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, exchange and hori~ontal.advection.

'J!ho given paperis ai.c'.ed at u quantitative cstimation of

some fuctorsresulting in for~ution·of the oxygcn miniuum layer.

{' In the generalease for description, of the distrj~bution

of d1sso1ved m\:ygen in the ocoan as a function of Cartesian

coordinates and time the following equation can be used:

(1)

whe~e u, v ffi1d Ware constants of the cUL'rcnt velocity along

coordinnte axes (axis OZ 13 directed downwards),

k - concentration ci dissolved oxygen in rol/l,

Ax ' A"T' Ar;- - ccefficients of tho turbulent exchange in tbe
.. '" .J

direction of coordinate axes,

(~,- release of'oxygen in unit volume per unit time (for.ins"tUl.lc,;;,

o..:in(3 to photosynthesis; considering the water layer to be

deeper than the photosyn~hesis one,'we assume.in the first

upproximation thut ~ =0),

Q,z, - loss of oxygen in unit volu...'"D.e per unit time owing to the

biochemical conswnption of oxygen (BGO).

~hen axis OX runs along thc middlc direction of thc CUL'

rent i11 some,laier one can take thut in this layer:

. v = 0 and v"3"- ==0 (2)"Vy

According to Kolesnikov (1961) we assume tliat coeffi-

niont'Az indicates the total action of a vortical turbulent

exchange and vertical flows', then orie can take tliat

W()K.'=O
C)l .
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Let, ,uscompurG an ordeL' of: terms charac'teriiiDgtUrbulent'

diffusion in 'different directions:,'
. ~'. ~ ''',';

00 A ~) i- dLK.)" . 6 ' ' 2::' -1 ~";:"":.'.. '>.'.' . .':
/J}( :(,ilX -= OrAl( ,i)(L . ,,=:,1,0 cm.,. sec, .•.... c1;'.lI!.l(1(.~

. '1'''' ", .•',' ~~:·,:10 OOO:km2=107-12'~i/l'~~6

O(k lIy~);.,O~~?) ':1o6~m2sec~1 .1 ml/l/1öookn,2~
::';. . =1'0-'10,ml/l- sec

,.i~ C)g) ,~~). . 2' 2' 1 '2
Ori1AlFi'=O{~Z i)..t~ ,,' =10, cm' sec~ 1 mlflf 1 km =

'- = 10~8 ml/I sec ," ','

) equati"on, (1) " ·

From this it follows that a horizont~l turbulent exchange

is less essential in formatiqn of the,.oxygenfield th~ 'a'verti':'
~J ••

cal, on~ 'and terms ha~ing eA'"nres,sions, 'A 'JK. and· " )"- ,-];' . ~,):; . ~y;y.,
in, equation (1) ..9an be ignored. ,

• '" • ~.. '. - "I " •...•• <

'llhen with a stationary proc,ess C'

can be written as:, "

(4)

, For the ttopical zone of North Atlantic we, (Rossov 1967)'
I

have obtained

A ' =a +'~zc (5) .
z

where values .a t b and c are dww being determined through .

a vertical distribution of stability•. Variations of these values'

(whe~,dimEmsion~lity.'o~ ~z in km2/~ec, th~~ iH mo~e conveni~~t.::',,'

for, calculating) 'we;e a = (, ~1-:-1) ,10~10; b = (0.07: 0.12) 10~8;'"
' .. , • • y

c= ~~1 +1~9.,
. ., ~,' " '."

, Having used,the, me~hod of determination of' integral',val~~:

.t.~z ,again, (~tlie's~nse oI' the coIimon calculation of Äz·an'a.' w',{Ko... :·

:3
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(7)··

'''. '

lcsI?-il':ov 1961) through stabili'ty for the area of the beginning

of the North-Atlantic Current ;)we have seenthat for this region

ratio (5) is true; here it was-written in the form·of:

z1 •.33)
··2

• (O~014 + 0.385 10-8 .f!lL (6)A ... :::;
LI . sec

'.'Jhcre z - in km.

Change in biocheoiaal consumpbion of oxygen with dapth

was studi'ed by a number of authors;. Fig.1 ~hows f'unction Q2( z)

belm-lthe photosynthosis layer ·obtained.according to different

·cstira.ations. In 'this paper thereis givon a ratio for waters

belo\'! the photosynthesis layer used before (Rossov 1967):

Q2(Z) = aoK/z

whcrc" z - depth in kIn and a = 10-9km/sec.

This function is convcnient to calculate arid as it is"

evidont fro.u~ ]li[';.1 it has values .closo to average ones coraparing

t;o thc other functions.

In the first approximation we assume that

u~ = a,+!,1.
iJ;L . (8)

Taking into account the said above, equation (4) will be .tt
written as:

')

b ( bzc) ~~k bczc- 1 ~k +
U1 + 1~= .a+ dZ2 + - ~z z

otherwise, when DO advection and a=O and c=1, ~quation (9)

x)
Stab~lityEowas calculated by V.V.Burmakin,.pasßing.from

stabili\;y to Az (T)· was 'madeby averag~d formula ÄzCT) .=
.:.; 7+ ',6.6.10

11
, <iolesnikov 1961) (Ga). ~W~en pa~sing fromAz(T)

to A~(K) Eo there was a~sumed again that Az(K) is one order less'
M

'thnn AzCT) (Hossoy -1967).
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'can be written in the form of:'
I I . J, ak

, bzk +'bk- 0 0 \. 10)z·
:;;

When na biuchemical consumption cf cxygen' (BGO) Ca .. =0)' .
, 0

\ve have:
f f ,

bzk + bk~' :;;. 0' . (10a) .

that is eq~ivalent to: '

(zk' ) t :;; 0

Hence: k = clnz + c (11)-1,. 2,·

Eviuently functian (11) has no extremes becausethe sigu
.' c

1
..

af derivative k' = ---Z.. does not change with .any values of

z > o. Consequently~ formation of i;he oxygen miniinmn layer wi.-!;h

any valucs of the coeffi0ienti of a vertical 'curbulent. exchange
• • ••••• ~<

. .

. (canditions: a:::O,' c:::O do not limit values band.A) is impossible
, '.

in case,~CO daes nqt oceur or: Ere~ence of BOO ~s a nccessar~

conditi0!l for exis~ce af the~Ge:n nd.niIilUlIl lay~.;: (the problem

on Bl,lfficiency o~ this condition will be discussed be16vi) ~
. "

·The general integral of equation (10) can be ~alculated

. ,,'

,~ "~R'
k::: c1z+ c 2 z . b (~.~)

~. ,. -.. '

where:.. 01 fm~ 'c2 are calculated' fram boundary ccnditions.
". .

Proce.eding from FiG.. 1 and values u aad 1> give~.ab6ve in

j.f Vle tnlce' k. = z~, then afteJ:.' elementar.}~ transformations \'1e
e' obtain:

. :equat~on (5) one caD take tha~

a· ~ (5 ':., 15)10~10.:
. 0'" ~.

b" ::. (5 ~'60)1b~'fo
. , ..... .. a'"

conscqucntilY~ '0.08 ~ ~ ,e, 3'.'
. b

'Pig.2depicts 'graphs of function (~2) 6onst~ucted~for~
-,.' ~
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er thepositlon cf th~ lO\7er'b~~daryofthe ~ayer

. a
o

' . . ;', -, ..,.,~-- '"
different velues of ---- ~uith given boundary conditions (velues:

<',' ' '''b ., , .

k(z) tor some, superior boundary where fDflucllce of photosyDthesis

13 .'~~ite"1'6'wB~d torthe infe;iorb~un&lry'VJh~r'e k (z)'ha~the",
'..". .

maxim:um value) / Fig'. 2 Itlaltas 1t possible t~' conclude that the

value 'of the oxygen"content;in the ,oxygen mininn.nn.-layer i8 deter- "
",,/' • ,'< ',0 :- -". '. 'a

minedby thevalue 'of:rntio~ : the greater the ratio themore
, , ,b
clear13' dcfined tho,oxygen minimum laycr but vlithlow'values of

'ao ,'. 1t, c~ot' forn at all. I1; i~ note';Jort~y th~t' -thc depth 'of
, b .... ' '. ,'.

occurrence 'of thc oxygen mininll6 layer does,not aloost depend
" '"',. a

on value~
b

calculated; but a change in a position of the lower boundary of. , ,.

t.he photos~t~es~.s layer sharply.chunges a position ,?f t~~ oxygen

oinio~ l~yer. This conclusio~ part1cularly eA~lains iricrea~e in

depth of the oxjgen minim~ layer in the Gulf Stream,eastwards:
. , ' ü" , .

lnc~ease ~n t.l7ansp~r,ency .af wa~e.r:s of t~e ~ulf StreaI!l propGr,
"

compared t6 coastnl waters t ,leadsto increase of .thickness of

'I;he 'pb.:~tosynthesiS lay'er
, ,

lay~L' s'iriks. ",' ; . , ,
.' ". ,,--'. *' ,,, . ','.'

: ' . .... "

", " ',-I,t 1s the 1n~re~se

and due to ttat the exygen minimUtl'

." ,"
" r • • '

" ..

in thickness of tho photosyntnesis

.. '-""

',,- ..

layerar.ld not d1splacement dceper and castwards of "cores" of
• ,. • • «I, ,.

sunk undorsaturated wators Yli'ch oxygen' wnters, as Adrov (1971).
,. ,,' " , .

-.' . ~ -:. . '~-... - ..

dopth

Strcam

believes, is one of the principal causes of increase in
• ".' " ..' : • • >"

~f,the o:l."Ygen '~inimum layeroccurrence beneath thQ Gulf
. "'; ~ . ~\. ~. . .. '

intho' oustorn, dir0ction. . ;'. -'" ... ., ".;.,

E'quation(10) deos not show signific~nce of an ndvective
, "I' .~. _. _

factoL", which 1s, ,0.:3 1twill be 131ven below, '~lso af:t'ccts 0. posi."'7
..' • • , • ~. ~ ,P

tiori and' intensity cf tho oxygen millimum layer; :hOVlevcr, an
, , , '>- ' • ~ -. • "••• : ~ " r _, ~. • ~

:a.r.ialysis' ot' thQ' simplest casesgivcn "'~bove alreadyshows the~'
. .'. " . .,'

, ....... :~ " ',' .

principal regularities. 'in formation of trio' oxygen miniou.:Gl layc;:'
6'



necess1tyof existen'ce, of biochemical COnslt::lp1iioD,of oxygen end

sufficiency ofh'certain combination of the value of BOO and'. ...' .'
. ,

, a verticai tUrbulent exchange." ,
'- •• " ,,'. > '-.' '. •

... '

Estimation of influence of a lateral turbulent exchange

icl no~ comp1icated.

Taking in the first approximation that

:: ,dl./< "
'lJy 0 := hf- ,., , (14)

,- 1 ' ,', ',':
we obtain a differential equation written in tne form of:

Its

aok ,,>';. '.>, . ", ,
bzk" +.bk', --- + m=:O ..

z,' " .'" •
particular' solutionmust' .be in the form cfs

. . '" '...

(1?)

" . (16)

,':
vie 'find n and obtain

~'hus, t

'. ,~1 ..=~z·., "
. '" ~ , . '. , .'

. Substitutihgk1 .= nz in :(15),

mz
k1 -~~--'a- b'.o "

the general solution of equation. (15)' will be;

(18)

"

rest terms i:ü the ~i.g~t p~rt. of·· e=..-pres-,

abovo lO(m) 1 _. 10-10 ,'. a
o

one can' see that' 'value of, term '_}n z
a -b"
. 0 .

tbough in', tbe general· case (viitli typica1'

~,20.10-10)thiS t~rmis.ccnsid~rab~Y_

hf
mz

k =---- + ~1~'
a -b,0 '

In case' asit is given
. ,

"b ='(5: 60).10-10 'thell

'i8 determined,b3 ao - b,

.,va.~u.es: ao~ = 10.1~~10" b

·less than tho,sum'of the

•

", sion. (~8).'

... Now let' s . analyse a solution 6f th'e morecomp1ete and,
. '

general equati?n which provides .for avertical turbulent ~xchange

(withoutsi~:plifiedassumpt:Lonn), BOO and horizontal advection:
u k

.' (a+bzc)kl ,'+ ':bczc-~kl'+-2....:... ,+,. ,b1z ... a,='O (19)'
.Z 7



\';ith different values 01' initial parameters a, b, c," no ' a1 , b1 •
"

It should be noted that.with an appropriate value of a1 a hori-

zontal taruulent exchange can'be provide& for (if'it equalsto

aconstant value).

Solution of cquction (19)' TIas made by a computer by ,

A.Savateeva. !l!hc boundar;y· conditions were: If(0.2 kn)' = 5'.0 ml/l,

K (2.2 icm) = 6 ml/l. The calculation was carriedout with

step z = 0.2 ko.

The Eollo~ing eombinations'of values of initial parameters

,(dimensionality in km, eomm~n fe'ctor 10-10 i8 dropped in all'

enzes):
•

1.uO =-10; c = 1.5; b = 10; a1=b=O

a = 0.0; 0.5; 1.0; 3.0

2. Uo =-10; c = 1.5; a=u1=b1=O

b = 5;,10; 15; 30; 50

~.' ao ~ ";10; b ="10;, a=~1=b1=0

c =0.7; 1.3; 1.6; 2.2 .

Different'variations
of a change 01' the ver
tical turbulent exchange
coefficient with depth
with mean values of
BOO; no advection

Th~ prineipal rosults 01' calculation ~re given in Fig.3,

~. b = 10; c ~ 1.5; a=a1=b1=0

8
0

=0.0; -5.0; -7.5; -10.0; -12.5; -15.0,

Dj~ferent values 01'
BOO with mean values
01' Az ' No advection •

, '

which show tha~,great.values 01' Az are conformed with weak expres-,

sion cf the oXYGcn,minimum layer and vice versa, groat values 01',

Deo, are agrcod with' a 10w content 01' oxygen in the minimull1:'~ay~r.

Values a end c affeet a depth 01' oceurrenee of the oxygen minimum.'

layer to a graate!' extent than the res·ti parameters t howeve.r

variations of thls depth are not great und oeeur in reality mueh
( "

'more reo.rly.
(

To takeinto aecounta role ofadvection we shall proeeed

8



.from the ':f:ollovling 'as~umpti'ons:< .we take thai.; ~

= 1'nii/10 000 km.= ,10-4 ml/km; we ~lso assume that v,elocity of

the current changes,with depthaccording to the linear ~a~.

Solution cf equation (19) was made by a'computer with a ~ 0,

~o = -10, b = 10, c = 1'.5 1'01' the combinat;ionsof values of vti'

(velocity 01' thesurface ~urrent) and z (depth of occ~ren~e
- ·.·0 . . - '.

of the O-sul'face) und boundary condit~ions given ('rable 1). '.

Fig.4 gives the main results of .. calculation. While consi

daring Fig.4 onecan conclude:
~. . " , ,

e 'a) in' all cases there is coincidence of a ~ositioD'of

theO-surface and a point of curve: bend k( z);

b) when the O-surface occurs at a small depth,ahd consi~

derable' advection .of oxygen by deep watc.I;'s takes' Plac'e. (Cur:v~1

in .:b"ig.4b) .the oxygen minimum layercan be absent;·

c) when a position of the O-surface is :co.i1stantbu-t

\~elocities of the curl:ent are different, the. depth of occw::reD~e

.)f the oxygen minimum layer does not change arid only the .oxygen

~ontent changes in this layer;

d) evan significunt changes in a position of the O-sl~face

•. do not; cause essential changes in a position of the oxygen

minimum layer.

': ...
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.k(O,2)= 5 ml/1 . k(2,2) = 6 ml/l

Table·1

Va .: em/sec 30 20·· 10 5 20 20 20 20 20·10 10 10 10 10
".

. _.----------------------------------
1 1 1 1 4 1,67 1,33 0,66 0,5 2 1,33 0,60 0,5 0,33

•
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List. of:Figures '

'., . ,

in tbe paper ,by V•V~Rossov nOn Conditions and Reasons 'of',

Formation of.,the .Oxygen Minimum. Layer in the Ocean" .

Fig. 1. Vertical distribution oi BOO by do.t~ ~'cc'~r'ding,to

different authors:' 1. ~ accqrdingto Saywell (1937),
"'. -~ . .,.. -

2- ,20. - to Skopi!ltsev (1965) lUlder.dif'ferent c~nditicn8;'"
•. .". .'

3 - according to Bubnov (196'1)' for 50on, 4. - ,to

ROSBOV(196?) .,
Fig.' 2. Vertical distrihution of the content of disscIved'

oxygen with different values of ratj.o ,uo/b in equation

(12) :

1.a /b=9,
, ·0 '.'

2. ' o.o/b=3,

,3. ao/b=2~

4. a /b=1,o ,
5. o.o/b=O. 5 ~

6. a Ib::;0.25
'()' , ',. . "

7. a /b::0.08o ,

K(O.2 km)=
=5 m.l/1 .
K(2.2 km):
=6 mlll'

8. ao/b=2; K(O.2 kID)=5 mI/I;
K(1 km) =6 mI/I'

9. a o/b=2; le( o. 4- ImJ.) =5 ml/J:L'
;, K(3 krA)=6 ful/l>

10. ao/b=2; 1~(9,.2)an)=5 .J;I1l/l;
. Re 3 km) =6' mi/l' '.;'.

! , .

• F~g. .3. Vertical distribution of the content Of' dissolve'd' oxygen-
.

,vlith different values of, ini.~ial param~ters,·in,.equa-":."
. ,

tion (19) when no advectiO!i:.. -. .

"'.,'., .

b.1., ao=? .
2. Q,=-5

Q'

3.a :;;-10
,0, .,' ,

4'~ .a~7-15.
" '.i I

b=10'

c=1·5

a=O

FiS. 4. Vertical' distribution 01' the content'or dissolved oxygen
Ir



when advection OCCUl:'S and VJith differoIlt values of v 0 and zo:

- a. 1. vo=5 CIn/sec

::-2. v 0::10 crn/sec

3. v -:=20 t.;n/sec
0-

4. v -30 eIn/sec0-

b.- 1. v = 10 crn/sec;_z ::: 0 • .33 lau
0 _ o ..

2. v o; 20 crn/sec· z = 0.67 l~- I 0Z ::1 km.o - 3.. z 0.5 k..'1l=0

- 4. z ::: 0.67
0 v - 10 cm/s0c

5. zo= 1.33
0-

6. zo= 2.0 lau

--
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