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f"of uhe Oxygen hlnlmum Layer in the Ocean

"On Condltlons and Reasons of Formatlon
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’éEﬁEEEEEo The' puper analyses a solutlon of- a differential. equa~ﬁ;;
Ation of turbulent dlffusion including blOChemlcal consumptlon‘dﬁf,,

of oxygen and advectlon Wlth dlfferent values of inltlal para—:”f;:

‘1meterq and boundary condltlons. It shows imp0531b111ty of forma—pf7

l

“tion of the oxygen mlnlmum layer when blochemlcal conoumptlon 'uig“

.of oxygen (BCO) 1s absent, 1nfluence of thlckness of the photo-f;}ﬂ:

| synthesms layer on a depth of occurrence of tne oxygen mlnlmum

3‘

~,~1ayer and 31gn1flcance of advectlon 1n the vertlcal dlstrlbutlon‘fi;

Tof the dlssolved oxygen content.

\ «

'iif} A great number of papers deal W1th condltlons and reasons :'

'“eof formatlon of the oxygen mlnlmum 1ayer 1n the ocean and those‘u

Si;by Saywell (193?), Sverarup (4958) Hattenberg (1958), Smeta-‘ -
f;nln (1959) Vlrtky (1962), Skoplntsev (1965) and Bubnov (1967,

’“3’1970) arc worthy of notice. In Splte of some dlfferences 1n

estlmatlon of slgnlflcance of partlcular factors forming the |

"oxygen mlnlmum layer maaorlty of authors belleve tnat 1tslgﬁ;.’

' 'formatlon resulted from certaln comblnatlons and 1nteractlon

Jﬁaof blochemlcal consumptlon of oxygen, verblcal turbulent;if'
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“exchange and horizontal advection.
The given‘pa?er“iS’aimed at a quantitative estimatibn of
some factobserSulting in'formaﬁiqh-of the oxygen miniumum léye;.
! In thergeneralicaSe_for description-pf the distribution |
of diSsoived oxygen in the oceam as a function of Cartesian |

coordinates and time the following equation can be used:

2L yudhs ”.'éyg* =2 A )’*A@ Al )

hhege u, v and w are consuants of the current velocmty along
coordlnate axes (azls Ca io}dlrected aownwards), |

k - concentration of dissolved oxygen in ml/1,

by Ao by = coefficients of the turbulent exchange in the
direction of coordinate axes,

@, — rclease of ‘oxygen in unit volume pé: unit time (fob.instagcc,
6wing to phdtosynfhesis{ considéripg the water layer to be
deeper than the photosynbhesis,oné;‘we'assumepin"the first
upproximation:that'Qq =0), | » | -

1 Q- 1osskof oxygen in unit volume per‘unit tiﬁe owing to the
biochenmical cbnsumption of bxygen (BCO). |
| When axis OX runs along the middle direction of'the cur-
rent-in soume-layer one can take'thaﬁ in this layer: |

v =0 and v?;'é--. | (2)
; o Accordlng to KOlenanOV (1961) we assume that coeffl-
~ elent’ A 1ndlcat°s the total actlon of a vertlca1 turbulent

>eYchange and vertlcal flows, then one can take that
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th us'eompare an orde" of terms characterlzlng turbulent

dlfqulOD in different dlrections:

570 *ax) 0/2 ax*  ;_‘106 cm2 sec T ml/l/
: | ‘~',‘;;1o 000° lcm2~10 =12 ml/l sec
, 06; yaz) Op%'aLk .~i_106cm sec -1 1 ml/l/1000 kmg‘
| '7 10710 m1/1 sec
f’zaz) 0/’1 ) = 10%en2sec=1 1 ml/l/ 1 km2
= 1078 m1/1 sec - N
From thls it follows that a horxzontal turbulent exchahgel

is less essentlal in formatlon of the, oxygen fleld than a vertl-

.»cal one and terms hav1ng e‘;pressz.ons : ~_.ﬂ,-3—)-(- j © and ﬂ, 5y
.in equatlon (1) can be 1gnored. |
' Dhen W1th a statlonary process ( -QZ?PN"_)'equatibh3<4)~f

'can be wrltten as' f
?f*_é‘i‘*’f'aﬁ*@‘ | w
For the troplcal zone of North Atldntlc we. (Rossov 4967)
have obtalned ki"' ‘ |
Ag=asn® .r<;5>"i""
where values Ay b and c are dey belng determlned through o
a vertlcal dlstributlon of stablllty. Varlations of these values |
(when dimensionallty of A 1n Xm /sec that ib more convenlent |
for calculatlnb) were a e (.—1 1) 10 10 b = CO 07 O 12) 10 8
= s 19.;\ |
""; dav1ng used tne method of determlnatlon of 1ntegral value

‘&Z agan.n (:l.n the sense of the oommon calculat.l.on of A and. W (Koa
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‘estimations. In this paper there»ls glven‘a ratlo for waters

lesnilov 19861) tnrougb ctabillty for the area of the bcglnnlng
- of the North~-Atlantic Curren* x)we have seen that for this region

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

= (0.014 + 0. )85 2] 3) »104"? -?é; LT (8)

vibere z - i in xm. o B ‘
Change in blochemlual consumptlon of oxygen w1th u=pth f
was *tquCd ny a numbeﬁ of author Flg.1 shows function Qz(z)
below he phOuOQyntﬂOulS layer obtalned accordlng to dlfferent
below the photosyn'bhesgls layer used before (Rossov 196?): .
(2 = a/z NG

where z - depth in km and a = 1Of9km/sec. |
| This function is conﬁcniént to célculate aﬁd as it is-

evident from Fig.1 it bas values close to average ones comparing

50 the otaer functions.

‘In the first approximation_we assume that

U<—-= ar“"[Z

T N ) S
Taking into account the said above, equatlon (%) wn.ll be .

written as: . , Cak -
o~ - - . 1 a )
+ qu=(a+bzc) 2 La + bez® 1‘ o + Q (9
’ 22z o >z z ‘

Otberulae, when no advection and a=0 and c_1, equatlon (9)

24

-n

Suabilltj'ﬁu was calculated by V.V.Burmakin, ?assing‘from

stability to A, (T) was made by avcraged formula A (T) = ‘
i 1 ’
c= P+ ~6.6-10 (noleunlkov 1064) (6a). When pa551ng from A, (T)

to A"(K) Eo there was absumed ggaln that A (K) is one order less
than Az("‘) ({oosov 1967).

4[ :




‘can be wrltten 1n the fornm of:
. a k

o o oy
buK. + bk—- -*—-5-—- ....‘0 . \10)

Lhcn no blochﬂmical consumotlon of cyygen (BCO) (a ~O)

we have" ' B
o N R REETCINE PR S
7 bzk 4 bk =0  (10a).
"¢ that is equlvalent tb. \ o
o (e =0 o)
g Hencé: o L
o k= 1lnz + Cs A~~ﬂ, _ (11)
mv1uently function (11) aas no extrpmes beuause the Sl&u.
o ~ - C, .
/(of derlvaulv k‘ = ~%~‘ doeg not change w1+h any valueu of

z > 0., Consequently, Iormatlon cf tne oxygen m1r¢mnm layer wzbhl
any values of the qulebler of a verd 1cal uurbulpnt exchange
';(cond1t10n3° a_O ‘C= O ao aot llmlt vaiues b and A) 1s 1mposszble_

in case -BCO does ‘not occur or' orasence o? BCO is a necascagy

condltlon for xistence of the oglggn nininum layer (the problem_t

on uuff¢01ency of this conditi Lon W1l1 be dlscugsad bnlow)
The 0"eaeral 1ntegral of equatiocn (10) can be calculqted

s : n -
- 1L we tnke k=127, tnen afuer clemencar} Lranuformatlops vie

~obtain: ) tao j<; {ad, o 4
, - 5~
o ko= oz 40z -(a2)
. where"c1 and 02 are calculated from boundarv ccndltlonq. ,
Procecdlng from F10.1 and valheo a ana b g*ven abcve 1n ’

.1equatlon (5) one can take taat

'?; ; (5 = 15)10 O o
.;b’i"~5v‘=¥¥.(’5 60)10 O - | r

: a,
_'consequ_enbly, 0 08 T -L’ 3.

Plg 2 de cts graphs of Iunctlon kﬁd) cons tﬁuqtaqzﬁqr‘

-'- .
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’different values‘of '9,

{ B ‘

k(z) for some . superlor boundary where influence of photosynthe31s
‘ : fH) )

is qulte Low and fon the 1nferlor boundary where k (z) hao the‘f‘

w1th glven bounaary condltions (valueo,f

4max1mum value) Flg. 2 makes it p0981ble tc conclude that the :fl"

;value of the oxygen oontent in the oyygen mlnlmum layer ie deter—”f

a
mlneo by the value of ratlo-9— : the greater the ratlo the more
‘b

clearly deflned the oxyaen mlnlmum 1ayen but with low values of ;k’é-

i3_1‘1t cannot forn at all. I is noteworthy that the deptb ‘of |
ogcurrence ‘of thu oxygen minlnun layer does not almost depend vdf'd
on value —39' or the position of the lower boundary of the layerid
celculebedP but a change in a poeitlon of the lower boundary of
the photo ynthes:e layer enarnly chunges a p051t10n of the oxygen |
mlnimum lajen. Tnl concluelon partlcularly explains 1ncreage in
depth of the oxyaen mlnimum layer in the Gulf utream eastward
increase 1n tranSparency of watenu of the Gulf Stream propcr,'
compared to coastal waters, lead to lncrease of thlckne s of do
bhe photosynthe31s layer and due to that thevoxygen minimunm- ‘;-
1layer sinks.“,; ’ B | ‘i“' EITR
. It is the increase 1n thlckneSo of the photosyntheuis
layer and not dlsplacement doeper and eaetwarde of "coro”" of
:sunk undersaturated waters with oxygen wuters, as Adrov (1971)
:bClleVGS, 1s one of the principal causes of 1ncrease in depth
\of the oxygen mlnlmum layer occurrence beneath tne uulf Strcam -
in the easfern directlon. - "w - _i-.”,w. N “,';A ;:‘\ |
’ Equatlon (10) doeg not ehow si bnli‘lcance 01 an advectxve if 
.factor Which is, as, i‘l’: wl"l be glven below, .al»o ai‘fecto a po»:L-—-Mi -
‘tion and 1ntensmty of the oxygen m:nlmum layer"however, an .
fanaleia ot the 51mpledt caaeg glvon above already uhOhS the‘

fprinclpal regularltlea in fODMQthD of the oxygen mlnlmum layer.-f
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.'nece°51ty of ex;stence of blochemlcal consumptlon of oxygen and
“uufflclency of a certaln comblnatlon of the value of BCO and
“a vertlcal turbulent ekchange.;\

utmmatlon of 1n fluence of a iaterai turbulent ekqhénge
is not complicated. o | B R

Taklng 1n the first approzlmatlon that s

3‘/<
e A% by H1 ; _ (149
we obtaln a dlfferentlal equatlon Vrltten in the form ofs
‘ e 'aok ";.f,*i*ﬁ'~ SR 1 "'
bzk" +. Dk"~-—- * m O5~. ;j(15)
Its partlcular solutlon must be 1n the. form ofs. »
'Substwtutlng k1 = nz in (15) we. Ilnd n and obtaln ff
R : mz .. L ea
k, = : , ~ 17)
_ 1 . a - b : o S
Thus the general solutlon of equa+1on (15) w111 be.;
k=22 SRS caz o (18)»
‘ -b o , o
‘ —10 -10
In case as 1t 1s glven above [O(m)]vn 10 ‘ = (5 15) 10"

(5 60). 10 10 then one can’ seé that value of terﬁ?~§—5;—“"
‘ , ~ a,=d’

~'::i.s}‘-d.eterm:'l_xied by a - b, tbough in- the general case (thh typlcal‘

-10.

gvalues~‘ao 10. 10'10, b = 20.10 %) this ternm is. consmderablj

'fless than tbe %um of tne rest terms in the rignt part of expres— 

-~

iiplon (18)
" Now let's analyso a solution oI tne more complete and
f’general eqpatlon whlch nrovides for a. vertlcal turbulent exchangef

4:‘(w1thout 31mpllflea assumptlonu), BCO and horlaortal advectxon-

ak | e
O +Db4z+ a=0 )

(a+bz°)k" + bczc 1k' +5‘



with different values of initial parameters a, b,‘c,'ao,,aq, b1.

ehculd be noted that with an approprlate value of a, a hori-

fzontal turuulent exchange can be prov1ieo for (1“ it equals to

a constant valuc)

Solutlon of equation (49)’Was made by a computer by‘
A.Savateeva. The bounuary condltiors weres: K(O 2 km)/_ 5 .0 ml/1,
K (2.2 kn) = 6 ml/l. The calculation was carrled out w1th
step o = O.a ko, |

The follorlng comblnatlous of values of 1n1t1al parameters

A(dim, S oaa’mty in km common fector 10 ~10 is dlopped 1n all
cases): '
1;.a0 =-10; = 1.55 b = 10; a,=b=0

a = 0,03 O 5, 1.03 3.0 ' Different variations

: ' ~ o of a change of the ver-
2. R = «10; ¢ = 4.5; a:aqzquo tical turbulent exchange
' N : - coefficient with depth
t = 5¢ 105 153 30; 50 - with mean values of

: o B : BCO; no advection

..0711)’16,22' ‘
N b = 10; ¢ = 1453 a=a,=b,=0 T ‘Different values of

: , . : BCO with mean values
ao=0.0; =5.05. =753 =10.0; =12.5; -15.0 of‘AZ. No advection

The principal results of calculation irs given in Fig.3

:whlcn show that great values of A are conformed with weak eXpres—A

sion of the oxygen minimum layer and vice versa, great values of

. BCO are aereea with a low content of cyygen in the mlnlmum layer.

\Valueo a and c affece a depth of occurrence of the cxygen mlnimum :

“layer to a greater extent than the rest parameters, however

{

C

varletlono of thjg depth arc not ”reat and occur in reallty mucn
more rearly. - | |

) ”o take into account a role of aovectlon we shall proceed

45¢




minimum layer.. .

from the ‘faliawihg -assumptioz';s;“iv}g take that = |
=1 ml/ﬂO OOO km = 4iml/kﬁiﬁwe‘elsekaq sunme that ve1001ty of
the current changes w1th dep*h accordlng to the 11near 1aw.
bolutlon of equatlon (17) vias made by a- cogputer with a = 0
a, = -10 b 10, ¢ = 1.5 for the combinationo of values of vo
(ve1001ty of the suriace Qurrent) dnd z, (depbh of occurrence‘
of the O—Surface) and boundary conditions given (Table 1)
Flg.4 glves the nain re»ults of calculatlon. ‘While consi-
aerwno Flg.4 one ‘can conclude. | | |
» a) in gll cases the:e is 001nc1dence of a pOulthn of
the O-surface and a 001nt of curve bend k(z), -
b) when the O—surface occurs at a small depth and cons1§
derable advectlon of oxygen by deep waters uakes place (Curve 1
in Flg.ub) the oxy en ninimum 1ayer can be absent | o
c) when a posmtlon of the O-surface is copstant buu_;
;elocitiee'b; the current are dlfferent the depth of occurrence
-f the oxygen minimun 1ayerldoes not change and only»tbe oxygen
sontent changes in this layer;‘ -
Q) even-sighificant.changes‘in a position of the Ofsﬁrfacec;

do not cause essential changes in a position‘of'the oxygen



- Table 1

 k(0,2)= 5 ml/1 x(2,2) = 6 mi/1

"Vo o .emfsec 30 200 10 5 ‘20 20 20 20 20 10 10 10 10 10

2, m- I I I I 41I,67 I,330,66 0,5 2 I,330,60 0,5 0,33

I0

4y



_Liss,bfgﬁiguresff

in tbe paper by V V .Rossov "On Conaltlons and Reasons of

rormatlon of . uhe Ovygen Mlnlmum Layer in the Ocean"

}Flg..ﬂ

Vertlcal dlotrlbutlon of BuO by data accordlng to.

( dlifsrenu authors- 1 - acco;dlng to Saywell (1957),

2.- 2a - to Skoplntsev (1965) under dllferent condltlcns, -

3 - accordlng to Bubnov (1967) for 50°N, 4 = to

‘Fig. 2.

‘Fig. 50

a-ta=3) b
2ia=o0[ Co =10; e=1.5; =10 .

Rossov (1007)

Vertlcal dls+r1butlon of the content of alssolved |
oxyg“n W1th dlfierent valnes of rat:o a /b in equation
(12): - o |

1. 8 /b =9,\. 8. ay/b=2; K(0.2 km)=5 m_/l;
‘\- o K\1 Km)—o nl/1 . =

2. a /b =3, L ,

: 9. a /b_2: (O 4. km\_S ml/

3. a /b=2, | K(0.2 km)_ . : .
9 ( =5 ml/l° . o K(3 km)-s w1

o8/t [ K22 Km= g0, 4 /b—-d; K(0.2 ¥m)=5 ml/l,‘

5. ay/b=0.51 o (5 k) =6 mi/1

6. a /b_o a5 U e

7. a /b 0. os; S

Vertlcal dlstributiqn of the content of dwssolved oyygen

with daifferent values of . 1nnt1al parameters *n equa-f;.

tion (19) when no advectlon'~

i

2, a =0/ ,. - b=140
3.0b.=50) . 3.a.2-10| c=1.5
. oy ag= =105 e=1.5; a=0 .. T T

\4.b,=~5 o I ) a0

R a = —10- b:1oiua=0»f::f

6." C = 2 2 R : ’ ‘ S o

>Fig.'4x

Verblcal dlstrlbutlon of tne content of dlssolved oxygen
N : : II



when'advédtion occurs and with different values Of'ﬁg-and zé:
; a..ﬁ. v0§5Acm/sec ' . be 1. Vo= 10‘cm/$ecgf26= 0.33% km
20 v_=10 em/sec | 2. v.= 20 cm/sec; z = 0.67 kn
Tt o T | z,=1 In =t ToT 7Y P
3. V=20 cm/sec o 3. 2,= 0.5 kn
4. v, =30 cm/sec y 4.z = 0.67 kn
e C e - Vo= 10 cm/sec
Se Zy= 1.33 km *
. A ;-’): -
6. -_lo-. ;.Olﬂﬂ
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