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Al3STRACT 

The gener.:ll problem of the mixed-layer depth ot tL1e ocean's 

surface layers is discussed. Wind mixing and its contrLbution to mixed­

l~yer depth at ocean station Papa during the year 1958 is evaluated and 

discussed. A model of mixing by '-lind-generated 'vave motion is developed 

and is tested along with two other models; and the results are discussed . 
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assistance given by Profe~sor G. H. Jung of the U. S. Naval Post­

graduate School in this inveetigalLon, and also his thanks to the 
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TABU:. OF SYNBOLS AND ABBREVIATIOUS 

L wave ampliLJde 

D dc~th to which mixing takes place 
Ill 

E totnl energy per unit area of \mvc surface 

F fetch length 

g accelerdtion of gravity 

.I~ signi ficiln t 'tvave height 

k vmve number 

hLD mixed-layer depth 

Ta air temperature 

T\
7 

Sl.:a surface temperature 

duration time of the 't:ind 

potential energy per unit nrea of ,.;rave surfaces 

same as U
0

, measured at depth z 

v \viad speed 

z dq)tl.1 belo'\I sea sur face 

density of sea water 

angular \vave frequency 

v 



1. IntroJuction 

Tlw plwumnenon Jf mixing of tlte surface Hntc.:s ,,[ r .. uch of the 

world's ocean .J.rea has '.:>een studied for many years. Increasing 

naval o,,ccation.:tl interest in the depth of the mixeJ layer n0\·1 demands 

th4.t the ground\,·ork established by many oceanographic investigator s be 

built upon , and that intensive effort b e directed toward the goal - a 

usable forecast of mixed-layer depth ove r broad expnnses of the seas. 

tli~:~:.d-layer depth is the depth belcH the \·:ater surface to uhich 

1:1b:ing ttas established an essential ly isothermal temperature distri ­

bution. The loHer boundary of the mixed layer is the thermocline, 

normally a thin layer or interface of large, negative vertical temper­

a tur e gradient. 

Large variations of mixed-layer depth occur i~ space and time. 

Observation indicates that a full spectrum of time variation ranging 

fron1 an annual cycle to short term fluctuations o f a feH minutes 

durntio~ is to be expected 3t a fixed geographi c location. The aanu2l 

cycle is at present the most regular fluctuation of the mi:ce d- l nycr 

ucpth to be.: identifiedJ and is in genera l the largest in magnitude. 

T~e annual trend of the mixed layer is a sinusoidal wave which appears 

to be mos t closely rela~ed to the heat balance of the surface \vater 

layers, i.e . mixed-layer depth is inversely !)roportional to the sta­

bility of tne surface ~·later layers. This is not to say that other 

.l)eriodic fluctuations of mixed-layer depth such as lunar-tid.:l l or 

~iurnal heatiug and cooling are not present, but paucity of data and 

Cw m.2gui tude c f npparentl y randotn flue tun tions mal~es their identi fica­

t lou diffJ_cult, 

.;..nstantaneous values of mixed-layer depth may Le looked upon as 

tltc r~..;sul t of various perturbations super i mpos ed u:-Jon the mean anuual 
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H<l."lC. The most sit,;nific.:mt 1h!rturbntl.ons np,>ec.r to be the ::.ntl.!t;r<lt<.!d 

<.!£feet uf r.wtl!orolog::.cal fnctors opcr.:~ting tu nlte r tlt~.: stat_:_lit; of 

i.:.tc. surface F.:ttcr lnycrs. \!intis, eva iJorat::..'Jl! cooling, nlbcdo, moisture 

co.ttent of the aL·, .:lt1cl ::.nsolntLon arc c.. feu of thes{;! tnc t coro lo[?;ical 

fac~crs. Arlded to the effects of the mcte~ologicnl perturbations arc 

~ilC a.·iJ<.tJ:ently rnnclom motions of i.ntert1.:1l uav(.s along tl1c thcLnoclinc. 

G80Jraphical vnriations of mi~ed-~ayer de?th a re a ssociated with 

the bath:,;mc.:try of the occnn _bnsins, the adve:ctive and taixing effects 

of tlt~ pen.1c.nent currents and occm1 tides, and the cU.ma to l ogical 

:-er;ita .... f:. The e!ton.lous problaus of c:ata cullect:i.on n lHl obscrvr.tilma l 

dens~t:; uil.i..tatc ngainst anything but qu~1lltntive e st im.'ltcs of t~lC 

e.: fc;..:ts of space 'JaL"ia tion UtJOu mb·ed-layer c'epth at t~1e present time. 

'1'l1e; 1_;,urvose uf this pnper is to cvnlua.t<:: t:1c r.1etcorolo0 ica.l fnctor 

vf 1•ind in its contribution to mixing of ti te surface w-aters &t occa.1 

s t<.ttion ?e1pn (50lJ - ll~S\n fo r ti.1e year 1958 . 
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2. 'filL mecuc. .1ist:1 of ' . .'ind-i:vluced ui..Jn0 

\.h.< c< ~~ .. c.L <2 ·1-c:(:tly to , roducc. r.t01Jeutura tr£-nsfec acros::; lLl·­

.:..ic-sr..:o L,t .... cf.:..cc b:,• mc~ns of io!ind-d:ivert ·.·a•n. '~<totion c..r bj c.lrift 

curre;n.Ls Cl~. It is postulated th<lt a giv(!n <Jmount of \oli.n<.l str(::SS 

-,,ill product. rao~.-ivn o[ t:lC. surfac(:: layccs of '.later, ~i·:inc; rise to 

t.tL:lll2 of t~u .. ·.-1v.ter layers until st&bility in thr.: rqJ,;_;n of the th(::r­

r.toclinc.. r1a.n,?cns particle rtotion to such an e;;:t(::nt t:1at (;. qu:libriurn 

be t~T'=:'3n til~.:. rai::_ng forc~.::s a.1d t.1e s tabi 1 iz i.ng forces i3 rea:::hcc, and 

the.: ·vind, tlte stability vf the air, and ti1r;: n~ture of thE! c-.ir-se& 

interf:&cE.. [2]. 'l'he st.:..bility of the the1.·.auc linc (the limit of ~ti;:ing) 

def;CtLdS UI10n the ~-;oiwJ Stress [3] , and the hc.at balance in th(:: ni:'C.d 

layer. 

Convec t ive mi xing is the process by v7h ich £::vaporation and loss 

of h.;a t to the atmosphere causes the sur face \ola ter layers t0 become 

unstable, resulting in overturning and mizing . \;ind spe~c is a factor 

in the flux of water vapor and sensible heat across the a_r-sea int(::r-

fac e. ·::ouvective nixing is, in general, most efficient '"hen hu:.t 

loss e s fron the surface mixed layer ar(:: greatest. 

In ord(::r to isolate, :nsofar as 2ossible , t he ef~c~t of wind­

dr i vcu uecha·nic&l mb-i.ng for tL1e ~Ur?OS(; of stu~; ia t.1.:.s section, 

ca ta .frc~ t~1<.! mon t~1s of rMxiraum sea- sm: f.:;. cr.:: .1r.::& tir.t -wei.·:: chosE:.<. from 

th~ ~e c arcls of the ~acific Oceanic Grou~ fur oce&fi scLtion P&~&, 1~53, 
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\vLH.~ SyC..(.d, anc: iLl tO ~ca ttc-: d.i. agr~.r.1s c1f tlu. ... s.::.J·c variaLlcs. 5::..1cc 

\.3"0 molion depends on duration of wind rather than instantaneous values, 

the mean of the c i gh l available daily wind observations Has taken as the 

representative wind for each day. The selection of a representative 

mixed-layer depth tor a day \vas a greater problem. In general, only 

two bathythermograph observations, one at 0200 and the other a t 17UO 

Grce1mich time, \vCt'e available. In addition, as \vill be discussed 

later, cons iuerable flue tua tion of HLD about the daily mcr. n value is 

observed, and there i s no certainty that the mean of the 0200 and 1700 

observations would be truly representative of thd mean for the day. 

'.._'here fore, the maximum ubserved MLD for th <:: day Has used. NLD Has 

tal~<:!n tu be t he depth belmv the sea surface at wh.i.ch the temperD-tur e 

trc:ce uf the \vater ceased to be isothermal; in genera\ this is the top 

of the thermocline. This definition permits a zero value for HLD. 

Figure 1 is a t ime series of mean daily \vind speed and maximum 

observed daily hLD at ocean st.:::.tion Papa for the month of June, 1958. 

The t wo curves are very similar, increasing and decreasing together. 

Close inspection reveals that the MLD curve lags behind the wind speed 

curve by about 24 hours, and that most fluctuations of \vind speed are 

followed the next day by a similar fluctuation of MLD. Another interest -

in~" characteristic of the t\vo curves is that not only does MLD increase 

Hith increasing wind speed, it also tends toward zero as wind speed 

decreases. 

Figure 2 is a scatter diagram obtained by plotting maximum daily 
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HLD against the previous day's mean wind s peed for the months of June, 

July, August, and September, 1958 . Correlation co e f ficients for the 

four months were found to be 0.94, 0 .76, 0.41, and 0.68, respectively. 

Disregarding for the mome~t the August points, it is seen that the 

remaining points fal l into nm groups; those e>£ June and July; and 

those of September . The August points can be divided into two groups 

a lso; those associated with the June and July group, and those assoc­

iated with th€ Se?tember group. The separation of the points into two 

groups is in accord with the two different therL~l regimes which are 

represented. The June and July points represent a period where the 

water is being actively heated, while the September points represent 

a period of beginning heat loss by the water; the Aug4st points are 

transitional between the two periods. The basis for this division is 

that the observed sea surface temperature reaches its maximum for the 

year in late July and begins its annual cooling trend in mid-August. 

This d ifference in regimes may explain in part \vhy the correlation 

coefficients for June and July are so much larger than the August and 

September coefficients. In all four of the months increasing winds 

drive the mixed layer deeper, but only under conditions where excess 

heat is being supplied is there a tendency for the mixed layer to 

approach zero under decreasing wind conditions. 

Linear regression equations were calculated for these scatter 

diagrams and found to be: 

MLD 

NLD 

MLD 

1.14 v 

0 o 94 V I 1.2 

1.07 v + 26.1, 

(June) 

(July) 

(Sept) 

5 

(HLD i:;. meters, V in knots) 



respectively. The small difference between the June and July slopes 

is attributed to the sligl. Lly more stable condition of the July water 

when heating was at a ma ximum. 

The fact that mixing of the surface water can depend not only 

upon '~ind speed, but upon convection as well, is illustrated in figure 

3. This figure is a scatter diagram of the same variables shown in 

figure 2, but for the month of November, 1958. Here a correlation 

coefficient of -0.58 is obtained. In November there is rapid cooling 

of the surface water, the temperature decreasing some four and one­

half degrees fahrenheit in two weeks. In this autumn month, clearly, 

convection has completely overridden the effects of wind mixing alone, 

and is independent of wind speed. 
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4. Time lag of the mixed layer produced by a given wind 

As pointed out in section 3, changes of MLD lag changes of wind 

speed. Figure 4 is a time series of wind and MLD observations taken 

at ocean station Papa on 16 to 19 June, 1958. MLD observations 

were taken hourly, while \vind observa tLns were taken at three-hour 

intervals. Both curves Here smoothed by three-hour overlapping sums, 

and the NLD curve is plotted with an 18-hour lag from the '\vind speed 

observations to obtain good agreement of the fluctuations on both 

curves. Actually the best agreement would have been obtained by a 

12-hour lag for the shallow MLD (smaller wind speed) \<lith a larger lag 

for the deeper HLD values. A lag betueen observed uind speed and the 

resulting mixing of the surface water is in accord with the theory of 

v;ave generation, which requirea a minimum duration time for the 'ivind 

to have blown in order to produce \vaves of a certain size. In genernl, 

the required duration time of the Hind increases with increasing size 

of \-mve produced [4] ; by analogy, the lag of MLD from wind should 

increase \vi th inc1·eas ing \vind and mixed-layer depth. 
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5. ~andom fluctuations of }~D 

The depth of the mixed layer was observed to vary several meters 

i~ a rcnclom fashi0n bet,\•een hourly measurements. The ttlagni tucle of the 

fluctuations could not be made to correlate wi th a ny observed meteo~ o ­

logical parameter, but the fluctuations did appear to increase in size 

\lith depth. 

Figure 5 shows the mean hourly fl uctuat i on of ten series of 

observations plotted as a function of the mean mixed- layer depth of 

each series. The individual series contain~d from 24 to 48 bathythermo­

gt·aph observations, and "l.vere spaced a t approximately monthly intervals 

over the year. 

Schule [5] and others hnve observed similar ~hort-teru fluctuations 

of NLD at other local ities and conclude t~at they are caused by internal 

waves a long the thermocline. 

The importance of the random fluctuation~ i~ two -fold. A sing l e 

measur e?mcnt of NLD \vill not necessarily be representative of the mean 

l~D for any given day. A series of observati ons should be taken each 

day Hhen verifying computed values of r.1ixed-l a yer depth. The ot l~er 

impor tant aspect of internal wave mot ion £tlong the thermocline is that 

internal "1.-Javes may provide one mechanism of vt~rtical mb:ing. Ball C6"] 

desc~ibe s an experiment in which internal waves were induced ~ long the 

density discontinuity between two water layers. The waves were observed 

to become sharp-crested and filnments of the denser wat er Here dra'l.m 

out from the sharp "l.mve crests and mixed i r.to the u ,>p er layer. The 

reverse, mixing dm,;u,mrds, \vas not observed to occur. 
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6. Theoretical models of wind mixing 

At the stnrt of the present investiga tion a sc ~rch of the literature 

produced only one theoretical model to explain the mechanism of wind 

mixine. Hunk und Anderson [3] developed this model incorpora tine the 

concept of vertical Austausch coefficients in the ocean , solving a system 

of five equations to obtain the relationship of winrl speed to the depth 

of the mbced layer; they obtained resul ts to within an order of magni-

tude of observed data, and concluded that convective mixing was at 

lecst as important as vind mixing. This is not surprising in view of 

Laevnstu's observation [l]that the vertical Austausch coe fficient 

varies by more than three orders of magnitude with s pace and time in 

the oceans and is at present neither measureable nor predictable. 

The author approached the problem of 'l.vincl mixing from the stand-

point of par ticl e r.1otion produced by wind-driven Haves. Essentially, 

Hhat is required is a way to link wind speed to the motion of Hater 

par ticles in the surface water layers resulting from wind-produced 

Hnves. !laving accomplished this, a limit remains to be set on the 

ef fectiveness of the particle motion to produce mixing. The relat ion-

ship of uind speed to the various surface 'I.V<lve pnrnmeters (significant 

wave height, period, and length) was obtained using Neumann's spectrum 

r4], and the subsurface particle mot ion was in turn calculated from 

the theory of simple Airy 'I.-laves. The maximum limit of mixing due to 

particle motion Has assumed to be the depth \-Jere the buoyant force of 

the denser water beloH the thermocline e~mc tly opposed the dmvmvard 

force of the denser particles in circular orbit. An equation (hereaf ter 

referred to as Geary 's model) of the following form was derived: 

A o-
2 
e- kz = 3 (e~-e) (1) 
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Tl1e: depth at uhich equilibrium Hil l be e stablished depenss upon the 

stability of the tn0rmocline (the density difference acros s the 

thermocline) and upon the characteristics of the surface wave produci g 

the motion. The necessary wave characteristics can in turn be obt&ined 

a s a funct1on of Hind speed alone, assuming fully-developed seas. 

During the present investigation the author becnme a·Hare of the fact 

thn t Laevastu [1 J had approached the problem of \>lind mixing from a 

similar v i ewpoint. The essentia l difference between the t~o models is 

that Laevastu set an arbitrary limit to the effectiveness of subsurface 

particl\; motion i.n accomplishing mixing. Jis limit uas the cle?th Phere 

the diameter of the p:1rticle orbits Htts te.1 ccntimetE::r.s or less. 

Neum<-'m1 [7], in an extension of his surfo.ct.! v;·ave spectrum to 

subsur face motion, derived a relationship givine the r a tio of potential 

enerGy a t some det)t h to that of tt1e sur bee waves, and proposed thn t .:1 t 

th2 depth \vhe;_·e th<.:! .:-&tio \vas five pe::cent or less, subsurface particle 

motion could he consiccred negligible. Neumann d:Lc. not t-i?~;l y this 

concept to t L1e problem of mi2~ed-layer dept~1, but t he L .:ve l of \mve 

energy present at any depth must hnve some influLnce on the uork done in 

mixing at t h.:1t dcpti.1. Consequently, Neumann' G relations..tip Has evaluated 

along uith the models of Laevastu and Geary. 

10 



7. Fit uf m~x~~~ models to observed da ta 

Tne append icc s con ta Lll eva lua LHh1S of tl1c t ln eC: mi:~ing r. todcl s for 

vnriou s uind s.)ceds. Curves 1, 2, 3, nne. /~ of f ic;ure 6 are ._> lot:s of 

table s 1, 2, 3, and 4 respectively , f~om t~c a?pcndices. The st ippled 

~ren r~presents the field oi scatter o t the obser ved ~~ ta for the 

r.10nths oi June, July and the i:irsl halt u.f ~\u0ust, 1958, s ome 76 obser-

vations in e. ll . 

CurvC! 2 is tue Lc.evastu c.quation for ELI' using his equation 

[ 1, pp. 70] for computing significc.nt \Jav c he:ight. lt can be seen 

that curve 2 forms an upper limit on L1c obse1·ved scatter of points. 

Curve 3 i s the Laevas t u equation fo r HLli, but using (4] for the c.:.l cu­

lat ion of sir;nificant have hcig~1t. It is evident thc-. t th~ r.1e thoJ of 

cnlcul a ting sur fc.c~.- \vavE. charac teristics hDs .:1n import< nt e ffect u pon 

tne va lues obta ined for mixed- layer depth. 

Curve 1 is G~ary's equation, a nd it is in surprisingly good 

aereement with curve 3. An explana tion for this agreement cannot be 

suggested a t the present t ime. 

CuL'•Je I~ is the MLD equation based on Neumann's ra t io of :Jo t cntial 

cnergit!s, 2.nd it can be seen that this curve ii ts the observed data 

better than the others. It may \vell be that a calculation of energy at 

depth is a better measure of mixing efficiency than are approache s using 

part :'. cle a ccelera tion or the geometry of motion. 

Of some interest is the fact that all of the curves deviate more 

from the trend of the observed scatter points at lo"t·ll:: wind speeds, 

\vhich may indica t e deficiencies at lmv \vind speeds in the \vave generation 

equations. Munk 2.nd others have proposed a ''cri ticc;.l Hind speed" (about 

13 knots), ;;.bove and below which -v:ave gencrntion by wind proceeds 

differ ently. 
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8. Variation of observed data frau computed vclue~ 

F<lctors 01Jcrcting to cause varL>tion of l!bservecJ ui.td &nd NLD 

data from theoretical and empirical relationships arc of three kinds. 

first are tho s e that hnve to do with ~a La collection and Jroces s ing. 

Dat~)thermograph observations nt ocean station Papn ~ere not actunlly 

token n t a fixed loc<-1 tion, but over nn nre;! of many square 111il12s. 'fhe 

basic grid is ten nautica l uiles oo a side, nnd observatiotlS a re 

report2cl from several different grid posi t i01.~ L1 the course of a month. 

T~e best accuracy to which the bathythcrrnogrn~h ~ ta could be ~cad is 

un th~ order of ;_ O.J! meter. It is entirely possible that the differ-

cnces in gco~raphical location at w~ich the ob~ervntions were taken 

cou l d account tor the seat ter of obse.cved da -c r. :::row computed valut..s. 

i. second factor, cor.cerning only Lh2 mL:L1g n:oC:.e l s , steinS from 

over s:Lmpl ifica tion of the vel.- tical L.ixing process and fr om impcr fee tions 

~-n 'Hind - proC:.uccd '\7&ve theory. The au t hor 's assurr.ption (appendix I) 

of a t~o-layer system is en overs i mplificntiou of actunlly existing 

dcns::.ty gracicnts. That systematic part of: the val':iatioa of the 111ix-

i.1r, models from observed data may be a~..:ribed to: 1) win C:. may not build 

uaves e xactly according to the theory usecl; 2) use of a 24-hour mean 

\lind instead of :1.n integ1·ated uind could produce a sys tcranti c el.Tor of 

the tyj_le observed bct\·leen the scatter poin t s .::.nd cu1.·ves on figu:ce 4 . 

The third factor is internal \:ave motion. Random hourly ve.:-ia tion 

of l ·lLD mts f ound to e}:ist (section 5) n nd Ha s calcu .:.'l ted to be an increas­

ing f unction of mixed-layer depth. Nean hour·J.y varintion of HLD increased 

from n earl y three meters at shallou depths t o nbout five or si·· me ters 

<::. t l arge l·:LD v~lues. /.1 so, the stand3rd d e. via tion o £ HLD fron1 the 

l L 



monthly mcnn lms found to be n function of \;ind Gpeed, depth, nnd 

hc~t balnnc2. It is seen that internal w~ve matiuu, in addition to 

observational :actors, could account for all of the random scatter of 

the plotted points. 
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9. Couc l us ion s and r ecor:unenda t ion s fo r fu tUl: e rescQrch 

Hind i s u.n importnnl factor .:.n de t enain i ne the dep th to v1hich the 

sur f ace -.;n t ers arc mi:·:c..d. The 1.1echanism of mL:ir:.g by \vin(l- driven •·.rav e 

mo t i on mu st c~:ist throughout t he seasons, but :l s dora::.. n.:-.nt only ,;h en ti1e 

ui:~ ..::: d-l ~.ier c· ..;pth tc..nC.:s tcmard z e ro in the absence of mixing. I n 0Cn­

ero.l, t his cm.di tion \Jill occur during the sun·~11er mon t hs \Jhen hen t i ng 

o f the surface Hater is maximum, and convective mix in3 is <lt a minimum . 

Equo t ions iucorporating the sub surface )D.rticle motior. o f ·Hind 

\iave s c c n b e called upon to lliadcast muc~1 of the observed dn ily c.nd 

longer -in terv D- 1 changes iu mixed- laye r depth at ocean s ta tio11 :ea 1)C1. 

duri.1~ t he s uunncr of 1958. Al though turbul ent mi~:ing due to the v ertical 

velocity s he<l;.- o f drift currents a lso must take place, th::.c ef feet seems 

to be m2-skecl l>y \<ave mtxing, s i nce the equations for \va ve mix:...ng 

g ener a l l y g i v e vnlues of NLD gr ea t er than thos e actually oLserved at 

v;ind spe eds t; r ea t er than about 12 knot ::: . lt is poss i ble, houevcr, th.:tt 

mb:ing by dri f t c un:ents accoun ts f or the larger HLD v.:: lue~ obs erved 

a t shallowe r dep t h s , i .e. for wind speeds less than 12 knc~s. r s o . 

The mode l s of wave mi~:ing shouh~ b E. considered a s indices of 111i~:ing 

efficiency , n o t as precise phys i cal descriptions of th0 vertical mixing 

proc e ss. ~o one has been ab l e to de scribe the exact process, but the 

uavc r.lix ing a ptJr oa c h appears to be the most promising thus fat- ac.vanced. 

It is diffi cult to sr:.y fr om one t e st which moclE.l of \JGVe mi~dn8 u.s 

presently \~itten, i f nny, will prove to be useful in a foreca sting scheme . 

Laeva stu ' s equ n tion s g ive the closest apr>ro~:im.s.tion to a n upper limit on 

the obs erv ed mi::ing . Neumann ' s energy ratio fits the observ~d distribu­

tion b et t e r t han t h e other e quations. HOI·?ever Geary's raodcl td<.es into 
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account thcrr.10cline st<lbility, n nccessnry p.::.ra;;1ctc. i f: othc: cor1C:itions 

.:li.ld locations nrc ever to be investigated . 

The time l"-.g b~t~·reE.n observed uind ~nd re ~ul tin5 mi:{i ng is n 

provident phenom~non fror.1 a forecasting ~tandpoint, and mu~t be 

considered 'rl1cn verifying calculated mixed-layer depths. 

aourly and other short-term ramlm•l fluctua tiOLtS of HLD nbout c 

menn value prevent the forecasting of exact, instanta neou s mi~ed-laycr 

de~ths, and will have to be considered for forccastLng and investigative 

purposes. 

'l'hc most importo.nt factor requir inG investj_gatiou is the problem 

o f convective mixing. At present, t h is proce ss has no n1od12l t o des­

cribe its effects, yet it appears to be the singular mechanisu domina­

ting the depth to which mi.xing take s plc:ce durin~ m~ s t of t:1c annunl 

cycl e . The use of a high- speed computer for a r unni:1g computation o :f 

the h en t bal<mce in the sur face Ha ters may prove to be of valuable 

ass i stance i n describing short-term fluctuations of mixed-layer depth. 

Future resenrch should also be applied to improving and testin8 models 

of '·lind mixing. 

15 



'-' 
0\ 

iJ. 

20 
~ 

knots 

40 

lo 

Figure 1 

Time Se,.ies or l1ind and MLD, 

Ocea, Statio" Pane , Jun2, 1958 

ls 
Juno, 1958 ' 20 

I\ 

J.Q 



~p ' \'lind and r.rr, D • Oceon Station Po.nae June through S\ptember. 1958 
0 

0 

C-0 
0 

25 0 
0 ... 0 

0 August 0 f) 

• 0 
0 0 

0 

0 
C> 0 0 e 

0 0 

20 
0 

0 0 .. 0 0 • 0 

0 

0 0 0 ~ 

- 0 0 
t/) • 0 0 0 

.._;, 0 0 
0 

015 0 0 
S::-.a 
..k 

June and July 0 ..._, 

'C'l • 0 • 0 0 0 

s:: 0 
Sentcmber 

0 ...... •rl 0 
-....J ~ • 

10 
0 

0 
co 0 0 0 • • 0 

• 0 0 
0 • 0 • • • 0 • 0 0 
0 • 

5 • 0 - • 
• • 

• 
I I • I e I I 4~ J5 5 10 15 ·20 25 JO J5 

MLD (meters) 

Figure 2 



0 _g 
...-4 

0 

0 
0 

0 
0 ,go-. 

0 

0 0 
0 ~ 

0 0 0 0 ~ 
s::: 
0 

0 
~ 0 --co 

0 r--.. 0 
0 .,-I 

0 
M ... 
ll> C""\ () ... ll> 

0 Q) <.> p 
s .... ~ 

0 
..._ 

~ 0 
0 

~ .,-I 

0 ~ - .. rz. ~ 

0 ~ 0 

CiJ ... 
() 

C.l 

g ~ 
~ 
rx1 
C) 

0 0 ..c 
0 -..o 8 

0 

0 
0 

-\J"\ 

G a D D 8 
0 0 0 0 0 
~ .::t C""\ N .-i 

( s~ou~) Ptllf.\ 

18 



10 
coa 

B 
00 

B 

12 
17 ~Tune 

I 
00 

Fit;Ure 4 

a 
12 

18 June 

La~ of MLD from 'V/ind 

19 

! 
00 

1() --

20 -



0 

120" -
Q 

100 ..... -
0 0 

80- -
.-.. 0 
s -
~60 c;;:;a -
~ 
CJ 

~ ...:. 

c 

40 o;.- -

0 

2C5- -
0 

~l.ean Fluctuation (rn) 

Figure 5 

Mean Hourly Fluctuation of MLD 



a 
.5 

1-Genry 
2-TA?.evestu 
3-Modified Laevastu 
4-~eumann 

l".) Obser\"ed Values 

i 
,! 

Figure 6 

Comryarison of Mixing Equations 

a 
10 

I I 
15 20 
Wind (knots) 

21 

4() -

JO -

2S -

10 -



1. 

'i 

3. 

l; . • 

5. 

6. 

7. 

B IlH .. I OG1{.A l\ll' 

Laevnstn, T., Factors Affcct"inc; tile 'fera:)e:r.:1tu;~e of the Sul . .:1cc 
Layer of the Sea, Socieln.s Scic.:nt i m.:um Fennica, Cor.rr.1L11tation:..!s 
l:'t1ysico-l-k. thet:1a ticae XXVl, 1960. 

¥ lcaG l ~, ~-G., Note on the effec t of nir- sca t emperature 
ni fferencc ou. ">7ave generation, Trans. Amer. Geophys . Union, 
vol.3J, no.3, PV· 275-277, 1956. 

Hunk, \}. 1l. and E. lL Ander son, Notes on a theo~y of the thcr­
moclinc, Journal Harine Research, vol.7, no. 3, Pr· 276-295, 1948. 

Pierson,\ .. J., Jr., G. t!eumann, and!\.. \J. James, Practical 
llet:wds for Ob serving and Forecas tinr; OcC&i.1 Waves by Beans of \\ave 
Spectrum &nd Statistics , U. S. dydrographic Office rublication 
no. G03, 1955. 

Sc tlUlc, J. J. , Jr., Effects of \vcather u 1)on the thcnn&l structure 
of the OCGhn, U. S. dydrographic Office Misc. Publication, 
1536J, 1952. 

:C.::.ll, F. K., Control of inversion height by heating, Quart. J .. L 
h~t. Soc., vol. 86, no. 370, pp. 483-494, 19 60. 

i.!eunu~nn, G., On '..vinc1 generated uave motion at subsm:face le'Je ls, 
Trans. /.mer. Geophys, Union, vol. 36, no. 6, p;_). 985-1)~2, 1955 . 

22 



l'.PPLi'WIX I 

GEA.b' S HODEL 

h.cclw.u.:cal l.d::it1 i? uf \·J.lter p<.irt icles ncross the. t.1Crmoclinc must 

L. ..... Lt.tibited \,'hen the vertical forces of particle 11totion arc op 1w::>Lcl 

~: t'1c buoyant force of the denser \·mter beloP the.. t.wrmoclinc. Bnsed 

UtJun tc1is consjderation it 1s possible to establish a simple model for 

m~.:ci1;.nical 1t1i:cing by \·mvc.. action \·lith the follouing assumptions: 

1) :.\ i1omogcneous la\Cl of '1.-Jatcr \.'iti1 density p (t~1e 

mi:.ed layer) overlie~ homogeneous Hate1· 'vith a t;rcai:er 

/ 
c:cnsity, p fhe difference in density bctHcen the; 

t•.Jo layer~ is c.au~ed ·:;ole:ly by their t empe;..·aturc cliffcre~1cc. 

2) Subsurface parti.clL motion is in acconlance \vith simple 

f: .. iry '.7ave t hc..c-ry for deep ua ter, i.e , the par tiel es move 

::..n circular orbits ui th their diame tu· s c:ecreasing 

e~'poncntially ui ':h increasing dc.) til. 

3) ...'e~tetration of the thermocline interface stops -.;.hL~l tllC 

vu·tical forces of a particle in motion an.: c::acLly balnnced 

The balance of forc~s in such n system 

.:re ~ivc:n by: 

(2) 

2 -Je-r 
IJ<wre ~ 9 is the gravity force' fl A a e i s t:le 

1.1~:;:imum force due to the vertical component of acceleration 

, 
of the part iclc in orb~ tal motion, and .P 9 is the buoyant 

force. 

'1\1c force balance cf 12) is cor r ect , but it must be understood 

2 -k~ 
A a- e applies to laminar that the ~cccleration cerru 
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conditions of Yavc ~oti~~ and is used here only as on approximation 

to the magnitude of ver ~ i cal p!1r ticle acceleration in 'l.vha t must be 

actually turbulent mot1cn. The laminar acceleration term is utilized 

in an attempt to resoive in a genera l way the difficulties of this 

simpl e, mechanistic appr~ach, 

Equation (2\ can be eva:uated implicitly for depth as a function 

of Hind speed alone if tb~ stability of the thermocline is assumed 
I 

constant , i.e., fJ -;J = constant , fo r all depths and the various 
p 

sur fac e 'I.Jave c.harac. ter i -'tic~ are calculated according to Neumann's 

spectrum of 'l.vave generatio:1 by wind. 
I 

The stability t.er:n 2::1? , was evalua ted from the data at ocean 
p 

station Papa for June and Jaly of 1958, a nd 'l.ffiS found to be approx-

imatcl y bet'l.veen the lirr1t" of 0.0001 and 0.0004. Using [4] to 

;::::j ~ 
obtn in the 'l.vave char a c. ter i2 t ica T , L , and H for fully dcvelopec 

s ea s, t abl e 1 giv~s thE computed values of MLD for various windspcecs 

and two stability value~, Expressing ( 2 ) as 

(3) 

a sample calculation follmvs: for a given \vindspced T, L , Hare speci-

fietl ns above. 
I 

As st::ne .e::.P :;; 0. 0004, 
p 

A=H T.J 

solve ( 3 ) for -2 , which represents the HLD. 

24 

277 J... -- 2.TT • CT~ -=- ' K ) =r z 



Table 1 

Geary '> NLD V.1lucs 

.:.cd-Laycr Dcptll (ulC ters) 
p'- p 
-,..._-,- 0. 0001 I? '-p' ~ 0. O~OL, 

10 s.e 6.9 

12 12.8 10.0 

ll~ 17.6 u~.o 

16 23. 3 18 .L: 

18 29.7 23.6 

20 36.8 29.4 

22 t~5. o 36.0 

2t, 5l~. 0 l1.3. 0 

26 63.5 51.0 

23 73.7 59.4 
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APPENDIX II 

LAEVASTU'S MODEL 

Laevastu [ i ] give5 a tent:ative formula for the depth o[ mixing 

by waves; unfortunately he does not give the derivation, but states 

t:w.t he arrive:; at rhe expres-:.ion by using, 

the relationa for trochoid waves for computing the velocities 
of water pnrticle5 at various wave height and at various 
depths , the depths given ~y Neumann [5], where the total 
wave energy ha~ decredsed to five percent of its value at the 
sea surface and a~s~ming that the mixing by waves is negligibl e 
at approximately a dep~h where the diameter of the orbital 
paths ie smaller than 10 centimeters. 

The formula is 

D = 12.5 !-/~;; . 
nn ..;;> 

Laevastu uses the follcwing equation for computing significant 

\vave height : 

o. oooa V 2 L_so + (?;.- Ta.)] 

/ +(5V)(1+JL) r .st,. 

(4) 

(5) 

It is interesting to note that (5) incorporates the sea-air tempera -

ture difference parameter, i.vhile other formulas for significant \\7ave 

height do not. Depth of the mixed layer calculated from ( L~) and (5) 

is given in table 2, a.ssu.ming T\v- Ta = 0, F = 100 kilometers, and 

t - 24 hours. 
Ll 

HLD obtained t~:'lm form~..:.la (LI) is grea tly influenced by the equa-

t ion used to calculate significant wave height. As an illustrat ion of 

this point, table .J gi.ve= HLD fer var ious \vind speeds usin0 formula (4), 

but \:i th significant \vave r:.e~ght compu ted according to Neumann 1 s equation. 
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L.Jc:vastu s NLD Vc.lucs 

hixc u -L:lVC'L D~11 th 

m-=t'-~..-s sec 
-1 

l.tc ter s 

3 s.u 3.9 

L: 7.3 6.6 

5 9.7 9.9 

l 1 3. 6 17.6 

8 15.5 22.3 

17.5 2G.3 

lO 19 • /r 31.3 

12 23.3 L:-2. 3 

Tnble 3 

Hodified Laevastu HLD Valu e s 

';..'L1d S,'Eed lli ~~cd -La ~.1 er De·.)tll 

I .. ctc,:s sec-1 knots ll!c t cr s 

3 5.:} 1. 4 

L,. 7.C 2 . 8 

5 9.7 5 . 0 

l 13.6 11. L:. 

) 15.5 16.0 u 

.I 17.5 21.5 

10 19. L~: 1/.9 

12 23.3 L~L:. 1 
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/.1 l'L:lJIX I I I 

'-l.o :::pec.trum of \·:ave ~cn .... ration by uinc', 

... cu.r.~<:.m [ 7 J dE::•·:" _:. :quat·ou for the c~tio of overage JOtcntial 

enL'-. 0 • .:.L -'--~ll~ l. t"' c 1 _. .. c.r.J.ge: potential encL.-gj of the surface 

'- S cJ. S ,, .l J tl C L _ 1nG cpeed end depth: 

J -4~ + IG gr.. (? ...J \Tz 
3 v.1 

(6) 

.1..t is J!.JSsiblL to '_ .. ~L ~.~:..: vertical displacc:.:ent of a particle at 

..... 1; c: ...... L . .J.:i. · for J. i·1e l .:ind~.;ecd by subst::..tutins the follouing 

£ 
2U = 
9P ' (7) 

(8) 

•• l ur:'.;...an consj_..:.er ll-~ '~.:.n the ratio of [.4 becomes equal to 0.05, 
Uo 

Ur 
u 

Solving (6) for t .. K co::dition ~:here 

is cq .... .J.l t..., r..os table 4 is obtain~d. 

Table 4 

,,(., r.~t . :::. De;:J"'l. of ~leg l igibl e H£"~ve }iotion 

:.'L~C. S:K~c Hixed-Layer Depth 

metc~s sec -l ceters 

2 0.42 

5 5.7 

10 22.9 

15 52 

20 92 

25 143 
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