind (mechanical mixing) , is the principal 

cause of the sea-surface temperature variations when convective 

mixing is minimized [7] 

On lnnd, uhere a relatively thin layer is warmed, the meaa and 

diurn3l air temperature variation follow closely the annual and 

daily variations of radiation. In the sea, summer radiation 'I..Jarms 

a thick \:a ter layer to n moderate temper.:1 ture. There fore, at sea, 

a tiue lag bct\ve~n r:1aximum values of air and sea temperature is 

introduced. The sea-surface temperature varies less than one 

degree Centigrade diurnally, being usually lowest at 0600 and high­

est at 1500 local hours . The diurnal variation of both air and sea 

temperatur~.- is greatest on calm, clear days in summer, \vith generally 

smaller valut.5 at other times of the year. At the sea surface, it 

is knoun that short-term temperature variation occurs of the same 

range as diurnal fluctuations . 

This study will first attempt to correlate mettorological 

factors with the long-term MLD fluctuations superimposed on the ntan 

annual march of the HLD. Those variables \·7hich appear to contribute 

significantly will be isolated. A l~ter section will seek correlation 

of sca-surfac~ temperature with MLD for annual, seasonal and diurnal 

periods. The ~xistence of correlation between sea-surfac e temperature 

and LLD \ .. :ould substantiate the supposed meteorological influence on 

annual, seasonal, long-term and diurnal MLD fluctuations. 
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4. Long-term mixed-layer depth fluctuation 

Various me teorological variables were qualitativel y related 

to th~ occurrence of a NJ..D minimum \vhich i s superimposed on the 

mean annual MLD fluctuation. Concurrent data [9 , 18] of bathy­

thermograph and meteorological variables we r e t abulated in to tir.1e 

serie s and tested with mor e complete data [1 3 , 17 , 19] in the 

same general geographical area. The variabl es were tabul ated by 

magnitude, range and time interval relative to the MLD minimum 

or 'peak'; and s ignificant variables were isolated. Therea fte r, 

any indica tion of sea-surface t emperature correlation \.Jith NLD 

\lUS noteli wht.:h 1ight merit additional study. 

ln order to rninimize the influence of convective mixing and 

of tidal force s , da t a for the months of maximum sea-surface heat­

ing in the open Pacifi c Ocean were used. 

Sea - s~rface temperature and MLD bathythermograph data were 

abstracted from Le i pper [9] fo r May through September, 1949 for 

the preliminary investigation . Neteorological data \~·ere obtained 

from the U. S. Weather Bur eau, Daily Series Synopti c Weather Maps 

[ 18] for tht.; same period . Latitudina l comparison \:BS r.1ade using 

two separated geographical locations, ocean stations ALFA (49N -

l4m-J) and NOVEl·!BEl{ (30N - 140H), where simul tnneous bathythErclo­

graph and me~eorological data were availabl e. 

Thes~-0 bathy thermograph data represented five-day averages; 

hencl: , short pe1.· iod and diurnal fluctua tion of sea-sur f.1ce tenpeL1-

tu~e and ~LD were damped out. Moving-average smoothing on time­

se.ric:.:s dal.1 is knmvn to reduce the magnitude of oscillation and r.1ay 

~ossibly induce pha se shif ts [ 4, 5] . The first highest apex 
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{c~ll~'-' '~.c1ks') of cnch 111ajor BLD rninimur.1 \·la s used for the 

l)relir.lin.:!ry i.nvestig.:.ttiou. It \vas assumed thnt th•.! actual I:1.1.Xir.1Un 

MLU decrease of the d3ily va lue s would be retarded by the smooth-

j!l:j process. Therefore , any association of r.~eteorological vuriobles 

;:ith ecch nnjor MLD minimum may possibly be more cl early identified 

using the first MLD ' peak'. 

The indcpPndent test utilized more complet e sinultaneous 

.)<~th:, tl--:~· <\} · ;<1 .. nd r.1etcorological data provided by the P.aci f ie 

Oceanographic Group [13] at ocean station PAPA (SON - ll1SH) for 

the yc~r 1958 . For this phnse of the study, the author de fined 

the MLD rs the dep th of the most prominent peak (or bre~k) in the 

tcr. pcrntut·(;-d~pth cu·rve on tht. bJ thy t ile ~mogram '"her e (the shallm.:est) 

the t~mpernture gradient is greater than O.lC per ten meters. This 

defi~ition e l imina t ed from consideration the minor transitory nega-

tive gradient s until a ne\o' isothermal layer \:as establish2d. It 

also p~rmits a aero MLD when thQ specified temperatur e grnclient i~ 

exceeded at the ocenn su r face. Since more complete da tn \.J(•re 

LV~ilable for the t eGt eva luation, each clearly defin ed running 

vvernge ~-lT.D minimum ( 1 peak 1 ) \<laS used. In addition, the pre l il:1inary 

dcta used an MLD defined a s: 

the depth of a ~- 0. 3F chan8e from the temper<! tur~ of the 
sen. sur face [ 9] 

It. then becane neces s:1ry to determine "'hether moving-averaged curves 

CJilStructed frou dai ly v3lue s using either MLD definiti on would be 

of same form and MLD ' peaks 1 \olOUl d occur on the sane day. The curves 

acted siMilarly in relation to the daily values for both ~efinitions, 

compn red reasonably \.;e ll in form, and produced no shift of the NLD 
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' peak ' for June 1958 ( t.JblE' I). It was then assumed that no 

appreciable difference would occur for the ren~inder of the heat­

in8 s ea son for the test data, a nd results of ocean stations ALFA, 

NOVEl·'lBER and PAPA could be compared. The daily sea- sur face 

tempera ture and MLD used by the author for construction of the 

aver3ge curves will be explained in a later section. 

The significant meteorological variables associated with the 

major HLD 'peaks' selected in the preliminary investigation for 

oc ean station ALFA and NOVENBER are shmm Ly tables l and 2 

respectively. The respective summaries of the tabular results 

are contained in tables 3 and 4. 

The occurence of the same significant variables with the 

selected HLD ' peaks' of the test data for ocean station PAPA 

nrc !>hown by table 5. The sunun.:'lry of these results is contained 

in table 6. 

The evaluation of the qualitative relations for ocean station 

ALFA and NOVEHBER (tables 3 and 4) Has encouraging. The general 

features of the meteorological pattern noted for ocean station 

ALFA were in evidence at ocean station NOVEHBER. h'ind force, 

total cloud cover, air-sea surface temperature difference and sea­

state were the meteorological variables isolated which appeared to 

contribute most significantly to NLD long-term fluctuation. The 

significance of these meteorological variables could be explained 

by the physical processes introduced previously. 

Some gross latitudinal differences were observed between the 

irJportant variables at ocean stations ALFA and NOVENBER. Absence 
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of clcnrly-rlcfined surface cyclonic or frontal systems at ocean 

station NOVEHBEH. indicated that these phenomena were neither 

necessary nor sufficient for producing HLD 'peaks', but may accen­

tuate t he con t ributions of other variables. For example, the upper­

atmospheric processes associated v1i th a 500 mb depression could in 

turn influ(;nce lower atmospheric variables such as surface pressure 

and cloud cover. A de crease of vind force f rom high to low value in 

each case clearly indicated that a decrease in v1ind (mechanical) 

mixing wa~ a primary t·equisi te for a major decrease of MLD. There fore, 

the degree to \vhich the other factors become significant appeared to 

be a function of wind sp~ed; this is emphasized since the latitudinal 

variation of each separate meteorological variable can be explained 

by the climatological difference between the two geographical loca-

tions. The form of the sea-surface temperature curves suggests that 

this variabl0 may be used as an 'i.ndicator' of Hl.D fluctuation. This 

will be discussed in the next section. 

It was recognized that extreme caution should be exercised before 

drawing conclusion~ from investigations based on intcrdiunwl varia-

bility [ 1] The curves described by the bathythermograph and 

meteorological dat<l represent diffr.:rences of the various elements 

nt a fixed hour. The principal disadvantage is that the data \vould 

not represent mean daily values and significant changes of the 

variables between observations would not be detected. Test evaluation 

\vith independent and r.1orc cmaplet .... ·•• i. ;rmogrnph nnd me teoro lo3ica 1 

data \.Jas there fore necessary. The independent test would then verify 

the data representativeness (and the original postulates based upon 

such data). 
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The qualitative relation of signific&nt meteorological variables 

for ocean station PAPA corresponded vlell with similar relations 

es t3bli shed for ocean station Al..FA (tables 6 and 3). The contribu­

tion by t otal cloud cover to net effective radiation available to 

heat the sea surface \~·as more clearly demonstrated. The actual maxi­

mum HLD decrease appeared to follm.; a critical reduction of cloud 

cover from preceeding condttions by one day; the amount of decrease 

depended on other meteorological variables (especially wind speed). 

The remainder of the data representativeness appear sufficiently 

reliable to support the original postulates; hm.;ever, the value of 

complete data for this type of investigation v:as clenrly dernonstra ted. 

In sur.-l!;1al"y , it \Jas concluded trw.t the long-t.!rm MLD fluctu<!tion 

sup~rimposed on the mean annual HLD can be associated \-lith meteorolog~­

e ~. l rariables in the open Pacific Ocean for the period investigated. 

This study is limited by the qualitative nature of the establish­

_ad relations and the subjective selection of data by the author. 

However , the associations appear significant enough to merit additional 

study. 

11 



5. S e~ -surface ter.1per' turt; vnrintion 

In the previous section it ,,,as shm:n that the test data support 

the or igina 1 premise that the sea- sur face temp ern ture appea: s '· J 

respond in general to the ~t!tcorological variables and represent 

their integrated effects. This ;:elation indicated need for £.dditional 

study to substantiate the meteorological influence on MLD fluctuation. 

Sea-surface temperature and MLD from bathyther~ogracs ~ere then 

tabu b . t ed for the year 19 58 at ocean station PAPA and organized into 

~raphs and scatter diagrams. 

In s ec tio n 4 , five-day running-mean data at a fixed hour fo r 

oct.~an station ALFA ;tnd XOVE.HBE~t W.!re compared Hi th more complete 

c1a ta at OCl.:an sta t i on PAPA. Hence , be fore eli scussion of the g raphi-

cal 't"C:Sul ts, i l is in order to ask ... 

can s~lcclion of values from a complete data series (such 
as PAPA) influe:nct· •·h-- shape of running mean curves derived 
f rom the!;C! data s~~:'1 l;s? 

The soundings at 0200 and 1700 GCT .::re a ssumed n~prcsentative of 

r.taximum diurnal effects, negh:cting r~1ndom fluctuations. An average 

uf 0200 and 1700 could then represent a mean daily value of the 

p3ramcters. In practice, observations from successive soundings 

~ay not be available. If an obser~ ~tion were missed for the day, 

th~n the rcmaini.ng single observation '"as used rather than omitting 

the entire dny. Table 7 is 3 comparison of V3rious averaging 

techniques for June lq58. 'Individual' data defines averages for all 

observations knm·m for the r:1on th at the spcci ficd times. Only those 

dnys ..:hen bo tl1 obscr•Ja t ions \·.'Crt~ avail abl c.: \:et·e userl for 'p~ ired' 

averngcs. It can be seen thnt T'z4 and NLD-:>l of both individual 
- r 
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and p~ired data ore \oJit h in rcosr;n.:lble lit:ti.ts of 70? 17 -, ~ .:1nd HLD02, i 7. 

Evaluation reveals that thes~ values approach cqu~lity as the density 

of 0200 and 1700 GCT observations approach a naximun. It \·l~S then 

as s umed that the specified selection of daily values by the author 

for ocean station PAPA would be equally representative for construe-

tion of the s ea-surface temperature and MLD average curves. 

Figure 2 is a graph of monthly mE:a:l sea-surface tcmpernture and 

NI.D for the y~ar 1958. Examination reveal s the asymtnetrical shape 

of the annual curve for both variables. It \·:as postulated earlier 

that boundary exchange of energy de terr.1ines the to tal a1aoun t of hen t 

present. The sea-surface temperature lag behind the HLD could be 

explained by the particular thermal properties of water under the 

influence of radiational heating ~nd mixing. It seems reasonable 

that since the variables ar~ directly related, each should describe 

a n a s yrm:~etrical shape. In general, the curves are similar to the 

familiar mean annual air and land surfnce t~mperature curves. 

Figure 3 is a graph of mean diurnal sea-surf<lce temperature and 

MLD for the rna~imum heating period of 1958, May through September. 

Comparison of these curves \vi th the mon! lJ.y mean NLD reveals a close 

correspondence. The magnitude of the sea-surface tem?erature 

variation appears to decrease as MLD ircrenses. The variation 

increases with increasing stability Jf the surface layers. The 

variation of ~ll.D varies in the uppositt sense. Since convective mix-

ing (as opposed to \·lind mixing) is minimal during the maximum ht;ating 

senson , the redis tr ibution of heat in the mi.xed layer i'i primariiy 

due to wind (mechanical) mixing. 

The seat ter d iagr<Jms of d iurn.:1l st!a- sur fact.. temperature and 1-lLD 
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variation by months for May through September, 1958, are shown in 

figures 4 through 8 respectively. These demonstrate increasing 

correlation during the course of the heating season, a maximum being 

reached for June and July and becoming progressively less distinct 

during August and September. The June and July data clearly represent 

the summer seasonal t•egime '\vhen net insolation markedly exceeds heat 

los ses. The months of May and August could be considered transitional 

periods; and September, a period when heat losses across the air-sea 

interface exceed net insolation. 

In general, the pattern of the preceding curves can therefore 

be considered a measure of the particular mixing processes invloved. 

In all four months, periods of high ~ind mix the surface layer to a 

gr~,;;ater depth, but only under conditions \-lhen net insolation markedly 

exceeds heat losses is there a tendency for the MLD to approach the 

surface under low wind conditions. The change of the May and August 

relationship from that of June and July appears to reflect the 

increasing influence of convective mixing then. In November (figure 9), 

when convectivt:! mixing is knol-m to exert strong influence, the summer 

seasonal relationship falls apart and the scatter diagram points show 

a randum distribution. 

Variation of the observed results from mean climatological 

conditions at ocean station PAPA could possibly be explained by an 

abnormal heating season for 1958. Inspection of the sea-surface 

temperature curve in figure 10 shows an approximate displacement of 

the apex one month prior t~ the mean curve for several years. There­

fore, convective mixing may have become an important factor earlier 

in 1958 than in most years. 
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It hn!.i bl!en derr.onstra ted th<tt meteorolo~ical factors r:w.y be 

uZ r;oci:J. t ed ,.Ji. th : :LD Hu(; tu.:• t i.on in so:ne loc.-: tions, Hind force , to ta 1 

cJ. oud cover, air- Ge.:l sur fact; temperature di f fLrencc.. and sea-s t<. te 

~;cr~ the rncteurological variables isolated which appeared to contribute.. 

i:lo s t significantly to HLD long-ten71 fluctuation. The relation betuccn 

~ .;;o -surfacL tet<lp..;r.:-. t urc and 11I..D varir.tionz of annual, seasonal and 

diu rrwl. t ine-scal..;s ':as nlso shown. This , tosethcc \,lith the kno·.:n 

relation (;fair to s~a-surfac~ tu.lpt!~;·.turc, more clearly cst.-:biishcs 

Pt·c·.rious \;orks hD.ve ..::stab l. ishcd that e;.:change of ht~n t aero ss the 

air -s ea i n t~rface largely decernincs the lt>tal nnount of heat Jrcsent 

i.n the 0cean sur L1cc. l<~yer. The St:'a-sut: fncc ter.1pera ture there for•: 

can b~ considered a~ 'indicator', representing the integrated effects 

uf the rneteorolo~ical variables on the ocean ~ixcd layer. 

It s eem:; reasonllble tlten, to consid(~r t!'lnt the r.tean nnnu~l 

fluctuD.tion uf :t:u; repn.scnts the n..:t hent change o£ t:1e layer nctecl 

upon by the redistributing ~rocesses, with vind (nzchanical) and 

convectiv~ r.:lixi.ng ns primary redistributing factors. Since the amount 

of hent t.'-:-:change: across the .:1ir-sea interface, c.s \.•ell as the \·.·inti 

field) varies both in time and spcce, then the ~ssociated ~LD shJul~ 

vary s0asonally, from yepr to year, and geographically. 

It follm·JS thnt the m t.~ annua l mnrch of the NLD is 'meteorulog­

ically influenced'. Simil:1rly, most of the distinct fluctuations 

.:.ppearin~ on th~ annu:1l ~~I..D cun·e :1lso can b(' classifi ·c1 £15 'ncteoro-

lo;,;icnl.ly influcncl. t. ~. Thvse NLD fluctuations of distinct ti(bl ;)crioc1 
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m~y then be cl<lssific~ further and tcrr.ed '<~t.-onomicall~· influ~nced'. 

The meteorological influence \•.1as demonstrated most clearly <:t 

ocean station PAPA, and it could be ex pee ted as v:e 11 at adjaccn t deep 

ocec::n stations. 

However, r e l ative importance of the individual meteorological 

variables , as well as the total meteorological influence on HLD 

" 
fluctuatior, :an be expected to change with location in the deep ocenn, 

and when going from the deep ocean to coastal areas. 
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7. Conclusions 

The long-term MLD fluctuations investigated in the open North 

~acific Oc2un at three ocean stations may be qualitatively related 

to variation in tacteorological factors. 

Wind force, cloud cover, air-sea surface temperature difference 

and sea-state arc the neteorological varinbles \-7hich appear to 

contribute significantly to HLD long-term fluctuation. \·:ind (r,1ech­

nnical) mixing anc cloud cover appe.:2recl to be the taost important of 

these variables. 

The HLD fluc;tuntions may bl! broadly classified ns 1) meteorolog­

icr~l -- nnmwl and synoptic pt.:!riods; 2) astronomical -- tidal 

internal ,.my c. period; a.nd 3) others, including in ternnl Haves of 

rartdorn period. Tne m~teorological influence \·ms the most significant 

of these at ocean station PAPA elm ing the pcriou investigated. 
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8. .{ecomr.u~nd::itions for further study 

Wind force, cloud cover, and the difference between air and sea-

surf~ce temperature relationships associated with MLD fluctuation 

appe~r to warrant additional study to evaluate their integrated effects 

more quantitatively. 

Sea- surface temperature shows promise as a good 'indicator' of 

NLD fluctuat i on. Additional investigation o f the annual, seasonal, 

and daily s ea-surface temperature versus HLD may further define this 

relation ship. 

l~xtensi.on of the research to the remnir.ing portion of the year 

and to other years of datn for the Pacific Ocean will further 

estnblish the thermal structure climatology of the area. 

Collection of simultaneous bathythermograph and meteorologic:ll 

data should be expanded to other ocean areas on n continuing basis 
\. 

to provide an areal coverage of basic data for this type of analysis. 
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Ocean Station ALFA -Synoptic Data Cloudiness Wind Force Sea T -T Ts Pressure 6 MLD a s 
Date 500 mb surface (8ths) (Beaufort) (coded) (mean trend (trend & (mb) (m) 

& max -C) ave max) 

9 T Low -8/1 da -4/5 da -5/5 da +/8 da + + 
May 3 da pr 4 da pr same da 2 da pr 3 da pr 1 da pr same da -14/3 da -50.2/5 da 

(0) (2) (2) (+1) 1 da pr (22.8) 

21 T Low -8/l da -5/3 ·:a -4/4 da +/4 da + + 
May 3 da pr 4 da pr 3 cla pr 2 da pr 1 da pr 3 da pr l da -7/3 da -18.3/4 da 

(0) (1) (1) (+2) 4 da later 4 da pr (10. 7) 
pr 

6 T Occ -6/2 da -4/3 da -4/3 da +/7 da + + -26/5 da -17.7/4 da 
Jun 3 da pr 4 da pr same da same da same da 3 da pr same da 4 da pr (12. 8) 

(2) (3) (2) (+2) 4 da 
pr 

10 T Occ 0 chg -4/2 da -5/2 da +/4 da + + -28/4 da -8.3/4 da 
Jul 5 da pr 6 da pr ,8) 2 da pr 2 da pr same da 2 da 4 d~ pr (14. 6) 

...- (3) (2) (+1) later 
\C 

17 T T -1/1 da -3/2 da -4/2 da +/2 da + + -7/2 da -7.6/4 da 
Jul 4 da pr 4 da pr 5 da pr 2 da pr 2 da pr 2 da pr 2 da 6 da pr (15.3) 

(7) (2) (2) (0) later 

25 T CF 3 da pr 0 chg -3/1 da -3/l da +/5 da + + -4/2 da -3.1/2 da 
Jul 3 da pr WF 2 da pr (8) 2 da pr 2 da pr same da 4 da 3 da pr (22. 3) 

(3) (2) (+1)1 da later 
pr 

_s T Low 0 chg -3/1 da -2/l da +/6 da + + -23/6 da -5.5/5 da 
Aug 6 da pr 6 da pr (8) 2 da pr 2 da pr 2 dalater same da 3 da pr (25.0) 

T I. ow (4) (3) (+1)1 da 
same da l da pr later 

Table 1. Meteorological Variables Associated with Major MLD 'peaks', 
May through September, 1949 (2 pages) 





N 
0 

Date 

21 
Aug 

6 
Sept 

23 
Sept 

Ocean Sta tion ALFA - -
Synoptic Data Cloudiness Wind Force Sea Ta-Ts Ts 
500 mb 

T 
4 da pr 

T 
5 da pr 

T 
same da 

surface (8ths) (Beaufort) (coded) (mean trend (trend & 
& max -C) ave max) 

Low 0 chg -4/1 da -4/5 da +/8 da + 
4 da pr 3 da pr 1 da pr same da 2 da 

(8) (1) (1) (+3) later 

Occ 0 chg -5/3 da -C:,/4 da +/3 da + 
5 da pr (8) same da 1 da later 2 da pr 2 da 

(1) (3) (+4)3 da pr later 

Low -6/2 da -2/3 da -3/5 da +/9 da + 
1 da pr same day 2 da pr 2 da pr 2 da later same da 

(2) (4) (6) (-2)1 da 
later 

Table 1. Meteorological Variables Associated with Major MLD 'peaks', 
May through September, 1949 (cont'd) 

Pressure AMLD 
(mb) (m) 

-16/4 da -19.8/5 da 
5 da pr (13.7) 

-6/1 da -8.6/4 da 
1 da pr (17.4) 

-19/4 da -7.6/3 da 
2 da pr (24.4) 





Ocean Station NOVEMBER -
Synoptic Data Cloudiness Wind Force Sea Ta-Ts Ts Pressure f)MLD 

Date 500 mb surface (8ths) (Beaufort) (coded) (mean trend (trend & (mb) (m) 
& max -C) ave max) 

3 T -4/1 da 0/2 da +/2da ++ -11.6/2 da 
May 1 da pr same da (2)2 da pr same da s~r~; e da same da (34.2) 

(l•) (2) (-1)1 da pr 
12 Low T -5/3 da -2/1 da 0/4 da +/3 da + -8/6 da -20.4/2 da 
Hay 1 da pr 3 da 1 da pr 2 da pr 2 da pr 1 da pr same da 2 da pr (30.5) 

pr (2) (2) (2) (+2) 2 da pr 

9 Low -3/2 da -3/2 da -3/3 da +/9 da ++ -8/4 da -39.0/5 da 
Jun 2 da pr same da 1 da pr 1 da pr 2 da later 2 da later 1 da pr (3. 7) 

(2) (1) (1) (-1)1 da later 

24 Low -6/2 da 0 chg/5 da -6/9 da +/4 da + -6/3 da -19.2/3 da 
Jun 1 da pr 1 da pr 1 da pr 3 da later 1 da later 1 da later 1 da pr (22.8) 

(2) (4) (1) (-2)same da 
N 1 T -2/1 da -1/1 da 0/3 da +/3 da -1/3 da -17/2 da ~ + 

Jul 1 da pr same da 1 da pr same da 1 da pr 2 da later 1 da pr (21.4) 
(6) (3) (2) (0) 

13 Low -1/1 da -4/2 da -2/1 da +/8 da + + -8/3 da -9 .2/3 da 
Jul 2 da same da same da same da same da 1 da later 2 da later (33. 6) 

later (7) (4) (4) (0) 

29 T -6/6 da -3/3 da 0/6 da +/4 da t t -2/1 da -15.3/5 da 
Jul 5 da pr 2 da pr 1 da later same da 3 da pr same da same da (29.9) 

(2) (3) (4) (0) 
.!4 

Table 2. Meteorological Variables Associated with Major MLD 'peaks', 
May through September, 1949 (2 pages) 





Synoptic Data 
Date 500 mb sur face 

9 T sta 
Aug 3 da pr front 

4 da pr 

19 T 
Aug l da 

later 

11 T 
Sept same da 

N 
N 

20 Low 
Sept same da 

Ocean Station NOVEMBER -
Cloudiness Wind Force Sea Ta-Ts Ts Pressure 

(8ths) (Beaufort) (coded) (mean trend (trend & (mb) 
& max -C) ave max) 

-6/2 da -2/l da 0/5 da +/5 da + + -4/3 da 
6 da pr same da 3 da pr 4 da pr 8arrest 8 3 da pr 

(2) (2) (2) I Q) same da 

-7/4 da -2/2 da 0/3 da +/7 da + + -3/4 da 
same da 2 da pr same da 4 da pr same da same da 

(l) (l) {2) (0) 

-7/2 da -2/1 da -2/1 da +/4 da + + -3/1 da 
2 da pr 1 da pr 1 da pr 2 da later same da 1 da later 

(l) (0) (1) (0)2 da later 

-7/1 da -3/4 da -2/3 da +/3 da 'arrest 8 -4/7 da 
1 da pr 1 da later 2 da later 1 da later from -2 1 da later 

(1) (1) (1) (-1) to + 4 da 

Table 2. Meteorological Variables Associated with Major MLD 'peaks 0
, 

May through September, 1949 (cont'd) 

ll MLD 
(m) 

-29.3/7 da 
(11.9) 

-13.4/5 da 
(5. 5) 

-5.5/2 da 
(10.1) 

-4.3/1 da 
(13. 7) 





Oc...:~m StatLn J_LFA 

l. i:ith passage of the pr~domin<'nt surface ~ystem, 'l.vind force 

dc.:creased by t\!O to five Beaufort, du\,·n to a range of Benu fort one 

tu four. Tht; clecren se occurred over n period of one to five days, 

tcrminntiag zero to three days prior to the NLD 'penk'. 

2. Total cloud cover decreased (in eighths) by one to eight, down 

to a range of zero to seven. The decrease occurred over n perioc of 

one to t'\:o dnys, terminating zero to five days prior to the MLD 'peak • . 

Five cnscs indicated no ch~nge of cloudiness from total sky coverage. 

3. Air-se.:: surface t f'mH·r.:.ture differLncc i.ndic.:1ted <::. me~m positive 

trcnc1 fur t\·~r> to nine d.:1ys, terminating from three d~ys prior to tHo 

duys later than the MLD 'peak'. The maxi~urn value reached ranged 

frm.\ zero to four degrl't'S Centigrade, terrnin~ ting from four days prior 

L,, CoG.ed sea-state cecrca sed by two to five units, dm..,rn to a range 

of one to six. The decrease occurred over a period of one to five 

d:1ys, terminating from three days prior to one cby later than the 

HL:' 'peak • . 

5. The averaged sea- sur face t E· ... perature curve indica ted 2 positive 

trenrl, n~nchcd a maximum ze~·o to four days 1 a ter then the tlLD I 1 : 
pea.~ 

~nd conformed to the same general shape as the ?.LD trace. 

6. The av~raged MLD decreased 3.1 to 50.2 met~rs over G ~eriod of 

t'I.·.'O to fi ·:~ d;~ys. The !>:Ln 'peak' (minimum) rnnged from 10. 7 to 2 5. 0 

mL ters. Avernge 1·1LD decrease for terminal sen conditions \·'ere as 

fo llo,;s: 

TnLlt... 3. Summ:'ry of l-',etcorl>logicnl Vnri:1blfs Associ.:~tcc~ Hith h:-tjor 
i'iLD 'pe<iks', ~:c.1y through September, 1949 (2 p.:gC's) 
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SLa ::;t.::tl· one to t•.:o: 17.8 ta~..~t..;rs 

Sea state three to sb:: 4.8 meters. 

7. A surface lm.;r, occlusion or frontal ncti.vity occurred in the nrea 

one to six days prior to the HLD 'peak', accompanied by a 500 mb lm• 

or trough within one day of the surface activity. 

8. Surface pressure decreased from 4 to 28 mb over a period of one 

to six days, terminating one to six days prior to the HLD 'peak'. 

Table 3. Summary of Heteorological Variables Associ.ated ,,•ith Hajor 
NLn 'peaks', Hay through September 19L•9 (cont'd) 
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Ocean Station NOVEHBE:t 

1. \Ji th p.:1ssage of the predor;lim.nt sur fnce system, wind force 

decreased by zero to four Beaufort, dm.m to a range of Beaufort zero 

to four. The decrease occurred over a period of one to five days, 

terminating zero to two days prior to the MLD 'peak'. 

2. Total cloud cover decreased (in eighths) by one to seven, dmm to 

a range of one to seven. The decrease occurred CN er a period of one 

to six clays, terminating zero to six days prior to the MLD 'peak'. 

3. Air-sea surface temperature difference indicated a mean positive 

trend for two to nine days, terminating from four days prior to two 

dnys later than. the HLD 'peak 1 
• The m 1ximu:u value reached nmged 

fror.1 minus t':o to plus tv:o degrE:es Centigrade, four days prior to 

t'\\>'O days later. 

!~ . Coded sea-state decreased by zero to six units, do\vn to a range 

of one to four. The decrease occurred over a period of one to nine 

days, terminating from three days prior to three days later than the 

~iLD 1 p.:.;ak 1 
• 

5. The avt;.ragi.!d sea-surface temperature curve indicated a positive 

trend, rc·ached a maximum zero to tuo days later than the HLD 1 peak w , 

.:1nd conformed to the same general sh<::.pe as the l'1LD trace. In t~-10 

c.:ls~c, no c l t..ur ninimur.1 occurred, ui th no change of ter.1pera ture from 

t·.:o C:uys pr iur to four days later than the NLD 1 peak 1 
• 

6. T:~e average d !·lLD decreased from 5. 5 to 39.0 meters over a period 

0 f t'.:>c co seven days. The NLD • peak' (minimum) ranged frota 3. 7 to 

3<':. 2 u~t~...rs. Aver.:1ged HLD decrease for tenainal sea state one to four 

Table 4 . S\.mun..'lry of Neteorolo~ical Varinbles Associated Hith Najor 
HLD 1 pen.ks 1

, Nny through Septenbcr, 1949 (2 pages) 
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was 16.6 meters. 

7. /'.n identifiable surfnce trough or frontal system occurred in the 

oren for only two cases, from three to four days prior to the MLD 

'peak'. HO\·Jevcr, a clcnrly identified 500mb trough or low could be 

associated with each MLD 'peak 1 (ranging from five days prior to two 

days later). 

8. Surface pressure decreased from one to eight millibars over a 

p~riod of one to seven days, terminating from three days prior to two 

days inter than the MLD 'peak'. 

Table 4. Summary of H~teorological Variables Associated \vith Hajor 
MLD 'peaks', May through September, 1949 (cont'd) 
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Ocean Station PAPA -
Date Synoptic Data Cloudiness Wind Force Sea Ta-Ts Ts Pressure AHLD 
(ave & 500 mb surface ( 8ths-mean) (Beaufort (coded) (mean trend (trend & (mb) (m) 
actual & mean-kts) & max -C) ave max) (ave & 

max) actual max) 

17 May Low Low -1/1 da 0 chg/3 da 0/3 da +/6 da + + -37/3 da -50/6 da 
3 da pr 4 da pr 4 da pr 2 da pr 2 da pr 1 da pr same da 4 da pr (12 . 4) 

(6) (3) (2)1 da (+3) ------14-Ma) -:i]/7 da-- pr 
1 da pr -75 

(8) 3 da pr 

1 June T Low -1/1 da -2/2 da -2~/2 da +/3 da + + -20/5 da -26/8 da 
2 da pr 1-3 da pr 4 da pr 3 da pr 3 da pr 2 da pr l da later 1 da pr (3.0) 

--- (7) - _121_- (l) (+4) 
N 29 May -13/2 da ---24---
....., 

2 da pr 3 da pr 
(2) 

q Jun P. Low Low -4/1 da -3\/2 da -2/1 da +/4 da + + -14/2 da -1.7/4 da 
i: da pr 5 da pr 3 da pr 2 da pr 2 da pr 2 da pr 1 da later same da (4. 9) 

(4) (0) (0) (+4) 
-6 -J~n (1) 2 da -:11/3 da-- - --11---

pr 2 da pr 2 da pr 
(2) 

25 Jun T Low -2/2 da -4\/3 da -3/3 da +/5 da + + -5/2 da -15.1/5 da 
2-3 da 5 da pr 4 da pr 2 da pr 2 da pr 2 da pr 1 da later 2 da pr (5.5) 

pr (6) (1) (0) (+6) 
23-J~n (4) 2 da -:21/3 da-- -- -:30--

pr 2 da pr 2 da pr 
(5) 

Table 5. Meteorological Variables Associated with Major MLD 0 peaks 0
, 

May through August, 1958 (3 pages) 



Ocean Station PAPA -
Date Synoptic Data Cloudiness Wind Force Sea T -T Ts Pressure ~MLD a s 
(ave & 500 mb sur face (8ths-mean) (Beaufort (coded) (mean trend (trend & (mb) (m) 
actual & mean-kts) & max -C) ave max) (ave & 

max) actual max) 

5 Jul Low Low -1/1 da -2/1 da -1/1 da +/3 da + 
0-3 da 1-3 da 2 da pr 3 da pr 3 da pr 2 da pr 'arrest' -9/2 da -17.3/4 da 

pr pr (7) (0) (0) (+3) same da 3 da pr (7. 6) 
-3-J~l (6) same -::671-da--

da 3 da pr - - -25-- -

(3) 2 da pr 

14 Jul T Occ -1/1 da -1/2 da +/3 da + + -6/2 da -3.f-/4 da 
3 da pr 2 da pr 1 da pr same da same da 2 da later 3 da pr (7.0) 

(7) (2) (+4) 

14-Jul ":t3/2 da-- - --15- - -
N same da same da 
co 

(8) 

25 Jul T CF -1/1 da -4/1 da -1/1 da +/2 da + -12/2 da -3.0/2 da 
2 da pr 2 da pr 2 da pr 2 da pr 1 da pr same da 1 da later same da (20.1) 

(7) (0) (2) (+3) 
24-J~1 ":lT/2 da-- - --24---

2 da pr 1 da pr 
(8) 

14 Aug Low Low -l/1 da -4/3 da -2/2 da +/2 da + -16/4 da -5.3/5 da 
1-2 da 1-3 da 3 da pr 2 da pr 2 da pr 2 da pr same da 1 da pr (29.9) 
2 da pr 2 da pr ( 7) (l) (2) (+4) 

12-Aug (5) 2 da pr ":t6/2 da-- - --35- - -

2 da pr 2 da pr 
(11) 

Table 5. Meteorological Variable .~ Associated with Major MLD 'peaks', 
May through August 1 1958 (cont 6 d) 



N 
\0 

Date Synoptic Data 
(ave & 500 mb surface 
actual 

max) 

31 Aug T Low 
same da l da pr 

31 Aug 

Ocean Station PAPA 

Cloudiness Wind Force 
(8ths-mean) (Beaufort 

& mean-kts) 

-1/l da -4'1.;./3 da 
l da pr same da 

(7) - 11~)- -
(6) same -15/3 da 

da (l) 1 da 
later 

Sea 
(coded) 

-4/3 da 
same da 

(l) 

Ta-Ts 
(mean trend 

& max -C) 

-/5 da 
same da 

(-2) 

Ts 
(trend & 
ave max) 

no 'peak' 

Pressure 
(mb) 

-2/l da 
same da 

Table 5 . Meteorological Variables As~ociated with Major MLD 0 peaks 0
, 

May through August, 1958 (cont 0 d) 

~MLD 

(m) 
(ave & 

actual max) 

-3.6/l da 
(28.4) 

- --39- - -
same da 



Ocean Station PAPA 

1. With passage of the predomina. surface system, 24 hour mean wind 

force decreased by 6 to 23 kts, down to a range of 1 to 11 kts. The 

decrease occurred ove. 0 per iod of one to seven days, terminating 

from three days prior to one day later than the l-1LD 'peak' . 

2. Totnl cloud cover decreased (in eighths) by one to four down to 

e ~ge of four to seven. The decrease occurred over a period of one 

to tvJO days terr.tina ting one to four days prior to the HLD 'peak'. In 

six cases, cloudiness continued to decrease to a value of one to si:: 

terminating zero to two days prior to the MLD 'peak'. 

Air-sea surface temperature difference indicated a mean positive 

trend fur two to six days, terminating zero to two days prior to the 

NLD 'peak'. The maximum value re[.ched ranged fror:1 a plus tvm to plus 

six degrees Centigrade, zero to three days prior. 

4. Coded sea-state decreased by zero to four units, do~m to a range 

of zero to two. The decrease occurred over a period of one to three 

days, terminating from zero to three days prior to the MLD 'peak'. 

5. The averaged sea-surfact temperature curve indicated a positive 

trend, reached a maximum zero to t\.;o days later than the NLD 'peak' , 

and conformed to the same general shape as the HLD trace. In two 

cases, no clear minimum occurred. 

6. The averaged MLD decreased from 3.0 to 50.0 meters over a period 

of one to eight days. The MLD 'peak' (minimum) ranged from 3.0 to 

29.9 meters. Average smoothed MLD decrease with a terminal sea-state 

Table 6. Summary of Neteorological Variables Associated with Najor 
MLD 'peaks', May through August, 1958 (2 pages) 
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or OL1C to ture'-= \·.as 11.9 meters. Avt.:rage aclunl ;naximum 1-:Ll; ue:crL:.::.se 

r~lative to the MLD 'peak' was 2d.9 meters occurring zero to threL 2ays 

in·iot·, \lith a range from 11 to 75 r.t<;ters. 

, . An identifiable surface low, occlusion or frontal systL:~ occurred 

in the arL:a tor each case, from one to five days prior to the MLD 'peak'. 

A 500 mb lm.J or t1:ough coul J be as soc ia ted Hi th each sur face system 

(occurring ~ithiL one day). 

8. Sur fnce pressure dec rea sed 5 to 3 7 mb over a period or one to 

five d<1yn, terminn ting from zero to fc.ur days prior to the NLD 'penk'. 

'l'ilLlc 6. Sur.u.:ary of Ncteorological Vnriables Associate~ \,rith Xajor 
NLlJ 'peaks' , Nay through Seplu~\ber, 19 58 (con L' d) 
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~ 
N 

'--

Units 

c 

m 

To2 

10.79 

m.:Do2 
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