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WOLFGANG FENNEL, DAVID HALPERN, and HANS ULRICH LASS 

Current spectra at the Equator 

With 13 figures and 1 table 

Abstract: We discuss spectra of the zonal and meri
dional current component derived from two years 
long time series measured at the equator in the eastern 
Pacific (111 0 W) in 15 and 100 m depth. These spectra 
are compared with theoretically calculated spectra. 

The theory is based on the linear, hydrostatic 
Boussinesq-equations for a continuously stratified, 
unbounded ocean on the equatorial ß-plane. Dissipa
tion is accounted for in terms of Rayleigh friction and 
Newtonian cooling with the same relaxation para
meter. The stratification is governed by a constant 
Brunt Väisälä Frequency (BVF) in the upper layer 
and an exponentially decreasing BVF below. 

On the model acts a wind considered as a volume 
force evenly distributed within the upper layer. The 
wind is sinusoidal in zonal direction and Gaussian 
distributed perpendicular to the equator. The time 
behaviour of the wind is modelIed by means of a step 
function . 

The solution theory is based on a Green 's-function 
technique. We find a good resemblance of measured 
and theoretically estimated spectra for the dissipation 
parameter r = 21t/ l years, and for a wind with the . 
zonal wave number ko = -21t/(3000 km) and a meri
dional scale La = 1000 km. 

Zusammenfassung : Es werden Spektren der zonalen 
und meridionalen Strömungskomponenten, die aus 
zweijährigen Zeitreihen im östlichen Pazifik (111 0 W) 
am Äquator in 15 und 100 Metern Tiefe gewonnen 
wurden, diskutiert und mit theoretisch ermittelten 
Spektren verglichen. 

Die Theorie basiert auf den linearen, hydrostatischen 
Boussinesq-Gleichungen für einen geschichteten, un
berandeten Ozean auf der äquatorialen ß-Ebene. Als 
Dissipationsmechanismus wird Rayleigh-Reibung und 
Newtonsche Abkühlung mit gleicher Relaxationskon
stante verwendet. Die Schichtung wird durch eine 
konstante Brnnt-Väisälä-Frequenz (BVF) in der Deck
schicht und eine exponentiell abnehmende BVF in . 
der unteren Schicht modelliert. 

Der auf das Modell wirkende Wind wird als Volu
menkraft angenommen, die gleichmäßig über die 
Deckschicht verteilt ist. Das Windfeld sei zonal 
periodisch und habe meridional die Form einer 
Gauß-Verteilung. Das zeitliche Verhalten des Windes 
wird durch eine Einschaltfunktion simuliert. 

Als Lösungskonzept wird eine Green-Funktions
technik verwendet. Eine sehr gute Übereinstimmung 
der gemessenen und theoretischen Spektren ergibt 
sich mit einem Dissipationsparameter r = 21t/(1 Jahr), 
für ein Wind feld mit der zonalen Wellenzahl ko 

- 21t/(3000 km) und einer meridionalen Skale 
La = 1000 km. 

Pe31OMe : B CTaTbe 06cYlK./la1OTCIi CneKTpbI 30HaJIb
HbIX H MepH./lHOHaJIbHbIX KOMnOHeHTOB TeqeHHII B 
BOCTO'lHOM THXOM OKeaHe, KOTopbIe nOJIyqHJIHCb 
H3 pll./la C ./lJIHTeJIbHOCTblO 60JIbWe ./lBYX JIeT B rJIY-
6HHax 15 M H 100 M. H3MepeHHbIe eneKTpbI cpaBHH
BaeM C TeOpeTH'IeCI<!HMH. 

TeopHIi oCHoBaHa Ha JIHHeHHbIX KBa3HCTal.\HOHap
HbIX ypaBHeHHlIX nYCCHHecKa Mli oKeaHa c He-

, npepbIBHoH crpaTH!I>HKal.\HeH H c nJIOCKHM ./lHOM Ha 
HeOrpaHH'IeHHOH ß-nJIOCKocTH. B Ka'leCTBe Mt:xaHH3Ma 
./lHCCHnal.\HH MbI npHMeHlieM TpeHHe P3JIell H OXJIalK
./leHHe no HIOTOHY c O./lHHaKOBoH nocTOIlHHOH ./lHC
CHnal.\HeH. MbI 06cYlK./laeM MO./leJIb ./lBYX CJIOeB C 
nocTOIlHHOH qaCTOTOH BaHCCaJIa-6peHTa B nOBepx
HOCTHOM CJIoe H C na,llalOll.\eH no nOKa3aTeJIbHOH 
!l>YHKl.\HH qaCTOTOH BaHCCaJIa-EpeHTa B HH3KOM CJIoe. 

Ha 3TY MO./leJIb . ./leHcTByeT BeTep B BH./le CHJIbI no 
06beMY, KOTopalI pacnpOCTpaHlleTCli O./lHHaKOBO B 
nOBepXHOCTHOM CJIoe OKeaHa. nOBe./leHHe BeTpa no 
BpeMeHH H306palKaeTClI !l>YHKl.\HeH BKJIlOqeHHII . nOJIe 
BeTpa B 30HaJIbHOM HanpaBJIeHHH lIBJIlIeTCIi nepHO./lH
'1eCKHM H B MepH./lHOHaJIbHOM HanpaBJIeHHH onHCbI
BaeTCIi !l>YHKl.\HeH raycca. 

KOHl.\enl.\HlI peweHHlI OCHOBaHa Ha !l>YHKl.\HH rpHHa. 
H3MepeHHbIe H TeopeTHqecKHe cneKrpbI nOKaJbl
BalOT OqeHb xopowee COBna,lleHHe npH napaMeTpe 
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J:\HCCHnal\HH r = 21t/roJ:\, J:\JllI nOJlll C 30HaJlbHbIM 
qHCJl OM BOJlH ko = 21t/ 3000 KM H C MepHJ:\HOHaJlbHbIM 

MaCIllTa60M L. = 1000 KM. 

1. Introduction 

From March 1980 to April 1982 continuous 
current measurements have been conducted 
on the equator in the eastern Pacific at 
111 0 W. The technical details of the measure
ments can be found in HALPERN (1983). In the 
presept paper we consider spectra which are 
derived from these time series. 

A choice of spectra of the zonal .ilnd meri
dional current components at 15m, and 
100 m depth are displayed in Figs. ' 1 to 4. 
Near the surface, i.e. at 15 m, the zonaJ.current 
spectrum depicted in Fig. 1 increases con
tinuously with decreasing frequency. In 100 m 
depth, however, the spectrum shows so me 
saturatio~ . for periods larger than about 
100 days, see Fig. 2. 
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Fig. I 
Spectrum of the zonal curren, at the equa tor in the 
Eastern Pacific at 111 0 W ' in the upper mixed, 

z = - 15m 
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Spectrum of the zonal current at the equator in the 

Eastern Pacific a t 111 0 W within the thermocline, 

z = - IOOm 

The meridional spectra appear to be saturat
ed in the low frequency domain in both 15 m 
and 100 m depth , as can be seen from Figs. 3 
and 4. All spectra exhibit various peaks in the 
range of periods less than, say, 50 days. A 
predominant peak can be observed around 
20 days. This peak is prominent in particular 
in the near surface meridional spectrum. 

The overall structure of the near surface 
zonal spectrum resembles sea level spectra 
found at near equatorial islands in the Pacific, 
see WUNSCH and GILL (1976), and LUTHER 
(1980). 

In order to compare these findings with 
theoretical results we consider in Seetion 2 
the forcing problem for an unbounded, 
linear, stratified ocean on the equatorial 
ß-plane. The theory is based on a Green's
function . technique and is an extension of 
a first approach of FENNEL and LASS (1983). 
Though the general results can be transformed 

. in the formulas given by CANE and SARACHIK. 
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Fig. 3 

Spectrum of the meridional current at the equator in 

the Eastern Pacific a t 111 0 W in the upper mixed layer, 
z = - 15 m 

(1976), it seems that the Green's-function 
concept provides the most general and com
pact formulation of the formal solution of 
the forcing problem. 

In Seetion 3 and 4 we apply the general 
results for examples of meridional and zonal 
volume forces Gaussian distributed in meri
dional direction around the equator. The prop
erties of the forCing in the frequency-wave 
number domain have been chosen in accord
anee with the spectral properties of the wind 
fields reported by LUTHER (1980). In Seetion 5 
and 6 we discuss the theoretically obtained 
spectra, and we compare the results with the 
measured spectra in Seetion 7. . 

2. Tbe general formal solution 

In this section we give a detailed description 
how a compact formulation of the general 

Current spectra 5 
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Spectrum of the meridional current a t the equator in 

the Eastern Pacific at 111 0 W within the thermocline, 

z=- IOOm 

solution of the equatorial forcing problem 
can be obtained on the basis of the Green's
function concept. We start with the linear 
Boussinesq equations on the unbounded 
equatorial ß-plane 

UI + ru - ßyv + Px = X (2.1) 

VI + rv + ßyu + Py = Y (2.2) 

u + v · - (_1_ (p + rp )) = 0 . (2.3) 
x y N2 Iz Z z 

The subscripts x, y, z and t denote partial 
derivatives, p is the perturbation pressure 
divided by a standard density, and X, Yare 
the wind forees which are considered to act 
through the upper mixed layer of thickness h 
like body forees , see e.g. LIGHTHILL (1969). 
As dissipation mechanism Rayleigh friction 
and Newtonian cooling with the same relaxa
tion parameter r has been assumed. Other-
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wise the notation is standard. We consider a 
flat bottom at z = - Hand a rigid surface 
at z = 0, and adopt an exponential BVF 

o ~z ~ -h 
N 2(z) = , { N~ for 

N:i e2a(h+z) for 
- - (2.4) 

-h "i?,z "i?, -H 

Then the z-dependence of u, v, and p can be 
separated in terms of the vertical eigenfunc
tions Fm(z): 

where Jo' J1 are Bessel functions, and Yo' 
Y1 are Neumann functions which should not 
be confused with the meridional forcing com
ponent. Am is a normalization constant of 
the rn-th mode, and the Am'S are the vertical 
eigenvalues, see FENNEL, LAss (1979) for more 
detail. 

We expand u, v, p, X, and Y in terms of the 
vertical eigenfunctions 

(u, v, p, X, Y) = L (um, Vm' Pm' X m' Y,,,) F m(z) . 
m 

(2.6) 

Then with (2.6) we obtain after Fourier 
transformation of (2.1) to (2.3) with respect 
to x and t the set 
-iwum - ßyvm + ikPm = Xm ' 

-iwvm + ßyum + Pmy = Ym, 

ikum + vmy - iWA;,pm = 0 

(2.7) 

(2.8) 

(2.9) 

with W = w + ir. From the above set we find 
in the usual manner the following equation 
for vm alone 

( 
I S2) 

vss(w, k, y) + q + 2" -"4 v(w, k, y) 

(iiJ1l2 - k2) (T s k 
= i 2lßw y + v2ji IX + w V2lß X s 

(2.10) 

where the abbreviation s = y'2Tp y, and 

(2.11 ) 

have been introduced. The vertical mode index 
rn has been dropped. We note that for integer 
q, i.e. q = 0, I, 2, 3, .. . (2.11) yields the well
known dispersion relation of free ETW's, 

see Fig. 5. Together with the boundary condi
tions 

v -+ 0 for s -+ ± 00 (2.12) 

we have to deal with an inhomogeneous 
boundary value problem which can be solved 
in terms of the corresponding Green's func
tion. The Green's function is govemed by the 
problem 

, ( I S2) , 
Gss(q, s; s ) + q + 2" - 4 G(q, s; s) 

= b(s - s') (2.13) 

and 

G(q, s; s') -+ 0 for s -+ ± 00 (2.14) 

with b(s - s') being Dirac's delta function. 
The homogeneous version of (2.13) has the 
two linearly independent solutions Dis) and 
D (-s) (parabolic cylinder functions), 

q 

whereas the former fulfills the boundary 
condition at s -+ + 00, and the latter goes to 
zero for s -+ -00. The Wronskian is given by 

d d V2; 
D (s) - D (-s) - D (-s)- D (s) = ---

q ds q q ds q F(-q) 

(2.15) 

I 
I 
I 
I 
I . , 

2kw= 1 I 
I 
I 
l 

--_74---_~3---_~2~--~1----~O~--7----2~K 

Fig.5 
Dispersion diagram offree equatorially trapped waves 
showing the different roots of the dispersion ralation 
(2.11) in the w-k-plane. In this figure wand kare 
scaled with 07ß and 110ß, respectively 

where r( -q) is Euler's Gamma function. 
Now we can construct the Green's function 
and obtain 

G(q, s; s') = (J(s - s') G>(q, s; s') 
+ (J(s' - s) G«q, s; s') 

with 

G
> ,r(-q) , 

(q, s; s) = - 1 ~ Dq(s) Di-s ) 
V 21t 

(2.16) 

(2.17) 

Here (J(s - s') is the step function. We note 
that for integer q, it follows 

(2.18) 

Current spectra 7 

where H" (~ ) is the Hermite polynomial 

of n-th order. Moreover, the gamma function 
r( -q) has poles at q = n, with the expansion 

(_I)" 
r(-q) -+ '( ) n. n - q 

(2.19) 

in the vicinity of the poles. Therefore, a partial 
fraction expansion of (2.16) and (2.17) yields 
abilinear representation of the Green's 
function in terms of Hermite functions 

s2+ 5'2 

e 4 

G(q, s; s') = L 
" = o~(q-n)n! ·2" 

XH"(~)H"(~)- (2.20) 

Obviously, the poles of the Green's function 
at q = n define the dispersion relation of 
free ETW's, compare (2.11). ·With (2.16), 
(2.17) or equivalently, with (2.20) we obtain 
the formal solution of (2.10) in terms of a 
source representation 

(w 2 A2 _ k2
) 

v( w, k, s) = i G * Y 
2A.ßw 

ffn s' k 
+ -- G * - X + G * X s' . (2.21 ) 

2ß 2 w V2Aß 

Here the following convolution integrals 
have been introduc~d 

+00 

J ds' G(s; s') Y(s') (2.22) 
-00 

+00 

G * s' X = J ds' s'G(s; s') X(s') (2.23) 
-00 

+00 

G * X s' f ds' G(s; s') ~ X(s'). (2.24) 
os' 

-00 
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Now we may express the remaining quantities 
u and p in terms of v, and of the external 
forcing, and obtain with (2.21) 

[f;( k 0 S) u(w, k, s) = - - - - - G * Y 
. 2ß lw os 2 

(2.25) 

I (0 k S) 
p(w, k, s) = lhlß os - lw 2 G * Y 

ik [ (lW 0 S) 
+ W 2 l 2 _ k 2 X - k os - 2 

x (G * ~ X + ;l G * X s' ) l (2.26) 

The set (2.21) to (2.26) represents already a 
general formal solution ofthe forcing problem 
of an unbounded equatorial ocean. The 
physics of the response is governed by the 
analytical properties of the above expres
sions in the complex w-plane. The poles near 
the orgin ofthe w-plane correspond to steady, 
or eventually, to accelerating motion, the 
poles of the Green's function take the set of 
the ETW's into account, and the poles at 
w = kll, which occurs only in (2.25) and 
(2.26), correspond to the equatorial Kelvin 
wave. Thus this formulation covers the whole 
catalog of possible response patterns. Ulti
mately it depends on the structure of the 
forcing which of these possibilities will be 
realized. 

We may show explicitly, that the poles at w = - k jA, 
which also appear in (2.25) and (2.26) do not contribute, 
because the corresponding residues vanish. To this 
end we discuss some relations and properties of the 
general solution and of the Green's function, which 
mayaiso be useful for further applications of this 
technique. Using the identities 

and 

we may rewrite the 
zonal portion of the expressions (2.25) , (2 .26): 

u(w k s) = (T (~ ~ - ~) G * Y " Y 2jj WA os 2 

iX* 

iX * i 
+ ( k (,,(s - s ') + A+(s) A+(s') G) +;;5 G,*X" 

2 W +-) 
A (2.27) 

p(w, k, s) = I (~ - ~ ~) G • Y 
V2Aß os WA 2 . 

iX. , , 
+ 2(W-~) ("(s -s )+A- (s)A -(s)G) 

Here the creation and annihilation operators A ± (s) 

d S 
A ±(s) = - + 

ds - 2 

have been introduced. Using weJl-known identities 
of the parabolic cylinder functions 

we may easily verify, that 

A - (s) A - (s') G(q, s; s') = - ,,(s - s') 

+ (q + I) G(q + I, s ; s') (2.29) 

A + (s) A + (s') G(q, s; s') = -"(s - s') 
+ qG(q - I, s ; s') . (2.30) 

Inserting (2.29) , (2.30) in (2.27) and (2.28) We find an 
equivalent forrnulation for u and p 

f[i( k 0 S) u(w k s) = - - -- - G*Y 
, , 2ß.l.w os 2 

i . O .' ~[(q+I)G(q+l ' s;S')*X 
+ -=--G(q,s, s )*X" + 2 k wos -w--

.I. 

+~G(q -I,s; S')*X] 

w+;: 

p(w, k, s) = ~ (fs - ;A ~) G. Y 

(2.31) 

i s , i [(q+I)G(q+l,s;S')*X 
--::- - G(q,s;s)*X,,+U k 
~2 W- -

A 

_ qG(q ~ I , s~ s'). X] . (2.32) 

w+;: 

In these expressions the poles at w = 0, and at 
w = ±kj.l. are separated. For the Kelvin pole 
w = k jA it foJlows from (2.11) q = - 1. Taking the 
relation - (q + I) r(- q - I) = r(- q) into account 
we find with (2.16), (2.17) 

(q + I)G(q + I, s; s') * X ~ r(1) Do(s) Do(s' ) * X 

=e 4 * X . 

Thus the Kelvin pole corresponds in fact to a forced 
equatoriaJly ' trapped wave. By contrast, for the pole 
at w = - k j.l. it foJlows q = 0, and therefore the cor
responding residue vanishes. 

Because the Kelvin poles occur only in those terin 
which are due to the zonal forcing Xwe mayconclude 
that only zonal forcing is able to excite Kelvin waves 
in the unbounded, linear, equatorial ocean. 

Finally we note that the general formal 
solution given above is equivalent to the 
formalism of CANE, SARACHIK (1976). This 
can be seen if we use die bilinear expansion 
(2.20) of the Green's function. Then the cal
culation of the convolution, e.g. G * X, 
reduces to the estimation of the coefficients 
of the Hermite expansion of the forcing 
functions, and the expressions given by CANE 

and SARACHIK follow. 

3. Solution on the equator 

Now we use the results of the previous section 
in order to estimate spectra on the equator, 
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i.e. s = y = O. We assume the forcing X 
and Y to have the following structure 

(X(W, k, S») = (X;::(W, k») 'I'o(s) 
Y(w, k, s) Y (w, k) 

+ (X(I)(W, k») '1'1 (s) 
y(l)(w, k) 

(3.1 ) 

where '1'0 and '1'1 are the atmospheric Hermite 
functions 

s2 
- 1;-

'I'o(s) = e 4 

'I'I(S) = V2( tl'o(s) 

(3.2) 

(3.3) 

and , is the squared ratio of the meridional 
scale La of the atmospheric forcing and the 
oceanic equatorial Rossby radius , = (Lai 
LRf, L

R 
= (lß)-1 /2. Inserting (3.1) to (3.3) 

into (2.21) to (2.26), and putting then s = 0 
in the resulting expressions we may realize 
that the meridional portion of the problem 
amounts to the estimation of the following 
convolutions of G and '1'0 

G * '1' = (_2_)1/ 2 
~ 2F I 

o , + 1 q 

x - - - ' 1 - -' -- , (3.4) 
( 

q 1 q '-I) 
2'2' 2"+1 

G * s"l' 0 = 0 (3.5) 

G * s'
2p

o = (, ~ IY'2 q(q ~ 2) 2
F

I 

( 
q 3 q' - I) 

x -2'2;2- 2;,+1' 

(3.6) 

(3.7) 

-G*s''I'o= -- --2F I 
o ( 2 )3/2 1 
os '+1 q-I 

x (_! ~. 3 - q ~), 
2'2' 2 "+1 

(3.8) 

(3.9) 
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where 2Fl(a, b ; c; x ) is the hypergeometrie 
function 

r(c) 
2FI(a, b; c ; x ) = - - -

r(a) r(b) 

ikX(O) 
p(w, k, 0) = --:----0----,... 

W2 A2 _ k 2 

Y Tii w2 A 2 - k 2 2 ( + 1 
+ [ " y ( l) _ i(wi. - k' ) ~ X(OI] (_2_)3/2 

xI r(a +/)r(b + I) x' 1 (I-q 3 3-q ( _I) 
' = 0 r(c+/)/! X q _ 1 2F I - 2- ' 2";-2- ; (+1 (3.12) 

The expressions (3.4) to (3.9) are taken at 
s = 0. These results may be derived from the 
basic integral 

00 

e -("4 DiS) ds f 
,2 

u 

2q
/
2(( + 1)1 /2r(-f+ I) 

and using standard identities of the parabolic 
cylinder functions, and of the hypergeometrie 
function. (Compare, e.g., GRADSTEIN, RYSHIK 
(1971).) F or U, v and p we obtain on the equator 

iWA 2 X(OI(w, k) 
u (w, k, 0) = - -::--:-----:--

• W 2A2 _k 2 

(3.10) 

u(w,k,O) = y(OI+ _ - X(II [
i(W

2
A

2 
k2) k JT ] 

2ßAW W Aß 

( 
2 )1/2 1 (q 1 1 _ q (- I) 

x ( +1 q 2
F

I -2"'2" ; -2-'T+! 

/A( 1 k) (2( )1/2 1 
+ Y[j Y - 2WA. X(I) f+I q(q _ 2) 

q 3 2-q '-I) 
x 2FI-2"'2;-2-'f+!" (3.11) 

Obviously, U and p are forced by the even zonal 
and the odd meridional component of the 
wind, and v is forced by the odd zonal and 
the even meridional forcing . We note that u, 
v, p , X10), ]X01, X111, ]Xl) , A, q, and ( are impli
city indexed with respect to the vertical mode 
numberm. 

4. Calculation of· spectra 

In order to calculate frequency spectra from 
(3.10) to (3.1l) we have to specify the zonal, 
and temporal behaviour of the wind forcing. 
Unfortunatly, few is known about the fre
quency-wave number spectra ofthe equatorial 
wind field. Some frequency spectra of the 
wind components recorded at several near 
equatorial sites appear to be approximately 
"red", i.e. they vary like w- I to W- 1/2 , as 
reported by LUTHER (1980), and GAR ZOLl 

and KATZ (1984). Moreover, some peaks 
have been detected at periods of 4 to 5 days. 

We may model the gross behavior of those 
wind spectra in the time domain by functions 
such as 0(1) or 0(1) 1- 1/2 , whose Fourier 
transformed vary like w -1 or w -1 /2 , respective
Iy. We adopt the step function 0(1) to describe 
the time behaviour of the forcing, but being 
aware that this choice may exaggerate the 
overall slope of the response spectra. 

According to LUTHER (1980) the zonal 
wave-number spectra ofthe wind components 
are concentrated in a small band in the vicinity 
of k = 0. While the energy maxima of the 
zonal wind spectra are nearly symmetrically 
distributed around k = 0, the most energetic 
part of the meridional wind spectra appear to 
be shifted into to the domain of small negative 
wave numbers. The zonal scales of the wind 

ranging from about 3000 km to one circum
ference of the earth. Thus we try to model 
the wave-number spectra of the forcing by 
Dirac's delta function, wh ich is peaked at 
a small wave number ko' Let us assurne 

(X (x, y, z, t), Y(x, y, z, t» 
y 2 

= ~ (zr., 0;) O(t) eiko x e - 2L. O(z + h) (4.1) 
h 

where u. and v. are the friction velocities 

with rand t Y being the zonal and meridional 
wind stress components, respectively, and 
l! is a standard density of the ocean. More
o~er, h is the thickness of the wind mixed 
layer. The expansion of (4.1) in terms of the 
vertical eigenfunction (2.5) amounts to the 
expansion of the step function O(z + h): 

'" O(z + h) = I bm Fm(z) (4.2) 
m = l 

with 

° 
bm = ~ f dz O(z + h) F mez) 

-H 

~ + ~: [J' ( ~ N,) 

J o( Am N(-H») ] 

y,( ~N(-H») y,( ~ N,) . (4.3) 

In order to obtain nondimensional eigen
functions the following normalizationhas 
been chosen 

° ~ f F;'(z) dz = I. 

- H 

We adopt the following numerical values of 
the parameters H = 4000 m, h = 75 m, 
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a- 1 = 1400 m, NI 5,8 ' 10- 3 S-I , and 
N2 = 1,6 ' 10- 3 S-I, which reasonably fit for 
the equatorial oceans (see e.g. FENNEL, LASS 
1979). The corresponding eigenvalues, and 
the projectioncoefficients are listed in Table 1 
for the first ten modes. Moreover, the values 
of the vertical eigenfunctions within 
(z = - 10 m), and below (z = - 300 m) the 
thermocline have been included in Table L 

Obviously, the projection coefficients of 
the step function i.e. those of the body force 
(4.1) converge rather slowly. Using Parseval's 
theorem 

° 
; = H f 02(Z + h) dz = m~/;' ~ mt b;" 

- H 
(4.4) 

we find that the sum of the first ten coeffi
cients (M = 10) reproduce almost 70 % of 
the forcing function, see Table 1. Clearly, 
the step function is a rather localized function, 
_closely trapped at the surface, and those 
functions are known '10 converge slowly. 
On the other hand the response of the equa
torial ocean can expected to be less sharply 
surface trapped than the extemal body force. 
Hence the projection coefficients of the 
response should converge more rapidly . In 
our numerical examples discussed below we 
take into account only the first ten modes. 

Now we Fourier transform (4.1) with 
repect to x and land use the expansion (4.2), 
and obtain in the notation of(3.1) and (3 .2) 

(X(w, k, y, z), Y(w, k, y, z» 

= I (X~)(w, k) , y~OI(w, k» tp O(Sm) F mez) (4.5) 
m 

with 

(4.6) 

Inserting (4.6) in (3.10) and (3.11), and estimat
ing the inverse Fourier transformation with 
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Table I 

The first ten ve~tical eigenvalues A.m , projections coefficientsb
m

, approximated Parseval's sums, 
and elgenfunctlOns Fm above (z = - 10 m) and below (z = - 300 m) the thermocline. Here 
the following numerical values were adopted : H = 4 km, h = 75 m, a- I = 1400 m 
NI = 5,8 ' 10 - 3 

S - I , and N, = 1,6 ' 10- 3 S - l ' 

mode }, 
H m 

m 100b .. - I b2 

s/m h n = I n 

I 0.36 4.64 0.11 
2 0.76 - 4.43 0.22 
3 1.15 4 .17 0.31 
4 1.55 - 3.88 0.39 
5 1.95 - 3.58 0.46 
6 2.35 3.29 0.52 
7 2.75 -·3.02 0.57 
8 3.16 2.78 0.61 
9 3.56 - 2.56 0.64 

10 3.97 2.37 0.67 

respect to k, and performing the vertical mode 
sum we obtain explicitly 

2 - iko x 
u* e 

u(X,O, z, w) = - - - I b F (z) 
ßh W m m In 

x ß [ WA~, + ~ (ko( - WA m )] 

W2A2 _k2 2- - 1 2 k 2 
m 0 W W 2 A". - 0 

( 
2 )3/2 I 

X (m + 1 qm - I 

x F (I - qm ~. 3 - qm ( m - I) 
21 2 '2' 2 'r 

'>m + I 
(4.7) 

v2 e- i ko x b F (z) 
v(X, 0, z, w) = -.!. _ _ I m m 

ßh W m Am 

;' ~IW2 - k~ ( 2 )1 /2 I x _ __ _ 

2w ( m + I qm 

X F (_ qm ~ I - qm ( m - I ) 
2 I 2 ' 2 ' 2 '-r--' 

'>m + 1 
(4.8) 

The expressions (4.7), (4.8) represent the 
spectral functions of the horizontal curre~t 
components on the equator which respond 
to the forcing (4.1). We may define the spectra 
Su and Sv to be the modulus of (4.7) and (4.8), 
respectively. Taking the square root of the 

Fm (- 10 m) Fm (- 300 m) 

2.47 2.10 
- 2.37 - 0.91 

2.23 - 0.54 
- 2.01 1.71 
- 1.92 2.23 

1.78 - 1.98 
- 1.64 1.09 

1.52 0.13 
- 1.42 - 1.29 

1.32 2.07 

sum of the squared real and imaginary part 
of u and v it follows 

(4.9) 

(4.10) 

where the spectra have been normalized by 
the strength of the volume force components, 
and by the ß parameter. 

Generally, the expressions (4.7), (4.8), and 
therefore (4.9), (4.10) have poles in the lower 
half plane of the complex w-plane. These 
poles correspond to peaks of finite heigth 
on the real w-axis. The peak frequencies 
follow from the transsections ofthe line k = k 
and the dispersion curves in the dispersio~ 
diagram of free equatorially trapped waves. 
For the meridional component only the even, 
for the zonal component only the odd equa
torial trapped modes contribute to the spectra 
right on the equator. For positive k the 
' . • 0 
mertIa-graVlty, and the Yanai wave areexcit-
ed, while for negative ko also the Rossby 
waves contribute. Moreover, in the zonal 

current spectra a jet, which for ko = 0 is 
confined to the upper mixed layer, and in 
case of positive ko the equatorial Kelvin wave 
may occur. Therefore the zonal spectrum 
should expected to be more energetic in the 
low frequency range than the meridional 
spectrum, where these portion of the response 
is absent. 

In the following two sections we estimate 
the spectra at the depths z = - 10 m, and 
z = - 300 m, i.e. within and below the upper 
mixed layer, and vary the friction parameter r, 
the meridional wind scale La' and the zonal 
wave number within certain intervals. 
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5. Spectra 10-5 

of the meridional current 'component 

In the following sections we deal with numeri
cal examples of current spectra right on the 
equator which can be derived from the theory 
outlined in the previous sections. We start 
with the spectra of the meridional current 
component. First we fix the dissipation para
meter r, the depth z, and the meridional 
scale L. of the forcing, where r = 21t/(1 year), 
z = - 10 m, and La = 1000 km has been 
adopted, and we vary the zonal wave number 
ko in the interval from zero to - 21t/(3000 km). 
The results are shown in Fig. 6. Moreover, 
in Fig. 7 we show the spectra for ko = ± 21t/ 
(3000 km). We recognize both striking simi
larities and differences between these spectra. 
The similarities can be found in the range of 
periods smaller than ten days, which corre
sponds to the exitation of inertia-gravity 
waves. In this range the spectra appear to 
consist of a continum of spikes which may 
be attributed to the interference of various 
different vertical and meridional modes. 

The differences occur for periods larger 
then, say, 20 days. For zero and negative wave 
numbers the spectra are almost constant or 
lightly increasing. This indicates the effect 
of the excitation of Rossby waves. Generally 
these spectra depend only weakly on the 
magnitude of ko' By contrast, for positive 
wave number the low frequency part of the 

10-7 +----r---.,.----1-
10-3 10-2 10-1 10° 

FREQUENCY (c p d I 

Fig. 6 
Theoretical spectra of the meridional current at the 
equator at 10 m depth with r = 2nI(l year) , La = I ~ km 
for different zonal wave numbers : a) ko = 0, b) ko 
= - 2n/(6L.) , c) ko = - 2n/(4La), d) ko = - 2n1 
(3L.) . The curves are subsequently displaced down
ward by one decade 

spectrum has changed dramati~aIly, see Fig. 7. 
In this case a weIl developed spectral gap 
occurs in the low frequency range, which has 
not been observed in measured equatorial 
spectra. The best resemblance of measured 
and theoretical spectra can be found for 
negative zonal wave numbers of the wind 
field. This is consistent with the preference of 
the range of small negative wave numbers 
in wave-number , spectra of the meridional 
wind, as mentioned by LUTHER (l~80) (note 
that according to (4.8) only the meridional 
wind · component appears in the spectral 
function). 

The most prominent peak occurs in the 
per iod range of 10 to 20 days and may be 
attributed to the excitation ofthe Yanai wave. 
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Fig.7 

Same as Fig. 6 with a) ko = - m l(3La) and b) ko = m l 
(3La) 

In Fig. 8 two spectra are displayed for k o 
= - 2n/(3000 km) at z = - 10 m, and 
z = - 300 m, i.e., within and below the upper 
mixed layer. The general shape of both 
spectra is quite similar, the magnitude ' how
ever appears to be somewhat reduced below 
the thermoc1ine. 

PERIOD (d) 
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Fig.8 

Theoretical spectra of the meridional current at the 
equator with r = m l(l year), La = 103 km, ko = -'hel 
(3La) for a) z = -10 m, b) z = - 300 ffi . The lower 
curve is displaced downward by one decade. 

The influence of the variation of the meri
dional scale La has been shown in Fig. 9. 
A threefold increase of La enhances slightly 
the level of the spectrum, and makes it some
what more spiky. A reduction of L to one 
third suppresses thespectrallevel, and reduces 
somewhat the heigths of the peaks. 
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Fig.9 

Theoretical spectra of the meridional current at the 

equator with r = 'hel(l year), ko = -ml(3 . 103 km), 
z = - 10 m, for different meridional seales of the 
foreing: a) La = 3 . 103 km, b) La = 103 km, and 
e) L a = 3000 km. The eurve are subsequently shifted 
down ward by one deeade. 

Finally, the sensItlVlty of the spectra to 
changes of the friction parameter r is shown 
in Fig. 10. In case of a threefold enhanced r 
the spectrum becomes unreasonably smooth
ed, while for r/2 the spectrum becomes more 
spiky in the inertia-gravity range, and has 
an enhanced magnitude 0 for low frequencies. 
Thus, the choice of r = 2n/(1 year) seems to be 
a reasonable order ofmagnitude ofthe dissipa
tion parameter. 

Generally the theoretical spectra appears 
to be not very sensitive to small changes of the 
involved parameters. 
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Fig.1O 
Theoretieal speetra of the meridional eurrent at the 
equatorwithLa = 103 km,ko = -ml(3La), z = - 10m, 
for different dissipation parameter : a) r = 'hel( 1 year), 
b) r = n/(1 year), and oe) r = 6nl(l year). The eurves 
are subsequently shifted downward by one deeade. 

6. Spectra of the zonal current component 

The spectra of the zonal current appear to 
be quite different, insofar as they are less 
spiky, and especially in the low frequency 
domain more energetic than the meridional 
spectra. In Fig. ll the spectra of the zonal 
current in the depth z = -10 m has been 
depicted for ko = 0, and for ko = ± 2n/ 
(6000 km). For zero zonal wave number the 
spectrum is rather smooth, and it appears to ' 
be dominated by a surface jet, similary to the 
Yoshida jet, which follows from the second
order pole of the spectral function near the . 
orgin of the complex w-plane, compare (4.7). 
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Theoretieal speetra of the zonal current at the equator 

at 10 m depth with r = 'he/(1 year) , La = loJ km for 
different zonal wave numbers: a) ko = 0, b) ko = - 'hel 
(6La), e) ko = 'he/(6La). The eurves are subsequently 
shifted down ward by one deeade. 

The main difference between the spectra 
for ko = ± 2n/(6000 km), which both exhibit 
some marginal peaks corresponding to 
ETW's consists in the occurence of a slight 
peak in the positive wave number case, which 
may be attributed to the Kelvin-wave pole 
at ÖJ = kolA, compare (4.7). 

In Fig. 12 spectra for ko = - 2n/(3000 km) 
within and below the upper mixed layer are 
compared with. Due to the enhanced zonal 
wave number these spectra are more spiky in 
the inertia-gravity range and, moreover, we 
observe some slight indications of Rossby 
waves. In the low-frequency rangethe spectral 
slope appears to be somewhat weakened below 0 

the thermoc1ine, i.e. at z = - 300 m. This 
weakening of the low-frequency slope can 
also be observed in Fig. 13 where the zonal 
spectra are shown for ko = ± 2n/(3000 km) 
at z = -300 m. For positive wave number we 
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Fig. 12 
Theoretical spectra of the zonal current at the equator 
with r = m j(l year), L. = W km, ko = - m j(3L.) 
fordifferentdepths :a)z = - lOm,andb) z = - 300m. 
The lower curve the displaced by one decade. 
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Fig.13 
Same as Fig. 11 but at 300 m depth and for a) ko 
= m j(3LJ and b) ko = -'bcj(3LJ. 

find again the Kelvin-wave peak mentioned 
above. 

7. Discussion 

In this paper we have compared spectra 
estimated from two years long time series of 
the horizontal current on the equator in the 
eastern Pacific at 111 0 W within the upper 
mixed layer and the thermocIine with theo
retically derived spectra. We have considered 
a linear, hydrostatic and continuously stra
tified model withflat bottom on an unbound
ed equatorial ß-plane. The model is diffusive 
in the interior due to Rayleigh damping 
Newtonian cooling mechanism. The vertical 
Brunt-Väisälä frequency is constant in the 
mixed layer and decays exponentially from 
the thermocIine to the bottom. The wind 
forcing acts on the ocean as a volume force 
distributed uniformly within the surface mixed 
layer. The forcing consists of a switched on 
pattern which is sinusoidal in zonal direction 
and Gaussian distributed perpendicular to 
the equator with a length scale of 1000 km. 

Our theoretical concept is based on the 
Green's-function technique. The response of 
the meridional current component at the 
equator is described by a superposition of 
even equatorially trapped inertia-gravity 
waves, Yanai- and Rossby waves. The re
sponse of the zonal current component is 
similar in its vertical structure but the ampli
tudes of the vertical modes consist of odd 
equatorially trapped waves and additionally 
of both eastward propagating equatorially 
trapped Kelvin waves and accelerating surface 
jets. 

Amplitude density frequency spectra have 
been calculated theoretically for periods rang
ing from 2 to 300 days for an equatorial site 
at different depths located within the mixed 
layer and in the thermocIine, taking into 
account the first ten vertical modes. These 
theoretical spectra have been compared with 
spectra estimated from the above mentioned 
time series. 

The best resemblance between observed 

and ca1culated spectra could be achieved by . 
choosing a friction parameter r = 2rc/(1 year), 
the meridional scale of the forcing La 
= 1000 km and its zonal wave number ko 
= 2rc/(3000 km). The resulting shape of the 
spectra turns out to be not very sensitive to 
variations of the parameters. 

Generally the model frequency spectra of 
the meridional component are flat for periods 
larger than 30 days, and have a peak in the 
period range of 10 to 30 days, whkh is, how
ever not as pronounced as in the observed 
spectra. For periods smaller than 10 days 
the spectra decay approximately like w- 1 and 
there is an ensemble of superimposed peaks. 
Obviously the prominent peak at some 10 days 
and the peaks in the high-frequency part are 
governed by the excitation of the Yanai 
wave and the even modes ofthe inertia-gravity 
waves, respectively. Friction seems to be less 
important at these time scales. On the other 
hand the saturation of the spectrum at 
periods longer than 30 days indicates the 
stronger impactof friction on the Rossby 
modes. 

There is no essential difference between 
the v-spectra within the surface mixed layer 
and the thermocIine suggesting aradiation 
of the excited waves into the deeper parts of 
the ocean. 

Contrary to the v-spectra both the observed 
and the modelIed u-spectra are red in the low 
frequency range, i.e. for periods larger than 
30 days, at least in the surface mixed layer. 
This behaviour corresponds to the occurrence 
of low frequency zonal jets which drain much 
more energy from the wind field into the ocean 
the Rossby waves. The decay of the low 
frequency part of the u-spectrum with depth, 
significantly in the observed and but only 
marginally in the modelIed spectra, suggests 
that these jets are confined to the surface 
area but may radiate partly into the deep 
ocean. 

The main result of this paper consists in 
the good agreement of the general shape of 
observed and modelIed near surface current 
component spectra at the equator. This 
suggests that in a first order the equatorial 
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ocean responds to wind forcing by a dynamical 
pattern which can be described by a linear 
superposition of inertia-gravity waves, Yanai
and Rossby waves, Kelvin waves, and surface 
jets. 

Finally. we note two differences between 
the observed and the theoretical spectra. 
In the high-frequency range the decay of the 
model spectra appears to be exaggerated. 
As mentioned in Section 4 this is due to the 
chosen switch on of the wind, i.e. forcing 
proportional 8(t). In accordance with the 
observed wind spectra, e.g. LUTHER (1980), 
the wind would be better modelIed by 
8(t) t - 1

/
2 with the Fourier transformed pro

portional to w - 1/2. In the other words a wind 
which decays after its 'switch on' would feed 
more energy into the high-frequency part of 
the spectrum. This seems to be a more realistic 
description of the observed wind fields than 
a simple switch on of a steady wind. 

The second difference is the more pronounc
ed peak at the 20 days per iod in the observed 
spectra within the surface mixed layer. This 
may be due to instabilities caused by the 
large horizontal and vertical current shear of 
the equatorial mean currents in the surface 
layer which are not considered in our linear 
model. 
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ANoREAS IRMISCH 

Untersuchungen über die gelösten Kohlenhydrate in der Ostsee 

Mit 4 Abbildungen und 3 Tabellen 

Zusammenfassung : In der Oberflächenschicht (0 bis 
1 m) der Ostsee beträgt die Konzentration der gelösten 
Kohlenhydrate im Mittel der Jahre 1978, 1980, 1982, 
1983 und 19840.72 - 0.84 mg/dm3

. Die .Einzelwerte 
schwanken im Bereich von 0,14- 1,65 mg/dm3

. 

Die Kohlenhydratkonzentrationen unterliegen einer 

jahreszeitlichen Veränderlichkeit, die dem 'Gang der 
Phytoplanktonentwicklung ähnelt . Maxima der Koh
lenhydratkonzentrationen treten im Summer auf. 
Experimente mit eingeschlossenen Plal}ktongemein
"schaften erbrachten Hinweise\la rauf, dtB. die Zerset
zung der Phytoplanktonbioffiiisse wesentiich am Zu
standekommen der sommerlichen Kohlenhydrat
maxima in der Ostsee beteiligt sein kann. 

In den gelösten Kohlenhydraten ist ein beträchtli
cher Energiegehalt gespeichert - nahezu achtma l mehr 
als in der Phytoplanktonbiomasse. 

Abstract: According to investigations in the years 
1978, 1980, 1982, 1983 and 1984 the average concen
trations of dissolved carbohydrates vary in the surface 
layer ofthe Baltic Sea between 0,72 and 0,84 mg/dm3 , 

single values in the range ofO,14 and 1,65 mg/dm3 . 

The carbohydrate concentrations show seasonal 
fluctuations, which are similar to the seasonal varia
tions in the phytoplankton productivity. There are 
experimental evidences, that the carbohydrate maxi
mum in August is caused by the decay of phyto
plankton. 

In the dissolved carbohydrates eight times more 
energy can be storaged than in phytoplankton biomass. 

Pe31OMe : B 1978, 1980, 1982, 1983 H 1984 rOAax 
npoBOAHJIHCb HCCJIeAOBaHHII 0 pacTBopeHHblx yrJIe
BOAax B liaJITHHCKOM MOpe. B nOBepxHocTHOM CJIoe 
(0- 1 M) KOHQeHTpaQHH KOJIe6J110TCli B npeAeJIax 
0,14- 1,65 Mr/JI, CpeAHli1i KOHQeHTpaQHII COCTaBJIlIeT 
0,72- 0,84 Mr/JI. 

KOHQeHTpaQHH yrneBoAoB nOKlI3blBalOT ce30HHYIO 
H3MeH'IHBOCTb, KOTopalI noxollCa Ha BapHaQHH Pll3-
BHTUli cjIHTOnJIaHKTOHa. MaKcHMYMbi KOHQeHTpaQHH 

yrJIeBOAOB Ha6JIIOAalOTCli JIeToM . CYlL\ecTBYIOT YKa-
3aHHlI Ha TO, 'ITO pacnaA 6HoMaccbI <\!HTOnJIaHKTOHa 
HMeeT BallCHoe 3Ha'leHHe npH B03HHKHOBeHHH JIeTHerO 
MaKcHMYMa KOHQeHTpaQHH yrJIeBOAoB. 

B paCTBopeHHbIX yrJIeBOAaX HaKOnJIeHO 3Ha'lHTeJIb
Hoe cOAepllCaHHe :lHeprHH - nO'lTH BoceMb pll3 
60JIbWe,'IeM B 6HoMacce <\!HTOnJIa HKToHa. 

1. Einleitung 

Die gelösten Kohlenhydrate liegen im Meer
wasser in Form eines Gemisches, bestehend 
hauptsächlich aus Mono- und Oligosacchari
den sowie geringen Mengen an Polysacchari
den, vor. Diese Substanzen sind im wesent
lichen Exsudationsprodukte des Phytoplank
tons, gelangen aber auch zu einem nicht un
bedeutenden Teil infolge der Autolyse und der 
mikrobiellen Zersetzung alternder beziehungs
weise abgestorbener Algenzellen in Lösung. 
Eine weitere Quelle für gelöste Kohlenhydrate 
sind Festlandsabflüsse und atmosphärische 
Niederschläge. 

Kohlenhydrate sind energiereiche Verbin
dungen und werden größtenteils durch die 
heterotrophen marinen Mikroorganismen, vor 
allem Bakterien, verwertet. Die dabei ent
stehende Biomasse ist ein Nahrungsbestand
teil des Zooplanktons. Auf diese Weise sind 
die gelösten Kohlenhydrate in die Nahrungs
kette des Meeres einbezogen. 

Die Konzentration der gelösten Kohlen
hydrate im freien Ozean beträgt durchschnitt
lich 0,1-0,5 mg/dm3 (ROMANKEVIt 1984 
und die dort referierte Literatur). 

Angaben über die Kohlenhydratkonzen
trationen in der Ostsee wurden in der zugäng-
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lichen Literatur nicht vorgefunden. Es muß 
jedoch mit höheren Werten als im Ozean ge
rechnet werden. Grund zu dieser Annahme 
geben die in der Ost see zwei- bis dreimal 
höheren Konzentrationen des gelösten or
ganischen Kohlenstoffs. Hier sind 2 mg 
C/dm3 charakteristisch (IRMISCH 1984), wo
hingegen für den Ozean ein Mittelwert von 
0,7 mg Cjdm3 angenommen wird (WILLIAMS 
1975 ; WANGERSKY 1978). 

Ziel der hier vorges.tellten Untersuchungen 
war es , Aufschlüsse Über die raum-zeitliche 
Verteilung der gelösten Kohlenhydrate in 
der Ost see zu gewinnen und daraus Kennt
nisse über ihre Einbeziehung in den biolo
gisch-chemischen Stoffkreislauf abzuleiten. 

Die Probenentnahme erfolgte während der 
Terminfahrten des Instituts für Meereskunde 
der AdW der DDR im Januar/Februar, 

12" 

\ 
Norwegen} 

( 
/ 

) 

März/April, Mai, August und Oktober/No
vember der Jahre 1978, 1980, 1982, 1983 und 
1984. Abb. 1 zeigt die Lage der bearbeiteten 
Stationen. Im Jahre 1978 wurden alle ver
zeichneten Stationen beprobt, um einen mög
lichst breiten Überblick über die Kohlen
hydratverteilung in der Ostsee zu erhalten. 
In der Folgezeit wurden für einzelne Seege
biete typische Stationeg ausgewählt. Dies 
waren: Stat. 012 - westliche Ostsee, Stat. 113 
- Arkonasee, Stat. 213(5A) - Bornholmsee 
und Stat. 271(l5A) - Gotlandsee. 

Kohlenhydratmessungen erfolgten auch im 
Rahmen der Ökologischen Experimente 1981 
(ÖKEX 1981), in deren Verlauf die Veränder
lichkeit biologischer und chemischer Größen 
innerhalb eingeschlossener Wasserkörper ver
folgt wurde (SCHULZ u. a. 1985). 

Die Proben wurden nach der Entnahme 
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Ta belle I . 
Mittelwerte der Konzentration der gelösten Kohlenhydrate (mgjdm3

) in der Oberflächenschicht (0- 1 m) ausge-

wählter Stationen in der Ostsee 

Seegebiet und 
Stationsbezeichnung 

west\. Ostsee 
010 
012 
023 

Arkonasee 
033 
130 
160 
113 
150 

Bornholmsee 
213 (5A) 

öst\. Gotlandsee 
250 (9A) 
271 (15A) 

m - Mittelwert 
n - Anzahl der Werte 
s - Standardabweichung 

1978 

m 

0,77 
0,50 
0,58 

0,52 
0,88 
1,00 
0,66 
0,71 

0,53 

0,59 
0,70 

min max 

0.47 0.95 
0,14 0,82 
0,18 0,80 

0,23 1,09 
0,39 1,12 
0,63 1,25 
0,40 0,98 
0,23 1,14 

0,25 0,92 

0,19 1,13 
0,39 1,17 

über geglühte Glasfaserfilter GF /C filtriert 
und tiefgefroren aufbewahrt (- 20 °C). Die 
Analysen fanden im Labor an Land statt, 
wobei die Anthronmethode nach LEWIS und 
RAKESTRA W (1955) zur Anwendung kam. Als 
Eichsubstanz diente Glucose. 

Eine genaueBeschreibung des Analysen~ 
ganges findet sich bei IRMISCH (1979). 

2. Ergebnisse 

In Tab. 1 sind die mittleren jährlichen Koh
lenhydratkonzentrationen in der Oberflächen
schicht der bearbeiteten Ostseestationen zu
sammengestellt. Die Angaben lassen weder 
Unterschiede zwischen den einzelnen Sta
tionen noch zwischen den Seegebieten er
kennen. 

Die Konzentration der gelösten Kohlen
hydrate in der Oberflächenschicht der Ostsee 
unterliegt jahreszeitlichen Schwankungen, die 

1980 1982 

m min max m min max 

0,84 0,60 1,02 0,67 0,46 0,80 

0,79 0,40 1,20 0,75 0,43 1,05 

0,78 0,54 1,01 0,82 0,53 1,10 

0,78 0,37 1,08 0,75 0,58 0,98 

Fortsetzung der Tabelle auf S. 22! 

durch Maximalwerte im Sommer gekenn
zeichnet sind (Abb. 2). Aus Abb. 2 geht 
weiterhin hervor, daß die Veränderlichkeiten 
der Kohlenhydratkonzentration und der Pri
märproduktion des Phytoplanktons einen 
gleichsinnigel! Verlauf aufweisen. 

Die Vertikalverteilung der gelösten Koh
lenhydrate soll am Beispiel der Station 271 
(15A) im Gotlandtieferläutert werden (Tab. 2). 
Im Winter und im Spätherbst sind keine ein
deutigen vertikalen Konzentrationsunter
schiede der gelösten Kohlenhydrate zu er
kennen. 

Im Frühjahr und Sommer steigen die 
Kohlenhydratkonzentrationen in der Was
serschicht der oberen 20- 30 m ihrer jahres
zeitlichen Veränderlichkeit entsprechend an 
(vgl. Abb . 2). Diese Schicht unterscheidet sich 
dann durch höhere Kohlenhydratwerte von 
der übrigen Wassersäule, in der weiterhin 
keine eindeutige Abhängigkeit dieser Größe 
von der Wassertiefe -besteht. 



Auch eine Besonderheit in der vertikalen 
Verteilung des gelösten organischen Kohlen
stoffs und des Harnstoffs, erhöhte Konzen
trationen im anoxischen Milieu (IRMISCH 

Tabelle 2 

Die Konzentration der gelösten Kohlenhydrate (mg je 
dm3

) in einigen Tiefenhorizonten der Station 271 (15A) 
im Gotlandtief 

Tiefe (m) 

10 
20 
30 
50 

100 
200 
240 
(Boden) 

1984 

31. I. 

0,39 
0,20 
0,20 
0,30 
0,40 
0,33 
0,50 
0,13 

12. 5. 

0,74 
0,88 
0,58 
0,68 
0,57 
0,32 
0,34 
0,27 

10. 8. 3. 11. 

1,17 
1,10 0,53 
1.07 0,47 
0,62 0,50 
0,50 0,50 
0,57 0,45 
0,61 0,53 
0,56 0,52 

1984, 1986), konnte im Falle der gelösten 
Kohlenhydrate nicht beobachtet werden. 

Die Untersuchungen mit in durchsichtigen 
Plastbehältem eingeschlossenen Wasserpro
ben während der Ökologischen Experimente 
1981 gaben Gelegenheit, die Konzentrations
änderungen der gelösten Kohlenhydrate von 
Beginn der Phytoplanktonentwicklung bis 
zu deren Ende zu verfolgen (Abb. 3 und 4). 
Während der exponentiellen Entwicklungs
phase des Phytoplanktons veränderte sich 
die Kohlenhydratkonzentration nur wenig. 
Danach stieg sie stark an, während die Pri
märproduktion rasch abnahm. 

3. Diskussion 

Verglichen mit den Konzentrationen der ge
lösten Kohlenhydrate im Ozean, die über
wiegend im Bereich von 0,1-0,5 mg/dm3 

liegen (ROMANKEVfC 1984), weist die Ostsee 

0 
März (April Mai August Okt.JNov. 

~ 0 
++ 

I ~ 
m= Mittelwert 

++ 
++ 
++ 
++ 

1978 1980 1982 1983 1984 

Abb.2 

Die Konzentration der gelösten Kohlenhydrate sowie die Primärproduktion des Phytoplanktons zu verschiedenen 
Jahreszeiten in der Oberflächenschicht (0-1 m) der Station 1\ 3 im Arkonabecken (Primärpr. nach Daten aus 
dem Ins!. f. Meereskunde) 
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Die Konzentration der gelösten Kohlenhydrate in 
Experiment I von ÖKEX 1981 in der Ostsee 
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in der Oberflächenschicht bis dreimal höhere 
Kohlenhydratwerte auf. 

Die Gründe dafür sind zum einen in der 
höheren Primärproduktion des Phytoplank
tons, der Hauptquelle für autochthones ge
löstes organisches Material, in der Ostsee zu 
sehen. Die Primärproduktion des Ostsee
phytoplanktons beträgt 90-lO0 gern - 2 pro 
Jahr (KAISER u. a. 1981) gegenüber durch
schnittlich 50 gern - 2 /J ahr im überwiegen
den Teil des Ozeans (RYTHER 1969). Hinzu 
kommt, daß die Ost see einem relativ starken 
Eintrag organischen Materials durch Fest
landsabflüsse und in Form atmosphärischer 
Niederschläge unterliegt (FONSELIUS 1972; 
IRMISCH 1984). 

Es ist bekannt, daß gesunde Phytoplank
tonzellen gelöste organische Substanzen aus
scheiden . Die Intensität der Exsudation hängt 
wesentlich von der Photosyntheserate ab 
(SMITH u. a. 1977; MAGUE u. a . 1980). Es 
werden überwiegend Kohlenhydrate freige
setzt, daneben u. a . Aminosäuren und Kar-

Tabelle 3 

bonsäuren (HELLEBUST 1974; BoLZE und 
SOEDER 1978). 

Entgegen der theoretischen Erwartung stieg 
in dem Experiment mit der eingeschlossenen 
Planktongemeinschaft die Kohlenhydratkon
zentration jedoch erst nach dem Höhepunkt 
der Phytoplanktonentwicklung an (Abb. 3 
und 4). Bis dahin hielten sich offenbar die 
Freisetzung der Kohlenhydrate und deren 
heterotropher Abbau die · Waage. Mit ab
nehmender Primärproduktion gewinnen die 
Autolyse und der mikrobielle Abbau der 
Algenzellen an Gewicht. Zieht man noch in 
Betracht, daß die Phytoplanktonzellen in der 
stationären Entwicklungsphase besonders 
kohlenhydratreich sind (HANDA und TOMI-I 
NAGA 1969; MYKLESTAD u. a . 1972), wir~ 
verständlich, weshalb es im Experiment mit 
der eingeschlossenen Planktongemeinschaft 
erst nach dem Höhepunkt der Primärpro
duktion zu der starken Akkumulation der 
gelösten Kohlenhydrate kommt. Die Bil
dung von gelöstem organischem Material 

Vergleich der Energiegehalte der Phytoplanktonbiomasse und der gelösten Kohlenhydrate in der Oberflächen
schicht (0 - 1 m) der Station 113 (Arkonabecken) 

Phyto
plankton 

Kohlen
hydrate 

Chl.a 
(mg/m3 )* 

Kohlenstoff** 
(mg/m3

) 

Energiegehalt*** 

(I/m3
) 

Konzentration 
(mg/dm 3

) 

Energiegehalt**** 

(J/m3
) 

1978 

Febr. 

0,4 

6,2 

296 

0,4 

6880 

April Mai Aug. 

1,8 3,8 2,9 

27,9 58 ,9 45,0 

1331 2810 2147 

0,6 0,7 1,0 

10320 12040 17040 

Unveröffentlichte Werte des Instituts für Meereskunde , Rostock-Warnemünde 

Okt. / 
Nov. 

1,6 

24,8 

1183 

0,6 

10320 

•• Umrechnung des Chl.a in Phytoplanktonkohlenstoff nach CUSHING (1958) 
Umrechnung des Phytoplanktonkohlenstoffs in Energieg~halte nach PLATI und IRWIN (1973) 

•••• Berechnung des Energiegehaltes der gelösten Kohlenhydrate nach ÜSTAPENJA und SERGEJEV (1963) 

Jahres-
mittel 

2,1 

32,6 

1555 

0,7 

11696 

infolge der Beschädigung der Phytoplankton
Hen durch fressendes Zooplankton (LAM

ze RT 1978) und dessen Exkretion (BuRNEY 
~ hl-·t d 1981) kann hier vernac asslg wer en, 
u. a. h d 
da den Frühjahrsbedingungen entsprec en 
die Individuenzahlen des Zooplanktons 

niedrig waren. 
Aus den Ergebnissen der Untersuchungen 

an eingeschlossenen Planktongemeinschaften 
ist zu schlußfolgern, daß in .derOstsee die 
Autolyse sowie die mikrobielle Z~rsetzung 
der Phytoplanktonbiomasse wesenth~~ an. der 
Bildung gelöster Kohlenhydrate betelhgt smd. 
Die Entstehung der Kohlenhydratmaxima in 
der Oberflächen schicht der Ostsee wird im 
Sommer dadurch begünstigt, daß der überwie
gende Teil der Phytoplanktonbiomasse in
folge der sperrenden Wirkung der Tempera
tursprungschicht nicht in größere Tiefen aus
sedimentieren kann, sondern in der Deck
schicht abgebaut wird. Im Frühjahr hin
gegen ist di~ thermische Schichtung noch 
nicht so stabil, so daß größere Mengen der 
Phytoplanktonbiomasse tiefer absinken kön
nen und deswegen die Kohlenhydratkon
zentration in der Oberflächenschicht weniger 
beeinflussen. Mit zu berücksichtigen lstim 
Sommer ferner die Freisetzung gelöster Koh
lenhydrate beim Freßvorgang des Zooplank
tons und dessen Exkretion, da die Zooplank
tonbiomasse in dieser Jahreszeit die höchsten 
Werte erreicht (KAISER und SCHULZ 1985). 

Neben der guten Verwertbarkeit durch 
heterotrophe Mikroorganismen weisen die 
Kohlenhydrate einen hohen Energiegehalt 
auf. Überschlagsrechnungen ergeben, daß 
in der Oberflächenschicht der Ostsee pro 
Volumeneinheit im Jahresmittel etwa acht
mal mehr Energie in den gelösten Kohlen
hydraten gespeichert sein kann als in der 
gleichzeitig ~orliegenden Phytoplanktonbio
masse (Tab. 3). 

Mit einem,. weiteren Beispiel soll die Be
deutung der gelösten Kohlenhydrate im bio
logischen Stoffkreislauf der Ostsee verdeut
licht werden. Es wurde bereits darauf hinge
wiesen, daß die Exsudationsprodukte des 
Phytoplanktons hauptsächlich aus Kohlen
hydraten bestehen können. Insgesamt wer-
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den etwa 20 % des photosynthetisch fixierten 
Kohlenstoffs exsudiert (WILLIAMS 1975; W AN
GERSKY 1978). Bei einer jährlichen Gesamt
primärproduktion des Phytoplanktons in der 
Ostsee von 50 . lO6 t C (KAISER u. a. 1981) 
sind das 10 . 106 t gelöster organischer Koh
lenstoff pro Jahr. Das freigesetzte Material 
besteht überwiegend aus niedermolekularen 
Verbindungen und wird vor allem durch 
Bakterien nahezu vollständig abgebaut (ITUR
RIAGA 1981; LARSSON und HAGSTRÖM 1981) . . 
Beträgt die Effizienz, mit der die Bakterien 
die aufgenommenen organischen Substanzen 
in Biomasse umwandeln 60 % (LARSSON und 
HAGSTRÖM 1979), so werden in der Ost see 
aus den Exsudationsprodukten des Phyto
planktons jährlich 6 . lO6 t partikulärer orga
nischer Kohlenstoff in Form von Bakterien
biomasse erzeugt, fast ein Zehntel der Koh
lenstoffmenge, die pro Jahr in der Phyto
planktonbiomasse fixiert wird. Im Vergleich 
dazu beläuft sich die Jahresproduktion des 
Ostseezooplanktons auf etwa 1 . 106 t Koh
lenstoff (AcKEFORS und HERNROTH 1972). 

Bezogen auf den Kohlenstoff, besteht das 
in der Deckschicht (0- 30 m) der Ostsee ge
löste organische Material im lahresmittel 
zu 9 % bis 14 % (maximal 23 %) aus Kohlen
hydraten (IRMISCH 1984). Somit ist diese Sub
stanzklasse aus quantitativer Sicht und in
folge ihrer Rolle in der Nahrungskette unbe
dingt bei Untersuchungen über den biologi
schen Stoff- und Energiefluß in der Ostsee zu 
berücksichtigen. 
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On the dynamics of water exchange between Baltic and North Sea 

With 23 figures and I table 

Abstract: Subinertial current fluctuations have been 
observed in the Darss Sill area (Belt Sea) with time 
scales of 10-20 days, amplitudes of 40 cmjs and being 
coherent over distances of at least 150 km simul
taneously with baroclinic current fluctuations having 
time scales of 2- 3 days , amplitudes of 60 cmjs and 
spatial scales of less than 60 km. The currents with 
sborter time scales were associated with eddy like 
pattern of tbe salinity fields . 

Tbe low frequency current fluctuations at time 
scales of 10- 20 days change between outflow and 
inflow regularly near the surface and are directed into 
tbe Baltic most of the time elose to the bottom. 

Evidence for a cross circulation has been found 
turning elockwise when looking in downstream direc
tion near the surface and being in agreement with the 
observed up- and down-welling pattern near the coasts. 

Transport fluctuations of 1.5 . lOS m3 js associated 
with the current fluctuations of 10- 20 days determine 
the mass balance of the Baltic essentially at these 
time scales and cause variations of the mean sea level 
of the Baltic of 10 cm. 

Tbe currents at the 10 day time scale in the Darss 
Sill area are driven by the longitudinal pressure gradi
ent associated with sea level and density differences 
between the Kattegat and the Baltic. The transverse 
pressure gradient decreasing always from the surface 
to the bottom in magnitude adjusts geostrophically 
within two days to the driving longitudinal pressure 
gradient. 

Zusammenfassung : Subinertiale Strömungsschwan
kungen mit Amplituden von 40 cmjs und Perioden 
von 10- 20 Tagen, kohärent über mehr als 150 km, 
überlagert von baroklinen Fluktuationen mit Amplitu
den von 60 cmjs und Perioden von 2- 3 Tagen, 
kohärent über weniger als 60 km wurden in der Belt
See im Bereich der Darßer Sch~elle beobachtet. Die 
ku,.."...,.;od· --...... Ischen Fluktuationen der Strömung ~aren 

mit dem Auftreten wirbelartiger Strukturen des Mas
senfeIdes verbunden. 

Die longitudinale Komponente der 10-2Otägigen 
Strömungsschwankungen wechselt in Oberflächen
nähe zwischen Ein- und Ausstrom, während in Boden
nähe bei geringerer Amplitude der Schwankungen vor
wiegend Einstrom beobachtet wird. Mit der zuge
hörigen transversalen Komponente bildet die longi
tudinale Komponente eine Querzirkulation in der 

Belt-See im Sinne einer Rechtsschraube. Die beobach
tete Querzirkulation ist konsistent mit dem im Massen
feld beobachteten Wechsel von Auftriebs- und Down
welling-Prozessen an den Küsten der Belt-See. 

Mit den beobachteten 1O- 20tägigen Strömungs
fluktuationen sind Transportschwankungen von 1,5 
. 105 m3 j s in der Belt-See verbunden, die die Massen
bilanz der Ostsee wesentlich bestimmen und zu 
Schwankungen des mittleren Wasserstandes der Ost
see von ungefähr \0 cm führen. 

Die Überlagerung der barotropen und baroklinen 
Anteile der longitudinalen Komponente des Druck
gradienten korreliert gut mit den beobachteten lang
periodischen Strömungsschwankungen, die wiederum 
mit den transversalen Komponenten des Druckgra
dienten in der Belt See in geostrophischem Gleich
gewicht steht. Damit in Übereinstimmung ist die be
obachtete enge Korrelation zwischen longitudinaler 
und transversaler Wasserstandsdifferenz in der Belt
See, wobei die longitudinale Differenz in der Phasen
lage mit annähernd 2 Tagen führt. Eine enge Korrela
tion besteht auch zwischen transversaler Wasser
standsdifferenz und transversalen baroklinen Druck
gradienten bei einer Phasenverschiebung von 180°. 

Eine der treibenden Kräfte für den Wasseraustausch 
zwischen Nord- und Ostsee bei Zeitskalen von \0 bis 
20 Tagen sind die Wasserstandsvariationen im Katte
gat mit gleichen Zeitskalen. 

Pe31OMe: B lieJlTCKOM MOpe B paHoHe .llapccKoro 

nopora Ha6J11o,ll8.lJHCb cy6HHepIUloHHble KOJle68HHlI 

TelfeHHlI aMnJlHTyJ:\aMH 40 CMjceK H nepHO,l:\8MH 

~~----------------------------------------~ .. ~---
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10- 20 CYTOK, KOTopble lIBHJIHCb KorepeHTHblMH no 

IlJIHHe 60JIbUle '1eM 150 KM H HaJIOlKeHHblMH 6apOKJIHH

HblMH <\JmOKTyallHlIMH aMnJIHTYllaMH 60 cM/ ceK H 

nepHOllaMH 2- 3 CYTOK, KOTopble 6blJlH KorepeHTHbl 

no IlJlHHe MeHbUle '1eM 60 KM. KpaTKOnepHOIlH'IeCKHe 

<\JJlIOKTyallHH Te'leHHlI 6blJlH CBlI3aHbl C nOllBJIeHHeM 

BHXpeBblX CTPYKTYP nOJIlI MaCCbI. 

npH npOIlOJlbHOH KOMnOHeHTe 10--20 CYTO'lHbIX 

KOJle6aHHH Te'leHHlI B npHnoBepxHocTHOM CJloe '1epe

IlYIOT npHToK H nOTOK, B TO BpeMli KaK B npHIlOHHOM 

CJloe npH MeHbUleH aMnJlHTYlle KOJle6aHHH B 60JIb

UlHHCTBe CJIY'IaeB Ha6JI1OIlaeTCli npHTOK. BMeCTe C 

OTHOClImeHClI K HeH nOnepe'fHOH KOMnOHeHTOH npo-

1l0JlbHali KOMnOHeHTa 06pa3yeT nOneTe'lHYIO lIHPKYJl

lIUHIO B beJlTCKOM Mope, BpamalOmYIOClI Ha nOBepx

HOCTH B HanpaBJIeHHH Te'leHHlI no IlBHlKeHHIO '1aCOBOH 

CTpeJlKH. Ha6JllOilaeMali nOnepe'lHali lIHPKYJIlIlIHli 

np0'lHO CBlI3aHa C Ha6JllOilaeMblM B nOJle MaCCbI 

'1epeilOBaHHeM anBeJIJIHHra H llaYHBeJlJlHHra Y 6eperOB 

beJITCKOrO MOpll. 

B CBlI3H C 06HapYlKeHHbIMH 10- 20 CYTO'lHbIMII 

<\JJlIOKTyaUHlIMH Te'leHHlI BblcTyrralOT KOJIe6aHHlI 

TpaHcnopTa B beJlTCKOM Mope BeJlH'IHHOH 1,5' 10' M'/ 

ceK, 3Ha '1HTeJlbHO onpelleJl lllOmHe BOIlHbIH 6aJlaHC 

baJlTIIHCKOro MOPli H npHBollllmHe K KOJle6aHHlIM 

cpellHero ypOBHlI MOPli BeJlII'lHHOH OKOJlO 10 CM. 

HaJlOlKeHlle 6apoTponHoH H 6apOKJlIIHHOH '1aCTeH 

npOIlOJlbHOH KOMnOHeHTbI rpallHeHTa llaBJleHHlI Ha

XOIlHTCli B xopoweH KOppeJlllllHH C Ha6JIlOlleHHlIMH, 

oxapaKTepH30BaHHbIMH IlJlIIHHbIMII nepHollaMH KOJle-

6aHIIlI Te'leHIIlI, KOTopoe C IlPyroH CTOPOHbI coxpaHlieT 

reocTpo<\JH'IeCKOe paBHoBecHe C nOnepe'lHblMH KOM

nOHeHTaMH rpallHeHTa llaBJleHHlI B beJlTCKOM Mope. 

C ynoMlIHYTbIM HaJIOlKeHHeM corJlacyeTcli Ha6mo 

llaeMali TeCHali KOppeJlllllHlI MelKllY npOIlOJIbHOH H 

nOnepe'lHOH pa3HocTlIMH ypOBHlI MOPli B beJITCKOM 

Mope, npH'IeM BellymylO POJIb HMeeT npOIlOJlbHali 

pa3HocTb C <\Ja30H BOJlH OKOJIO IlBYX IlHeH. TecHali 

KOppeJlllllHlI HMeeTCli H MelKllY nOnepe'lHOH pa3-

HOCTblO ypOBHlI MOPli H nOnepe'fHblMH rpallHeHTaMH 

llaBJleHHlI npH CIlBHre <\Ja3 B 180°. 
Ü IlHOH H3 1lBYX CHJl npH 06MeHe BOllaM H CeBepHoro 

H baJlTHHCKOro MopeH C UlKaJlaMH BpeMeHH 10- 20 cY

TOK lIBJIlIlOTCR BapHallHH ypOBHR MOPli B KaTTe

raTCKOM paHoHe. 

1. Introduction 

The Baltie ean be eonsidered as a large fjord 
with a eharaeteristie length of 1000 km, 
typieal width of 300 km and a me an depth of 
53 m. It is eonnected with the North Sea via 

I 

Kattegat through a system of three straits: 
first the Little Belt, seeond the Great BeIt 
both merging into Fehmam Belt and eontinu
ing into Meeklenburg Bight and third the 
Sound. About 70 % of the water exchange 
between the Baltie and the North Sea takes 
plaee through the Belts. and the adjaeent 
straits (further on denoted as BeIt Sea). 
The remaining water passes the Sound. North 
Sea water of high salinity mixed with the 
outflowing low salinity Baltie water moves 
more or less continuously along the bottom 
of the Belt Sea, passes the Darss Sill and 
penetrates into the deeper parts of the Baltic. 
However, this water is usually not sufficiently 
dense to replace the bottom water of the deep 
basins. The bottom water of the deep basins 
is replaced by water of high salinity at inter
vals of several years only. This replacement of 
stagnant bottom water is essential for the 
entire ecosystem of the Baltic because it 
reduces the negative trend in the oxygen 
eonditions of the Baltic deep water. In order 
to understand the natural and antrophogenic 
parts of the observed negative oxygen trend 
it is neeessary to understand the physics of 
the water exchange between the BaItie and the 
North Sea. This task has attracted oceano
graphers since the beginning of this century. 

KNUDSEN (1899) pointed out that the baro
tropic part ofthe water exchange is determined 
by the large scale wind and air pressure field 
over the Baltic and the Kattegat which set 
up the driving sea level differences for the 
transport through the straits. The baroc1inic 
part of the water exchange he assumed to be 
driven by the density differences between the 
saline North Sea and the brackish Baltic. 
Taking the salt- and massbalanee into aecount 
he derived his famous theorem and applied 
it to estimate in- and outflow of the Baltic 
(KNUDSEN 1900). 

WITTING (1918) estimated the terms of 
the water balance equation of the BaItic due 
to river inflow, evaporation and preeipita
tion on a time scale of more than a month. 

HELA (1944) investigated the daily volume 
fluctuations of the Baltic and found a typieal 
time seale of ten to twenty days which he 

Id aecount for by transport fluctuations cou . . 
hr gh the Dariish stralts at the same time 

t ou . 5 3/ 
scale with an order of magmtude of 10 m s 
which are about the tenf~ld of the transport 
fluctuations on a yearly tIme scale. 

THIEL (1938) and HELA (1944) re~eale~ that 
. 't of achanging flow duectlOn m the 
1D SPl e . 
upper layer of the Belt ~ea the flow. m the 
bat tom layer is directed mto the Baltlc most 

ofthe time. 
JEN SEN and SINDING (1945) could reveal 

a semigeostrophic balance bet,,:~en the sea 
level difference Slipshavn-Korsor and the 
surface at the Halskov Rev lightship based on 
monthly mean values. 
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In several case studies WYRTKI (1953, 
1954a, b) investigated the longitudinal mo
mentum balance in the Fehmarn Belt. He 
found the inertia of the longitudinal current 
component and the longitudinal pressure 
gradientdueto sea level and density differences 
between the Kattegat and the Baltic to be 
essential. Friction he took into account in 
order to explain phase differences between 
the observed eurrents and pressure gradients 
and to get a stationary momentum balance. 
Advection of longitudinal momentum was 
comparable to the other terms of the balance 
occasionally only. 

WYRTKI (1954b) analyzed the dynamical 

Fig.1a 

o 
zirn 

20 

40 

Topography of the Darss Sill area 
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water balance of the Baltic over several years 
considering the fresh water sources and sinks 
and the water exchange through the Danish 
straits. Assuming the inflow into the Baltic 
to be proportional to the sea level difference 
between Kattegat and Baltic in his model the 
Baltic sea level was driven by the sea level in 
the Kattegat and the fresh water sources in 
the Baltic. 

LANGE (1975) showed that the longitudinal 
current component in the Fehmarn Belt on 
a time scale of two days is determined by 
corresponding fluctuations of the east com
ponent of the wind over the Baltic proper. 
Further he revealed the longitudinal current 
component to be nearly in geostrophic balance 
with the transverse pressure gradient. Show
ing that the transverse baroclinic pressure 
gradient has the opposite sign to that one at 
the surface he pointed out that the surface 
pressure gradient is compensated by the 
baroclinic pressure gradient in the bottom 
layer. 

In spite of the knowledge on the dynamics 
of the Fehmarn Belt area few is known on the 
dynamics of the Darss Sill area. Because 
the Darss Sill is the last and most shallow sill 
the water masses have to pass it in order to 
enter the Baltic proper and because the bottom 
topography exhibits some special feature 
(Fig. I a) it seems necessary to investigate the 
dynamics of the Darss Sill area and to under
stand whether it playes a special role in the 
water exchange between the North Sea and 
the Baltic or not. 

Therefore the following questions have 
been addressed in aseries of oceanographic 
observations in the Darss Sill area: 

What are the similarities in the dynamics 
of the Darss Sill area and the Fehmarn 
Belt? 
Does the local bottom topography of the 
Darss Sill have an impact on the first 
order dynamic processes ? 
What are the dynamical processes at 
different scales and the possible inter
actions between them? 

2. The data basis 

In order to meet the objectives derived in the 
preceding section hydrographic and current 
measurements have been conducted at stations 
in the Darss Sill area shown in Fig. I b 
du ring different seasons of the year. A detailed 
description of the experiments has been given 
elsewhere (MATTHÄUS et al. 1982) therefore 
we present a summary of the conducted 
measurements only. 

Continuously vertical temperature and con
ductivity profiles were taken from the surface 
to the bottom on board the research vessels 
at every hydrographic station by means of 
a CTD-OM 75 (MÖCKEL 1980). Intercompari
son measurements with reversing thermo
meters arid conductivity measurements of 
water sampies taken by the rosette sam pier 
ofthe CTD revealed an accuracy of I . 10- 2 °C 
for te~perature and I . 10- 5 for salinity 
respectively. 

Vertical profiles of current velocity were 
measured at discrete levels separated by 
2 m between a depth of 7 m to I m above the 
bottom along the section Falster-Zingst 
ü,tations 72- 76). The instrument used was a 
WPS current profiler (described by LASS 
et al. 1980). The current profiles have been 
taken from the drifting ship. The ships 
drift was measured by taking the DECCA 
position every 2 minutes and estimating the 
linear regression coefficients du ring a drift 
time of 20 minutes. The overall accuracy of 
the profiling current measurements was esti
mated as about ±5 cm/s. 

In order to avoid mixing between spatial 
scales and energetic variations of the oceano
graphie fields 'in time as much as possible, 
the sampling time at every station of the 
network in Fig. I b was 36 hours . The 36 hours 
sampling time has been chosen in order to 
meet logistic requirements and moreover to 
meet a fixed phase of the semidiurnal tide 
at every station. Time scales of less than 
36 hours have been detected by current velo
city measurement with recording current 
meters attached to subsurface moorings at 
depths of7 m, 12 m, 17 m and near the bottom. 

• Kebenhavn 
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• hydro- meteorologische 
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Fig.lb 

Station network of the WEDS'-experiments 

Tbe subsurface moorings have been located 
at the stations 01, 02, 03, 04 .and 05 (see 
Fig. I b). Meteorological and sea level 
measurement from coastal stations in the 
Kattegat, the Belt Sea and the Baltic proper 
?ave been kindly provided by the correspond
mg institutions and authorities of Denmark, 
Finland, GDR and Sweden. 

Tbe duration of different experiments con
ducted hitherto has been about 3 weeks. 

13° 30' 14° 

3. The currents in the Belt Sea 

Energetic low frequency current fluctuations 
occur at a time scale of 10 to 20 days in the 
surface layer of the Belt Sea as revealed by 
an one year time series of the longitudinal 
current component in the Fehmarn Belt 
shown in Hg. 2. 

In order to investigate the horizontal scale 
of this current fluctuations we compared a 
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Fig.2 
Longitudinal component of the surface current measured from Fehmarn Belt Lightship (Anonymus, 1981) 
during 1980. Positive values correspond to inflow, negative ones to outflow. Tick marks represent the first day 
of a month. 

two month fraction of this record with both 
simuItaneous measurements of the longitu
dinal current component of station 02 in 7 m 
depth located near the saddle point of the 
Darss Sill and the times of changing current 
regime at station 01 east of the Darss Sill 
(for location see Fig. 1 b). The results depicted 
in Fig. 3, reveal that the currents in the Darss 
Sill area have the same time scale as the low 
frequency current fluctuations in the Fehmarn 
Belt. However, the amplitude of the fluctua-

[em/sl 
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- 80 

Fig.3 
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+ 

ti on is half that of the fluctuation in the Feh
marn Belt and there is so me evidence that the 
longitudinal surface current component at 
the Darss Sill leads that one in Fehmarn 
Belt by about one day. These results indicate 
that the current fluctuations with time scale 
of 10 to 20 days are coherent over a distance 
of at least 100 km in the Belt Sea. 

Despite this general coherence we observed 
remarkable differences in the actual surface 
current field over distances of the order of 

A E E A A E 

• • • 

Longitudinal surface current component ofthe Fehmarn Belt Lightship (solid line) and at the Darss Sill, station 02, 
(dashed line). Arrows above the record denote times at which the surface current at station 01 is changing from 

outflow (A) to inflow (E) and vice versa. 
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Fig.4 
Progressive vector diagrams of the current at 7 m depth at the mooring stations 01 , 02 and 03 during WEDS-80·_ 

10 km in theDarss Sill area as shown in Fig. 4. 
Obviously this small scale disturbances of 
the large seale current field are due to in
fluences of coastal geometry and bottom 
topography. This conc1usion drawn from the 
moored current meter measurements can be 
sustained by the much denser current profiler 

measurements depicted in Fig. 5, revealing 
alternating bands of outflow and inflow at 
the Darss Sill with a transverse scale of 10 

to 20 km. 
Whereas the current regime of the surface 

layer is characterized by changing in- and 
outflow the currents in the bottom layer 
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Progressive vector diagrarns of the current at 7 rn depth and 1 rn above the bottorn near the saddle point at the 
Darss Sill (station 02) 

exhibit a quite different behaviour. As shown 
in Fig. 6 the near bottom current at the Darss 
Sill is directed into the Baltic over a 10 day 
period without changing its direction essenti
ally . The distribution of the daily tickmarks 
along the progressive vector diagram indicate 
that the inflow is enhanced du ring surface 
inflow and suppressed during surface out
flow. Occasionally only the near bottom in
flow turns into outflow during times of surface 
outflow. 
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Fig. 7 

The isopleths of the daily me ans of the east 
component of current at station 01 
(representative for inflow and outflow, hatch
ed area), shown in Fig. 7, indicate that 
during surface inflow the whole water column 
exhibits inflow whereas during surface out
flow only an upper part flows out and the 
lower part of the water column flows in. The 
lower boundary of the inflowing fraction of 
the water varies in time between about 
12 m depth and the bottom, indicating an 

1,09 06.09.1980 

0 0 

Isopleths of daily rnean values of the east cornponent of current east of the Darss Sill (station 01) during WEDS-80 

int raction between barotropic and baroclinic 
e S ofthe current field . A formal decomposi
~ of the vertical distribution of the north 
ÜOD fh' d east component 0 t e current mto 
::'pirical orthogo~al functions (EOF) has 
beeD done at statiOn 01. The two gravest 
eigenfunctions are depicted in Fig. 8. The 
first eigenfunction of the east component has 
a barotropic, the second one a baroclinic 
cbaracter, while both the first and second 
eigenfunction of the north component have 
clearly baroclinic character. The pure baro
clinic character of the north component at 

. station 01 can be considered as a certain 
evidence for the baroclinicity of the cross
circulation in the Belt Sea. Further evidence 
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for a baroclinic cross circulation we found at 
the Darss Sill, station 02, during WEDS-84. 
Mean values of currents have been calculated 
du ring both the roughly 8 day inflow- and 
outflow-periods and projected on the longitu
dinal (NE) and the transverse direction (NW). 
Looking in the direction ofthe surface current, 
the cross circulation was clockwise in the 
vertical plane as weil during inflow as during 
outflow. The corresponding current vectors 
are shown in Fig. 9. The maximum values of 
the cross circulation are about 1.4 larger 
than the corresponding mean values shown 
in Fig. 9. Statistical significance is hard to 
achieve in this type of measurements due to 
the energetic current fluctuations with a 
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First (crosses) and second (dots) eigenfunc
tions of the EOF decornposition of the 
east (E) and north (N) cornponents of the 
current east of the Darss Sill at station 01 
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mal Cu ) and transverse (v') current components at the Darss Sill (station 02) during WEDS-84 
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period of about 1 to 2 days. However, a 
similar type of cross circulation has been 
found at neighbouring moorings and more
over the observed displacements in the mass
field at the Darss Sill are consistent with the 
observed type of cross circulation. So we 
consider this observation of the cross circula
tion in the Belt Sea as a first guess which 
needs confirrnation by further measurements 
under different conditions. 

Moreover, these observations of the cross 
circulation are in agreement with theory 
(e.g. GILL, 1982) which predicts for a channel 
whose width is smaller than the barotropic 
Rossby radius and larger than the baroclinic 
Rossby radius (as it is the case in the Belt Sea) 
a vanishing barotropic and a full developed 
baroclinic subinertial cross circulation in the 
center of the channel. 

It is interesting to find a baroclinic sub
inertial longitudinal current component near 
the channel axis of the Belt Sea. Obviously 
the baroclinic part of the longitudinal current 
component is not restricted to within one 
baroclinic Rossby radius of deformation at 
the coast. The baroclinic Rossby radius is 
about 5 km in the Belt Sea after FENNEL 
et al. (1984). 

Besides the energetic current fluctuations 
with a time scale of 10 to 20 days we also 
observed energetic currents with a time scale 
of 1 to 2 days as shown in Fig. 10. Obviously 
there is an interaction between the current 
fluctuations of both scales, because the short 
term fluctuations are significantly more ener
getic during inflow than du ring outflow
situations, which are associated with the 
10- 20 days current fluctuations in the Belt 
Sea described above. 

Comparing the short term current fluctua
tions at the Darss Sill (station 02) at 7 m 
and 11 .5 m depth suggests their highly baro
clinic nature. The lack of coherence between 
the currents at 7 m depth on the Darss Sill 

(station 02) and at the same depth on a posi
tion about 50 km west of the Darss Sill 
(station 06) indicates a typical length scale 
of this short term current fluctuations of 
less than 50 km. It has been shown by LASS 
et al. (1984) that these energetic small scale 
current fluctuations are accociated with baro
clinic eddies located in the Darss Sill area and 
a horizontal scale of so me 10 kilometers . 

This interaction of energetic large and small 
scale fluctuations can make estimates of 
the mass transport in the Darss Sill area from 
current measurements at a single point very 
incorrect. The current measurements along 
the seetion Falster- Zingst at the Darss Sill 
have been sufficient dense sampled in order 
to avoid aliasing. Typical fluctuations of 
the volume transport associated with 10 to 
20 day fluctuations across the Darss Sill 
during different WEDS-experiments have been 
reported by MATfHÄUS et al. (1983, 1985) 
and are of the order of 105 m3 /s. This is one 
order of magnitude larger than the long term 
masstransport in the Belt Sea due to the fresh 
water surplus of the Baltic (JACOBSEN 1980). 
The observed masstransport fluctuations at 
a time scale of 10 to 20 days can account for 
the amplitude of the 19 day volume fluctua
tions of the Baltic reported by HELA (1944). 

The kinetic energy of the currents at the 
Darss Sill has been estimated for fluctuations 
with periods larger than 8 days as a kind of 
kinetic energy of the mean flow, associated 
with inflow and outflow, and for fluctuations 
with periods less than 8 days representative for 
the eddy kinetic energy. During inflow both 
the mean and the eddy kinetic energy are two 
to threefold larger than during outflow on 
most positions given in Tab. 1. However the 
relation between eddy and me an kinetic 
energy remains roughly independent of the 
flow direction and is in the mean slightly 
larger than unity in the Darss Sill area. 

Fig. 10 ~ 
Time series ofthe longitudinal current component on station 02 at 7 and 11,5 m depth and on station 06 (q> = 54° 
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Table I 

Depth/position 06 02 01 05 

Outflow Inflow Outflow Inflow Outflow Inflow Outflow Inflow 

7m Eddy 
Mean 

11,5 m Eddy 
Mean 

16,5 m Eddy 
Mean 

180 
27 

112,5 
4,5 

54 
13 

415 
386 

347 
200 

140 
34 

75,5 
46 

74 
36 

19 
20 

174 
158 

228 
264 

66 
20 

66 
48 

61 
41 

129 
134 

166 
108 

123 
167 

80 
157 

62 
27 

49 
2 

12 
7 

93 
72 

132 
54 

32 
30 

Eddy kinetic energy 1/2(;;;> + ;;'2) and mean kinetic energy 1/2(ü' + ;;2) given in cm'/s' during WEDS 84. The bar means a mean 
value over one outOow respectively one inOow period of about 8 days. u ' denotes the deviation of the actual value U(I) from the 
mean value ü. 

4. The salinity field 

The me an salinity distribution in the Belt Sea 
is determined by the salinity in the Kattegat 
(25 10- 3), the low salinity in the Baltic 
(10 . 10- 3 ) , the mean surface outflow and the 
mean deep inflow. The corresponding advec
tion processes induce a two layer stratifica
tion in the Belt Sea with low salinity in the 
upper layer and high salinity in the lower 
layer, which can be modified by vertical 
mixing due to local winds. In both layers 
salinity decreases from the Kattegat towards 
the Baltic. 

Due to the high variability of the current 
field salinity fronts in the Belt Sea discovered 
by WATTEN BERG (1941) move to and fro. 
(Therefore the actual salinity distribution 
depends to a large extend from the history of 
the preceding advection and mixing proces
ses.) Interaction of the currents with bottom 
topography induce up- and' downwelling 
and can modify the general salinity pattern 
locally. 

The Darss Sill is an area of complex bottom 
topography and coastlines so it is likely to 
observe a highly variable salinity field in this 
area. 

Fig. 11, upper part, display the salinity 
distribution in the Darss Sill area at the end 
of an roughly 9 day outflow period. A strong 

haloc1ine at a mean depth of 15 m separates 
the outflowing surface water with salinities 
less than 10.10- 3 and the probably inflowing 
bottom water with salinities larger than 
20 . 10- 3

. The haloc1ine extends east of the 
Darss Sill and intersects the bottom just at 
the edge of the Arkona-Basin suggesting an 
intermittent inflow of heavy salt water into 
the Arkona-Basin . Fig. II depicts a spread
ing of the haloc1ine near the southern coast 
ofthe Belt Sea, moreover, the salinity maxima 
are shifted southward. Both features suggest 
upwelling at the southern and downwelling 
at the northern coast, which is consistent 
with the cross circulation described in the 
preceding section. 

Locally strong west wind destroyed the 
haloc1ine in large parts of the shallow Belt 
Sea during August 21 and 22 and the associat
ed low pressure system over Scandinavia 
induced inflow which advected the mixed 
water with intermediate salinity of the Belt 
Sea eastward into the Darss Sill area. Strong 
inflow over the rough bottom topography 
induced both upwelling and downwelling 
as suggested by Fig. 11 , middle part. 

The Figure depicts that the salinity maxi
mum has been displaced roughly 20 km 
northward within 6 days associated with 
downwelling at the southern and upwelling 
at the northern coast. The observed displace-
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ment of the salinity maximum would corre"· 
spond to a transverse northwestward advec
tion of the order of 5 cmJs near the bottom 
during inflow. 

Fig. 11, lower parts displays the salinity 
distribution 5 days after the change from the 
inflow event discribed in middle part to out
flow of high saline bottom water which has 
reestablished a lialocline however being not 
as homogeneous as those observed two weeks 
be fore obviously due to bottom induced 

Feister 7675 7671. 02 73 03 72 Zingst 
0 
m ~9 

10 

20 

s·10 3 

WEDS-61. uI.5/cm.s-1 10.6.1981. 
30 

Fig. 12 

upwelling and downwelling processes in the 
Darss Sill area. 

The Figure aga in suggests downwelling 
at the northem coast and upwelling at the 
southern coast during surface outflow. The 
cross channel scale ofthe upwelling and down
welling processes mirrored by the salinity 
distribution shown in Fig. 11 seems to be of 
the order of the channel width, which is 
significantly larger than the baroclinic Rossby 
radius. Beside the general salinity pattern we 

Salinity (dashed line) and longitudinal current component (fulliine) section (Ieft panel) and horizontal distribu
tion of salinity at the 10 m depth level with current vectors (arrows) (right panel) during 10. 6. 1984 
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Fig.13 
Salinity (dashed line) and longitudinal current cOIpponent (fuIlline) section (Jeft panel) and horizontal distribution 
of salinity at the 10 m depth level with current vectors (arrows) (right panel) during 16. 6. 1984 

observed occasionally small scale pattern as 
doming of salinity associated with locally · 
strong advection events, see Fig. 12, or salinity 
distribution coupled with an geostrophic 
eddy located at the northern part of the Darss 
Sill as shown by Fig. 13. These sm all scale 
salinity features emphasize the baroclinicity 
of the corresponding dynamic processes . 

5. The pressure field 

Based on the results of KNUDSEN (1899) and 
WYRTKI (1953) we have to expect the two to 
three week oscillation of the surface flow in 
the Belt Sea to be driven by the sea level 
differences between the Kattegat and the 
North Sea. Sea level data at Varberg in the 
Kattegat and at several stations located in 
the Baltic and the Belt Sea were available 
during a two month period in August and 
September 1980. The local two month mean 
value of sea level at every station has been 
taken as the common reference level in order 
to eliminate eustatic sea level changes and 
differences in the zero levelling ofthe different 
countries bordering the Baltic. The remain
ing error due to long term wind stau effects 
and the fresh water surplus of the Baltic may 
be of the order of 1 or 2 cm. 

The low pass filtered difference between 
the mean sea level of the Baltic, ca1culated 
by the mean value of sea levels at Hankö, 

hlcml 

20 E A E A 
.. .... .,. .". .".)( ... ... .. + ... 
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Helsinki , Ystad and Sassnitz, and the sea 
level at Varberg in the Kattegat is shown in 
Fig. 14. Trus figure reveals that the water 
level difference Baltic-Kattegat has the same 
time scale as the coherent fluctuations of the 
surface current in the Belt Sea and the typical 
amplitude of this difference is 20 cm at this 
time scale. Surface inflow corresponds to 
higher sea level in the Kattegat than in the 
Baltic and during outflow the inverse sea 
level difference is observed. A comparison 
with Fig. 3 suggests that the typical sea level 
difference between Kattegat and Baltic is 
associated with a typical surface current of 
80 cm/s in the Fehmarn Belt and 40 cm/s 
at the Darss Sill. Fig. 14 reveals further that 
the surface current vanishes with vanishing 
sea level difference between Baltic and Katte
gat. All this relations between the sea level 
differences and the Belt Sea surface currents 
suggest that the sea level difference is driving 
the surface current at the two week time scale. 

The semigoestrophic relation revealed by 
JENSEN and SINDING (1945) and LANGE (1975) 
suggests a relation between the longitudinal 
and the trans verse pressure gradient. Indeed 
Fig. 14 shows that the sea level difference 
Gedser- Warnemünde follows the level dif
ference between Baltic and Kattegat with an 
delay of ab out 2 days and an amplitude of 
10 cm. 

Assuming a semigeostrophic balance of 
the barotropic longitudinal current compo-
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Fig. 14 

Low pass filtered time series of sea level differences Baltic - Kattegat (hB - hK) and Gedser - Warnemünde 
(hG - hw) during August to September 1980. Arrows mark times of changes from inflow (E) to outflow (A) and 
vice versa. 
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nent between Warnemünde and Gedser, the 
barotropic volume transport is 

(1) 

Taking gravity g = 9,81 m/s2
, the Coriolis

frequency f = 1.18 . 10- 4 s -1 , the mean depth 
between Gedser and Warnemünde H = 18 m 
and the amplitude of the water level differ
ence Gedser-Warnemünde (hG - hw) 
- 0.1 m than the volume transport fluctua
tions are M = 1.5 . 105 m3/s which is in 
good agree~ent with the directly estimated 
volume transport by MATTHÄUS et al. (1983) 
during August - September 1980 at the Darss 
Sill. 
The phase difference between the longitudinal 
and the transverse sea level difference within 
the Belt Sea suggests that it takes the geo
strophic adaption process two days to adjust 
the cross channel sea level inclination to the 
longitudinal surface current driven by the 
sea level difference between Kattegat and 
Baltic. 

HELA (1944) documented that transport 
fluctuations in the Danish straits with time 
scales of 10 days cause significant volume 
fluctuations of the Baltic at the corresponding 
time scale. The mass balance equation for 
the Baltic is 

HL 

dV dh a fi - = F B - = dy dz u(y, z) + Q. 
dt dt 

(2) 

o 

h[cm] E A E A 

+ 

480 

Using the semigeostrophic balance we get 

dh B gH Q 
- = - --. (hG - hw) + -
dt FB} FB 

(3) 

Assuming the sea level difference hG - hw 
= !:ih sin wot the integration of (3) leads to 

gH !:ih 1 f 
ha(t) = -- cos wot + - dt Q(t) . (4) 

Fßfwo FB 

With a corresponding period of Wo between 
14 and 20 days and a surface of the Baltic 
F = 3 9 . 1011 m2 we get a ' 

hß(t) = (0.7410 1.1)!:ih cos wut 

+ ~ fdt Q(t) . 
Fn 

(5) 

Comparing the results of (5) with the low 
pass filtered sea level difference Gedser- War
nemünde and the low pass filtered mean 
Baltic sea level shown in Fig. 15 reveals that 
the largest part of the mean Baltic sea level 
at a time scale of2 or 3 weeks can be accounted 
for by the barotropic volume transport in 
the Belt Sea at the same time scale. 

This has a meaningfull implication for the 
dynamics of the system Kattegat-Baltic 
because any difference in sea level between 
both tends to be decreased by the volume 
transport induced by just those sea level 
difference. 

It has been shown by WYRTKI (1954) that 
the relation between both the surface and the 
bottom current in the Belt Sea can be account
ed for by the superposition of the surface 
longitudinal pressure gradient, induced by 

t1h [cm] 

E A 

-20 
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Fig.15 
Low pass filtered time series of sea level difference Gedser - Warnemünde (hG - hw) and mean sea level of the 
Baltic hB during August to September 1980 

-
he sea level difference between Kattegat and 
~a1tic, and the baroc1inic longitudinal p~es

e gradient, induced by correspondmg 
sur I ' . 
d sity differences. While the baroc mlC pres-

Uene gradient is always directed into the Baltic, 
s r d . f slighty oscillating by the a vectlOn 0 water 

sses in the Belt Sea, the surface pressure 
ma · ··d th gradient changes its directlOn as It oes e 
sea level difference between Kattegat and 
Baltic as shown in Fig. 16. Fig. 17 reveals the 
increasing of the baroclinic longitudinal pres
sure gradient with depth. 

Therefore during inflow both pressure 
gradients are directed into the Baltic and the 
amount of the resulting longitudinal pressure 
gradient increases from the s~rface t.o the 
bottom. This accounts for the mflow m the 
who1e wa:ter coJumn as shown in Fig. 7. 
However, we do not observe a general in
crease of the longitudinal current component 
with depth. Should that increase be reduced 
by bottom friction? That seems to be unlikely 
because the thickness of the bottom mixed 
layer in the Belt Sea is of the order of one 
meter on1y. 

During outflow both pressure gradients 
have opposite directions and the baroc1inic 
pressure gradient, increasing with depth com
pensates the surface pressure gradient at a 
certain depth below which the outflow changes 
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Time series of longitudinal surface (L:,,) and baroclinic 
pressure gradient (e) at 15 m depth at the Darss Sill 
area during WEDS-80 

to inflow. The feature depicted by Fig. 7 
that the outflow tends to start later and to end 
earlier with increasing depth can be accounted 
for in terms of the interference of the both 
longitudinal pressure gradients with its oppo
site directions. 
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Fig. 17 

Dynamic depth anomalies along the axis of the Belt Sea in the Darss Sill area for selected depth levels 
dUring WEDS-80 
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Time series ofthe longitudinal surface pressure gradient 
p" and both the surface and baroclinic pressure 
gradients Py at the Darss Sill during WEDS-80. The 
baroclinic pressure gradient Py has been calculated at 
a depth of 15 m. 

In cüntrast tü the lüngitudinal pressure 
gradients the transverse surface and baro
c\inic pressure gradients have üppüsite direc
tiüns as weil during inflüw (24 August) as 
during üutflüw (I September) (Fig. 18). As 
shüwn by Fig. 19 the trans verse surface and 
baroclinic pressure gradients are nearly üut 
üf phase during the whüle periüd üf übserva
tiün. Similar relatiüns have been übserved 
by LANGE (1975) in the Fehmarn Belt. This 
evidently general feature seems to. be cüntrüll
ed by the surface lüngitudinal pressure gra
dient as suggested by Fig. 19. 

6. Forcing of water exchange 
between Kattegat and Baltic 

In the previüus sectiüns it has been shüwn that 
at a time scale üf twü tü three weeks sea level 
differences between the Kattegat and the 
Baltic drive the water exchange through the 
Belt Sea which tends tü adapt both sea levels 
tü eachüther. Because the vülume tran spürt 
through the Belt Sea is restricted by geümetry 
and frictiün the adaptiün prücess has a lüw 
pass filter characteristic. Therefüre it is 
interesting tü knüw the response functiün.üf 

this prücess. Sea level differences can be set 
up as weil by sea level variatiüns üf the Nürth 
Sea-Kattegat system as by wind stau effects 
in the Baltic itself (WYRTKI 1953; LANGE 

1975). Because the wind stau effects in the 
Baltic are müst energetic at a time scale üf 
few days, the time scale üf the intense weather 
events, the lüw frequency fürcing üfthe system 
is due tü the Kattegat sea level variatiüns. 

püwer spectra üf sea level at Varberg 
(Kattegat) and Saßnitz (Baltic) and the cür
respünding gain functiün are shüwn in Fig. 20. 
The Kattegat sea level variatiüns are müre 
energetic than the Baltic sea level variatiüns 

M2 
12.5h 

4.1h 
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für periüds larger than five days and smaller 
than 30 hüurs . There seems tü be eigenperiüds 
üf the Kattegat at 6.2 hand 4.1 h. The Baltic 
sea level variatiüns are larger at periüds 
between abüut 31 hüurs (the gravest eigen
periüd üf the Baltic, see WÜBBER, KRAuss 
1979) and abüut 5 days. 

The gain functiün üf the Saßnitz sea level 
driven by the Varberg sea level is significantly 
different früm zero. für periüds larger than füur 
days and at the O2 and M2 tidal periüds. 
The gain is always smaller than unity and 
there is nü indicatiün üf a resünance type 
respünse in the gain functiün . Between the 

- Varberg 

--- Sannitz 

t::t'-LJ....I.:..L..L..1...L.J....LL(..,I..j..J'J.J..ll.AlLLJ....~~-----=---~10~O,.---. f [cphl 

Fig.20 

Power spectra of sea level variations at Varberg (Kattegat) and Sassnitz (Baltic). The gain function (crosses) 
and the level of significance (dots) at a 95 % probability level are estimated after BENDAT and PIERSOL (1966). 
The linear scale of the gain function is marked on the right hand side of the ordinate. 
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02 tidal period and 4 days the signal to noise 
ratio is small evidently due to the energetic 
wind forced sea level variations of the Baltic 
(see MAGAARD and KRAUSS 1966). For 
periods larger than a month the gain tends 
to become one as can be seen by mean monthly 
sea levels in the Kattegat and Baltic during 
1980 as shown in Fig. 21. The phase difference 
between the sea levels ofVarberg and Saßnitz 
are about 180° around periods of 3 days, 
about 90° around periods of five to ten days 
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Fig.22 
Phase difTerences of the sea levels between Varberg 
(Kattegat) and Sassnitz (Baltic). Positive phase dif
ferences rnean leading sea level at Varberg. 

and approach zero for periods larger than a 
month as depicted by Figs. 21 and 22. 

Obviously the Baltic Sea level and conse
quently the water exchange is driven mainly 
at periods larger than about four days by 
the sea level in the Kattegat and at periods 
of four days and less additional by the wind 
forced oscillations of the Baltic sea level. 

The question arises which forces govern 
the Kattegat sea level or more gene rally the 
sea level of the North Sea. After WYRTKI 
(1952) the North Sea level is determined by 
locally air pressure variations, the wind stau 
between the British Island and the Jutland 
peninsula and the sea level of the north 
east Atlantic, the latter being mainly influenc
ed by large scale weather patterns over north 
east Atlantic. Therefore we have investigated 
the coherence between the sea level at Varberg 
(Kattegat) and air pressure at Helgoland and 
the large scale zonal wind over the north 
east Atlantic represented by the zonal index, 
the me an meridional air pressure difference 
between 35° N and 65 ° N along the meridians 
from 20° W to 40° E. The coherence between 
Varberg sea level and Helgoland air pressure 
is not significant at a 95 /0 probability level 
for periods less than a month. That means 
that the air pressure influence on the Kattegat 
sea level in the mean is minor compared with 
other parameters. On the other hand the 
coherence between the zonal index and sea 
level at Varberg is significant at periods 
larger than 5 days at the 95 % probability 
level, indicating that the large scale zonal 
wind over the north east Atlantic is the major 
driving force of the Kattegat sea level fluctua
tions with periods larger than 5 days. 'Fig. 23, 
showing the low pass filtered zonal index, 
the Varberg sea level and the surface longitu
dinal current component in the Fehmarn 
Belt, reveals the causality between the cor
responding parameters at time scales larger 
than 5 days. 

7. Conclusions 

Large scale · fluctuations of the zonal wind 
component over the NE-Atlantic with a time 
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80 
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-80 
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Fig. 23 
'Low pass filtered time se ries ofzonal index (mean sea surface pressure difference between 35° N and 65 ° N taken 
along 20° W to 40° E) (upper panel), sea level at Varberg (Kattegat middle panel) and the surface longitudinal 
current component in tbe Fehmarn Belt during 1980 (Iower panel) . The cut-off period of the used filter was 
5 days. Positive values in the upper panel indicate west wind, in the lower panel they indicate current directed into 

the Baltic. 

scale of two to three weeks are significantly 
correlated with sea level fluctuations in the 
Kattegat at the same time scale. Subsequently 
sea level differences between the Kattegat and 
the Baltic drive longitudinal currents the Belt 
Sea being coherent over distances of at least 
150 km. 

Within two days the longitudinal current 
component is adjusted geostrophically to the 
trans verse sea level differences in the Belt Sea 
channel. This long adjustment time may 
indicate that baroclinic processes could be 
essential in the adjustment process. The pure 
barotropic adjustment time, the time the 
barotropic Kelvin wave needs to pass the 
channel, is of the order of 10 hours. 

Transport fluctuations of the order of 
1.5 . 105 m3/s are associated with the currents 
induced by the sea level differences. These 
transport fluctuations account for the mean 
sea level variations in the Baltic proper at a 
time scale of two to three weeks. This implies 

that the water exchange between the Kattegat 
and the Baltic forced by sea level variations 
in the Kattegat can be oscillatory or transient 
only, because the associated transport through 
the Belt Sea adjusts the Baltic Sea level to 
the Kattegat sea level within a certain time. 

We observed a strong correlation between 
the sea level differences between the Kattegat 
and the Baltic and different baroclinic process 
in the Darss Sill area. The intrinsic cross 
channel scale of this baroclinic processes is 
larger than the baroclinic Rossby radius and 
seems to be determined by the scale of the 
inclined cross channel bottom profile. 

We found observational evidence for a 
baroclinic cross circulation in the Belt Sea 
which rotates clockwise in the vertical plane 
looking in downstream direction of the surface 
current. This cross drculation may be in
fluenced by local winds, however, to a lesser 
extent than by the longitudinal sea level 
inclination. 
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Associated with' this cross circulation we 
observed upwelling at the left hand coast and 
downwelling at the right hand coast looking 
downstream at the sea surface. The special 
features of the up- and downwelling process 
are governed by the local bottom profile. 

This upwelling accounts for the observed 
higher baroc1inic pressure at the left compared 
with the right hand coast because the upwelling 
process accumulates heavy bottom water 
near the left and the downwelling process 
accumulates light surface water near the 
right hand coast looking downstream again. 
Therefore the cross channel water level and 
baroclinic pressure differences are strong 
correlated and out of phase. These resulting 
pressure difference deereases with depth and 
the geostrophically balanced longitudinal cur
rent component decreases with depth too 
having a similar effect on the longitudinal 
current component as bottom friction. How
ever, the observed weakening of the longitu
dinal current component is not symmetrically 
to the sign of the longitudinal sea level dif
ference in the Belt Sea. This may be due to 
the interference of both the longitudinal sea 
level difference and the longitudinal baro
clinic pressure gradient. The latter, being 
caused by the salinity differences between 
Kattegat and Baltic, is directed always into 
the Baltic being in a first approximation in
dependent from the sea level difference. 
During surface inflow both pressure gradients 
add each other causing an increasing pressure 
gradient with increasing depth. The above 
mentioned associated cross circulation at 
the Datss Sill reduces the inflow from the 
surface to the bottom so that near the bottom 
we observe only a weak inflow compared with 
the upper layers. Bottom friction may contri
bute to the observed vertical current profile 
also but can not account for it alone. 

During surface outflow both pressure gra
dients have opposite directions and cancei 
each other in a certain depth, depending 
mainly from the amount of the sea level 
difference. In this case the weakening of the 
longitudinal current component with increas
ing depth by the barotropic-baroclinic adjust-

ment process is in such kind that the com
ponent reverse its sign approximately at 
the depth of zero longitudinal pressure gra
dient and we observe inflow at the Darss 
Sill from this depth to the bottom. 

The cross circulation in the Belt Sea and 
the sub se quent adjustment process under 
the combined action of both the longitudinal 
sea surface and baroclinic pressure gradient 
is not weIl understood and needs further in
vestigations. It depends essentially on the 
local bottom topography and therefore it 
must be studied at different places in the Belt 
Sea channel. 

In addition to the low frequency current 
variations we observed energetic baroclinic 
current fluctuations with a time scale of some 
days and a spatial scale of ten kilometers. 
These current fluctuations were observed to 
be associated with baroc1inic eddies of the 
same scale and are more energetic during 
inflow than du ring outflow conditions. We 
can only speculate on a possible generating 
mechanism of such eddies. But it seems not 
unlikely that the geostrophically adjusted 
mass fields along straight coasts and narrow 
channe1s advects itself into the open water 
after passing a strong coastal irregularity. 
The advected massfield may be unstable in 
the open water and transform into a stable 

. eddy. This mechanism could shed eddies from 
the eastern margin of Fehmarn island into 
Mecklenburg Bight and from Gedser Rev 
into the Darss Sill area east of Falster during 
inflow conditions. 
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Results of oceanological studies in the Mozambique Channel 
in February-March 1980 

With 16 figures and I table 

Abstract: The general structure and the dynamics 
of the water masses, the influence of seamounts and 
banks, nearshore upwelling and downwelling as weil 
as short-term oceanological variations on the nutrient 
distribution and on the primary and secondary produc
tion including some meteorological observations and 
investigations in the sea bottom were studied in the 
western part ofthe Mozambique Channel in February 
to March 1980. The results of these studies are now 
available (NEHRING et al. 1984). They are briefly 
summarized in the present publication. 

Zusammenfassung: Der vorliegende Beitrag ent
hält die wichtigsten Ergebnisse von ozeanologischen 
Untersuchungen, die im Februar- März 1980 im 
westlichen Teil des M~ambique Kanals durchgeführt 
und bei NEHRING u. a . (1984) ausführlich diskutiert 
wurden. Neben dem allgemeinen Aufbau und der 
Dynamik der Wasserrnassen betreffen sie den Einfluß 
submariner Erhebungen lind küstennaher Auftriebs
prozesse sowie kurzfristiger ozeanologischer Ver
änderungen auf das Nährstoffregime und die Biopro
dUktivität, ergänzt durch einige meteorologische Be
Obachtungen und Untersuchungen am Meeresgrund. 

Pe31OMe: CTaTbli cOlleplKHT caMble BalKHble pe3YJIb
TaTbl OKeaHOJIOrH'IeCKHX HCCJIellOBaHHH B 3ana,UHoH 
'IacTH M03aM6HKcKoro npOJIHBa c <!>eBpaJIlIlIO MapTa 
1980-ro rO'ua, KOTopble 6blJIH npellcTaBJIeHbl paHbUJe 

. (HEPHHr H IIp. 1984). KpoMe 06meH CTpaTHljJHKaQHH 
BO'uHbIX Macc H HX ,UHHaMHKH, HCCJIellOBaHHlI 6blJIH 
Hanpa8JIeHbi Ha BJIHliHHe nO,UBOllHbIX BepUJHH, npH-
6epexcHoro anBeJIJIHHra H KpaTKOCp0'lHbIX oKeaHo
JlOrH'IeCKHX H3MeHeHHH, Ha pelKHM 6HoreHHblX 3JIe
MenOB, . a TaKlKe Ha 6HonpollYKTHBHOCTb H lIO
DOJlHHJJHCb HeKoTophlMH MeTeOpOJIOfH'IecKHMH Ha-
6J1lOlIeHHlIMH H HCCJIe~OBaHHlIMH Ha MOPCKOM lIHe. 

I. Introduction 

Oceanological investigations based on a pro
ll'arnme elaborated by the Institute of Marine 

Research of the Academy of Sciences of the 
GOR and the Institute of Fisheries Oevelop
ment in Maputo were undertaken with the 
GOR R/V "A. v. Humboldt" in the western 
part of the Mozambique Channel in February 
to March 1980. Figs. 1 and 2 show the map 
with the stations and the bathymetric map 
respectively of the Mozambique Channel. 

Besides the general structure and dynamics 
of the water masses, the influence of seamounts 
and banks, nearshore upwelling and down
welling as weIl as short-term oceanological 
variations on the nutrient conditions and on 
the primary and secondary production were 
investigated including some meteorological 
observations and investigations into the sea 
bottom. The results ofthe studies are discussed 
in detail by NEHRING et al. (1984). In the 
following they are briefly summarized. 

2. Meteorological observations 

At the beginning of the investigations, the 
large spatial pressure distribution over the 
southern Africa was alm ost identical to the 
long-term mean situation, whereas the eore 
ofthe anticyclone ofthe Indian Ocean showed 
a more extreme position with apressure 
which was 17 hPa to high. The large spatial 
atmospheric pressure variations during the 
period under investigation were characterized 
by two distinct periods. At the beginning the 
transition from the NE-monsoon to the SE
monsoon took place. Later the SE-trade 
winds, influenced by the SW-monsoon, do
minated in the whole area. Ouring both 
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Fig. I 
Map with stations 

periods the windconditions were effected 
for short times by depressions . 

3. Dynamics 

In conformity with the large-scale distribu
tion of the wind zones, the geostrophic 
velocity field of the Mozambique Current 
at the sea surface clearly consisted' of three 

420 440 

parts according tö1the geostrophical adaption 
to the mean conditions. Mean geostrophic 
surface velocities of 51 - 72 cm S - 1 and 
maximum surface velocities of82-95 cm S-1 

were calculated for the region of the NE
monsoon north of 14° S along the different 
sections through the Mozambique Current 
(profiles I-IV) (Fig. 3). The highest surface 
velocities of, on average 77-135 cm S-1 

and maximum va lues of 112-257 cl;tl S-1 
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Fig. 2 

Bathymetric map of the Mozambique Channel (depth in m) 

were found across the profiles V- VII in the 
doldrums between 14° Sand 16° S. Here, the 
Mozambique Current showed the character
ist.ic features of an oceanic J' et streamO

• In 
thi . s regIOn near the shelf edge in the layers 
below the zone of the maximal surface current 
vel " OClhes (at depths greater than 100 m to 
150 m), a relatively strong northward flowing 
COuntercurrent was observed. Its core with 
velocities up to 70 cm s - 1 in profile VII and 
up to 35 cm - 1 ', . d s m sechon VI was sltuated at 
a ;Pth of 250 m (Fig. 4). ' , 0 

. outh of 16° S in the area of the SE-trade 
~nds the geostrophic surface velocities gradu
a y decreased from north to south. Along 
~~ofi1e VIII the me an velocity of the Mozam-
61qUe Current at the sea surface amounted to 
8em S-I, and in section XIV it was 24cm S-I. 

In the waters off the large and shallow shelf 
south of Angoche the geostrophic current 
field formed a strong cyclonic eddy with its 
co re situated at about 16° 50' S, 39° 57.5' E 
(Fig.5) . 

The broad agreement between the calculat
ed current velocities and the average values of 
the surface current in FebruaryjMarch based 
on observations of ships drift for several years 
permits the conclusion to be drawn that the 
current velocities of the Mozambique Current 
are mainly induced by the distribution of 
mass and pressure during this season (Tab. I). 

To better understand the reasons for the 
upwelling observed along thenorthern part 
ofthe coast ofMozambique between 10° 30 ' S 
and 16° S during the NE-monsoon season, 
the velocity components of the vertical 



54 D. NEHRING u. a. 

currents induced by the windstress curl and 
forced by the meridional current velocity 
were estimated for the level of the Ekman 
"frictional depth" (about 75 m; Fig. 6) . The 

Fig.3 
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results of ca1culations showed that in the 
northern part of the Mozambique Current 
north of 14° S on average about 70% of the 
vertical currents were induced by the geo-
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Vertieal velocity distribution ofthe geostrophic eurrent 
(ern . S-I) on section VII (+ = north eurrent; 
- = south eurrent ; reference level 600 dbar) 

strophie meridional current and only 30 % 
by the wind stress curl. In this area inter
mediate upwelling oeeurred seaward the shelf 
edge limited to the water layers below the 
level of the Ekman depth. For the doldrums 
between 14° Sand 16° S, where the Mozam
bique Current showed the charaeteristie fea
tures of an oceanie jet stream, the mean part 

Table I 

Maximum and rnean surface velocities (cm . S-I) in 
the Mozambique Channel in FebruaryjMarch accord
ing to the "Monthly Charts" ofthe Deutsches Hydro
~aphisches Institut, Hamburg, and frorn investiga
hans by the R/V "A. v. Hurnboldt" 

Sea area "Monthly HA.v. 

Charts" Hurnboldt" 

Februaryj Februaryj 

Mareh Mareh 1980 

p"'ax V If""' 
I v. 

-----------------------------------
10° S- 16 oS 
16° S- 26° S 

229 77 
SI 

2SI! 79 
105 49 

-----------------------~--------
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of the vertical current component caused 
by the meridional current velocity at the level 
of the Ekman depth was calculated to 80 %, 
the portion of the wind induced vertical 
current component to 20 % (Fig. 7). On the 
strength of the high meridional velocities of 
the Mozambique Current, the area with 
intermediate ascending water movements at 
the Ekman level extended here close to the 
shelf edge and the intermediate upwelling 
processes came nearly up to the sea surface. 

In the region of the SE-trade winds south 
of 16° S the vertical current component 
forced by the windstress curl amounted to 
about 75 %, the vertical current component 
from the velocity of the geostrophic meri
dional current only to 25 %. As a result of 
the strong Ekman onshore transport in this 
area ofT the coast downwelling predominated. 
An exception to this rule was the cyclonic 
eddy of Angoche. Here the change in relative 
vorticity caused topographically produced 
strong upward vertical currents in the core 
of the eddy. 

The results of analyses verify our hypothesis 
that north of 16° S during the NE-monsoon 
season vertical currents are primarily induced 
by the velocity field of the Mozambique 
Current (intermediate upwelling) and its coun
tercurrents (intermediate downwelling), 
whereas south of this region they are mainly 
caused by the wind field. 

The mean TS-characteristics of the area 
under investigation show only small varia
tions and astriet TS-relation (300 m to 600 m) 
in the Indian Central Water. Z-shaped TS
profiles within the Ekman layer (about 75 m) 
were often found. A salinity minimum above 
the Ekman depth and a maximum at about 
30 m depth were the main feature of wind
driven eross-cireulation (Fig. 8). Along the 
main axis of the Mozambique Current there 
was no minimum in salinity. Tbe maximum 
was always eaused by upwelling processes. 

Temporal variations of oceanological fields 
in the area of the Sofala Bank were studied 
on arerun section (seetion XI) wh ich was 
repeated 8 times during 12 days, and by means 
of 3 current meter moorings over the shelf 
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and on the shelf edge. These variations were 
in substance determined by the large-scale 
offshore dynamies. They reflected rhythmical 
atmospheric disturbances and shift with a 
velocity of about 8.5 km h- 1 zonally from 
the sea to the coast. 

The atmospheric disturbances were super
imposed on the Uw-component of the wind . 
The cycle was T = 260 hand the same as 
that of the currents at buoy station 80/70 

(Fig. 9), whereas the cycle at buoy station 
80/71 was T = 310 h. Between the two sta
tions an oceanological front was observed. 

At all stations along the rerun section XI 
distinct temporal TS-variations were observed 
at depths down to 300 m over a length of 
150 km. It was therefore deduced that large
scale offshore dynamics are the cause of 
these variations. 

----

Fig.6 

39° E 

+ upwelling 

downwelling 

" A.v.Humboldt" 

20.2.-28.2.1980 

~) 

t:::: ~ 

o 0 

Mozambique Channel 

+ 

o ° 

o 

:\ 

/ 

\ 
I 
I 
I 
/ -

/ 

57 

14° 

lsotachs of the wind and current induced vertical currents at the Ekman level z = D (70-83 m) 

4. Nutrient response 

Tbe phosphate concentrations in the euphotic 
layer of the western Mozambique Channel 
Were generally smaller than 0.2 /lmol . dm- 3

, 

but decreased only rarely to below 0.1 /lmol 
. dm- 3 . In contrast, the nitrate concentra
tions were mostly below 0.1 /lmol . dm- 3 

and often reached the limit of analytical 
detection. ' 
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The nutrient deficient layer extended down 
to a depth of 70-100 m (Fig. 10) followed 
by a slowly and relatively uniform increase 
in the discontinuity layer. Phosphate and 
nitrate concentrations of 2.5 Ilmol . dm-3 
and between 32 to 33 Ilmol . dm -3 respectively 
were measured in the deep water at about 
100 m depth. The vertical distribution of 
these nutrients was related to characteristical 
water types found by the classification of the 
water masses in the Mozambique Channel. 

The concentrations of ammonia and nitrite I 

were very low (0-0.2 Ilmol . dm- 3) in the 
northern part of the area under investigation. 
Small enrichments of these nitrogen com
pounds were frequently observed in the upper 
part of the pycnocline. Somewhat higher 
amounts of ammonia were measured" in the 
southern part of the area under investigation 
(0.2-0.7 Ilmol . dm- 3) and on the Sofala 
Bank (0.2- 2 Ilmol . dm -3) . 

Oue to the phosphate surplus, the nitrate 
to phosphate ratio was near zero in the 
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nutrient deficient surface layer, The ratio 
increased in the discontinuitylayer and was 
characterized by an intermediary maximum 
of over 14: 1 in the layer of the Indian Central 
WateT. It decreased again in the Antarctic 
Intermediate Water and below it reaching 
values of 12 to 13: I. 

Depending on the dynamically forced up
welling processes south-east of Nacala and 
by the significant eddy in the area off Angoche, 
cold deep water rich in nutrients was transport
ed alm ost to the surface, thus reducing the 
thickness of the nutrient depleted surface 
layer from about 100 m to 20-30 m (Fig. 11). 
Disturbances in the current and mass fields 
due to the St. Lazarus Bank are also reflected 
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in the nutrient distribution. The depth of 
the nutrient discontinuity layer in the southern 
part of the area under investigation was 
obviously modified by cyclonic and anti
cyclonic gyres. 

5. Biological response 

Very low chlorophyll concentrations were 
found on sections I to IV in the northern 
region (Fig. 12) and XII to XIV in the southern 
region (Fig. 13) in the western Mozambique 
Channel. In the area of the cyclonic eddy 
(about 16° S) larger amounts of phytoplank
ton were measured. The reason for the greater 
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productivity was the beUer nutrient supply 
resulting from an upward mass transport. 

The distribution of chlorophyll in the whole 
area was in conformity with the phytoplank
ton cell numbers. Rhizosolenia hebetata f. 
semispina, Rh. alata, Nitzschia pungens var. 
atlantica, N. delicatissima, Cylindrotheca clo
sterium and Asterionellajaponica were observ
ed in high frequency, but only Rh. hebetata f. 
semispina showed signs of a mass development 
with up to 2 . HP cells . dm3 at station 91 
(section X). 

The zooplankton biomass was lower in 
the northern region (Fig. 14) and higher in the 
southern region (Fig. 15). The most pro
ductive part of the area under investigation 
was the southern edge of the cyclonic eddy. 

I-n-I I 

But the highest value (275 mg . m- 3 dry 
weight) was measured on the St. Lazarus 
Bank (station 23). Like the productivity of 
the phytoplankton, the zooplankton biomass 
was higher in the onshore areas than offshore. 

According to the qualitative and quanti
tative zooplankton investigations the northern 
area is only of low productivity. The zoo
plankton community was typical of tropical 
seas with stable stratification. At the onshore 
stations in the southern area zooplankton 
was present in high abundances, this indicat
ing highly productive communities. 

The whole northern region studied and the 
offs hore part of the southern region were 
assessed as oligotrophie areas. Better condi
tions for the primary and secondary produc-
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Fig. 14 
Zooplankton biomass (dry weight; 0- 30 m) in the 
northern area of the western Mozambique Channel 

(20-02 to 04-03-1980) 
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Fig. 15 
Zooplankton biomass (dry weight ; 0 - 30 m) in the 

southern area of the western Mozambique Channel 

(23-03 to 30-03-1980) 

tion were identified in the area of the cyclonic 
eddy, on the Sofala Bank, and in the southern 
onshore region. 

On section XI (Sofala Bank area), which 
was repeated 8 times during 12 days, higher 
chlorophyll concentrations and zooplankton 
biomass were generally measured near the 
shore than offshore. The variations in time 
of the chlorophyll and phosphate concentra
tions were greater parallel to the coast 
whereas the variability of the zooplankton 
biomass and ecological efficiency were greatest 
in the across-shelf direction. 

The optical water types defined by JERLOV 
coincided with the distribution of the biologi
cal parameters on the rerun seetion XI, 
especially with the chlorophyll concentration 
(Fig. 16). The half-day sums of the global 
irradiance measured at so me primary pro
ductivity stations were higher in the morning 
(mean 1073.1 J/cm2) than in the afternoon 
(mean 885 .8 J/cm2

) . 
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Fig. 16 
Optical water types (I, IB, 11 , III by Jerlov) related to 

the mean chlorophyll a concentrations in the surface 

layer (0- \0 m) on the rerun section XI 

6. Investigations into the sea bottom 

The surface sediments of the shelf area in the 
western Mozambique Channel are mainly 
of a santly-silty nature and contain only 
small amounts of heavy-minerals. Higher 
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concentrations (up to 10.1 %, w /w) were 
found on the shelf between Quelimane and 
Beira. The small number of sampies, however, 
does not allow generalisations to be made 
regarding the occurrence and distribution of 
specific types of sediment. 

Some few investigations concerned the 
distribution of the macro- and meiobenthos 
on the shelf area studied. 
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HARTMUT PRANDKE und ADOLF STIPS 

Zur unterschiedlichen Ausprägung der Mikrostruktur 
von Temperatur und Salzgehalt 
in thermohalinen Sprungschichten 

Mit 4 Abbildungen und 2 Tabellen 

Zusammenfassung: Die unterschiedlich starke mole
kulare Diffusion von Temperatur und Salzgehalt 
bewirkt einen schnelleren Abbau mikromaßstäblicher 
Schithtungsstrukturen der Temperatur als der des 
Salzgehaltes. Dies kann zu einer im Mittel stärkeren 
Ausprägung der Mikrostruktur des Salzgehaltes gegen
über der der Temperatur in thermohalinen Sprung
schichten führen. Dieser Effekt wurde am Beispiel 
der sommerlichen Temperatu~/Salzgehaltssprung

schicht der westlichen Ostsee untersucht. Während 
bei der Ausprägung der Stufenstruktur der Sprung
schicht (vertikale Skale 0,2 ... 0,3 m) keine Unterschie
de zwischen Temperatur und Salzgehalt festgestellt 
wurden, tritt im Bereich aktiver Mikrostruktur (ver
tikale Skale kleiner 0,15 m) eine signifikant stärkere 
Ausprägung der Mikrostruktur des Salzgehaltes ge
genüber der der Temperatur auf. Ausgehend von der 
unterschiedlichen Wirkung der molekularen Diffusion 
auf die Mikrostruktur der Temperatur und des Salz
gehaltes wurde ein mittleres Alter der Stufenstruktur 
von ca. 2 Tagen und der Mikrostrukturpatche von 
ca. 10 Stunden abgeschätzt. 

Abstract: The different coefficient of molecular 
diffusion of temperature and salinity leads to a more 
rapidly weakening of microscale stratification ele
ments of temperature than of salinity. As a result of 
this process, astronger pronounced microstructure 
of salinity than of temperature can appear. This 
effect was investigated for the temperature/salinity 
pycnocline (summertime stratification) in the western 
Baltic. 

In contrast to the step-like stru9ture of the pycno
cline (vertical scale 0.2 ... 0.3 m), we found in the 
microstructure patches (internal vertical scales smaller 
0.15 m) a significant stronger pronounced microstruc
ture of salinity than of temperature. Based on the 
different effect of the molecular diffusion on the 
microstrucWre of temperature and salinity, we estimat
ed a mean age of the step-like structure of about 

2 days and a mean age of the microstructure patches 
of about 10 hours. 

Pe31OMe: Pa3J1 Ii'lHallIiHTeHcIiBHoCTb MOJleKYJlllpHOH 
.L\1i<jJ<jJY31i1i TeMnepaTypbl Ii COJleHOCTIi Bbl3bIBaeT 
60Jlee 6bICTpblH pacna.L\ MliKpoMacwTa6Hblx CTPYKTYP 
TeMnepaTypHbIX CJlOeB, '1eM CJlOeB COJleHOCTIi. 3TO 
MO)l(eT npliBecTIi B Cpe.L\HeM K 60Jlee IiHTeHcliBHoMY 
npollBJleHYf{) MIiKPOCTPYKTypbl COJleHOCTIi cpaBHIi-

. TeJJbHO C MIiKPOCTPYKTYPOH TeMnepaTypbI B Teptvio
XaJlIiHHbIX CJlOllX CKa'lKOB. TaKoH 3<jJ<jJeKT IiCCJle.L\O
BaJlClI Ha npliMepe JleTHero CJlOll CKa'lKa TeMnepa
TypbI/COJleHOCTIi B 3ana.L\HOH '1aCTIi naJlTIiHCKOro 
MOpll. ECJlIi npli 06pa30BaHliH CTyneH'IaTOH CTPYK
TypbI CJlOll CKa'lKa (BepTIiKaJlbHall WKaJla 0,2 .. . 0,3 M) 
pa3HliUa Me)l(.L\y TeMnepaTypoH Ii COJleHOCTbf{) He 
OTMe'laeTClI, TO B 30He aKTIiBHOH MIiKPOCTPYKTypbl 
(BepTIiKaJlbHall WKaJla MeHee 0,15 M) npOllBJllIeTCll 
3Ha'lIiTeJlbHO 60JlbWee 06pa30BaHiie MIiKPOCTPYK
TypbI COJleHOCTIi, '1eM TeMnepaTypbl. I1CXO.L\lI 1i3 
pa3J1Ii'lHOrO .L\eHCTBlill MOJleKYJlllpHOH .L\H<jJ<jJY3IiH Ha 
MIiKPOCTPYKTYPY TeMnepaTypbI H COJleHOCTH OueHO'l
HO onpe.L\eJleH Cpe.L\HHH B03paCT cTyneH'IaTOH CTPYK
Typbl OKOJlO 2 .L\HeH Ii nllTeH MIiKPOCTpYKTypbI OKOJlO 
10 '1aCOB. . 

1. Einleitung 

Mikromaßstäbliche Schichtungsstrukturen 
im Meer entstehen hauptsächlich durch Sche
rungsinstabilitäten, brechende interne Wellen 
und seegangsbedingte Vermischung. Diese 
Prozesse erzeugen vertikal und horizontal 
begrenzte Gebiete mit aktiver Turbulenz, 
die auch als Mikrostrukturpatche (aktive 
Mikrostruktur) bezeichnet werden. Nach Ab
sterben der aktiven Turbulenz entstehen Was
serschichten mit geringeren mittleren Gra
dienten als im Wasserkörper oberhalb und 
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unterhalb. Die horizontale Ausdehnung dieser 
Schichten (Layer) kann dabei wesentlich grö
ßer sein als die horizontale Ausdehnung der 
Mikrostrukturpatche. Dies ist durch intrusive 
Prozesse bedingt (KuDIN und ABRAMJAN 
1984). Die Layer sind nach oben und unten 
durch dünne Schichten mit stärkeren Tempe
ratur- bzw. Salzgehaltsänderungen (Sheets) 
begrenzt. In ihrer Gesamtheit erzeugen die 
Sheets und Layer einen stufenförmigen Auf
bau der Dichteschichtung (passive Mikro
struktur) , . der auch für die Sprungschichten 
der Ostsee typisch ist (PRANDKE und STIPS 
1984a). 

Eine an einem Ort zu einem bestimmten 
Zeitpunkt entstandene Mikrostruktur wird 
durch advektive und konvektive Vorgänge, 
interne Wellen und Stromscherungen in eier 
Folgezeit modifiziert, wobei die in der Mikro
struktur-Schichtung enthaltene potentielle 
Energie erniedrigt wird (Glättung des Mikro
strukturprofiles). Zusätzlich zu diesen dyna
mischen Vorgängen wirkt die molekulare 
Diffusion von Temperatur~ und Salzgehalt 
(WOODS und WILEY 1972). Dabei ist der 
molekulare Diffusionskoeffizient der Tem
peratur ca. 2 Größenordnungen größer als 
der des Salzgehaltes . Der große Unterschied 
zwischen thermischen und halinen Diffu
sionskoeffizienten läßt in thermohalinen 
Sprungschichten, wie sie im Sommer für die 
westliche Ost see typisch sind, einen unter
schiedlich starken Abbau thermischer und 
haliner Mikrostruktur erwarten. Als Folge 
davon muß auch eine unterschiedlich starke 
Ausprägung der Mikrostruktur der Tempera
tur und des Salzgehaltes auftreten. Der Ab
bau kleiriskaliger Schichtungs strukturen 
durch molekulare Diffusion bewirkt somit 
im Gegensatz zu der Wirkung der dynami
schen Prozesse eine Verringerung der Ko
härenz von Temperatur und Salzgehalt. Aus 
der Literatur sind bisher jedoch keine quan
titativen Angaben bzw. experimentelle Un
tersuchungen dieses Effektes bekannt. 

Neben der Glättung von Mikrostruktur
profilen führt die molekulare Diffusion von 
Temperatur und Salzgehalt unter bestimm
ten Schichtungsverhältnissen zu Doppeldif-

fusionsvorgängen ("Salzfinger"), die einen 
erheblichen Beitrag zum . Vertikaltransport 
von Masse und Energie im Meer leisten kön
nen (s. z. B. TURNER 1967). Dieser Effekt soll 
hier nicht betrachtet werden. 

Ziel der durchgeführten Untersuchung ist 
es, die durch unterschiedliche molekulare 
Djffusionsgeschwindigkeit bedingten U nter
schiede in der Ausprägung der Mikrostruktur. 
von Temperatur und Salzgehalt in thermo
halinen Sprungschichten qualitativ und quan
titativ zu erfassen. Insbesondere soll unter
sucht werden, unter welchen Bedingungen 
und in welchem Skalen bereich der Mikro
struktur signifikante Unterschiede in der 
Ausprägung von Temperatur- und Salzge
haltsmikrostruktur auftreten. 

Die experimentellen Untersuchungen wur
den am Beispiel der sommerlichen thermo
halinen Sprungschicht der westlichen Ostsee 
durchgeführt. Diese Sprungschicht zeichnet 
sich durch große Temperatur- und Salzge
haltsgradienten aus und weist eine ausge
prägte Mikrostruktur auf Die haline Sprung
schicht der offenen Ostsee wurde wegen der 
geringen Ausprägung der Mikrostruktur 
(PRANDKE und STIPS 1984b) nicht berück
sichtigt. 

2. Zur Wirkung 
der molekularen Diffusion 

Ausgehend von der Diffusionsgleichung für 
einen Parameter P 

ap 
--K \12p= 0 at p 

(I) 

(\1 - Nablaoperator, K p - molekularer 
Diffusionskoefflzient) erhält man bei Ab
hängigkeit nur von der Tiefe z und der Zeit t 
durch Fouriertransformation bezüglich z als 
Lösung der Differentialgleichung mit der 
Anfangsbedingung P(z, 0) = Po(z): 

P(k, I) = Po(k) . e - K~t (2) 

2n 
(k = - - Wellenzahl). AusderGleichung(2) 

. z 
ist erkennbar, daß ein gegebenes Anfangs-

spektrum bedingt durch die Wirkung der 
molekularen Diffusion zu hohen Wellen-. 
zahlen abfallt und eine zeitliche Dämpfung 
auftritt. Für einen Abfall des Spektrums auf 
die Hälfte seines ursprünglichen Wertes erhält 
man: 

In 2 
11/2 = K . k2 . (3) 

p 

Für die Wirkung der molekularen Diffusion 
auf einen idealen scharfen Sprung des Para
meters P am Ort Zo = 0 zur Zeit t = 0 erhält 
man aus Gleichung (1) im Orts- und Zeitbe
reich für t > 0 nach LANDAU und LIFSCHITZ 
(1966) die Lösung 

<Xl z2 
1 

f 2 dz P(z, t) =-- e 

V2n - z 

J2K pt 

= ~ + erfc (, ~) für z ~ 0 , (4) 
2 V 2Kp t 

welche gerade das Fehlerintegral ist. In der 
Abbildung I ist die Wirkung der molekularen 
Diffusion anschaulich dargestellt. Zur Cha
rakterisierung der Schärfe des Sprunges wird 
im allgemeinen die Halbwertsbreite h ver-

LlP 

1 2 1 
~_---=LI,,--P _ _ P 

I I 

I 
I 
I 

I I 
I I 

I 
I - :--: l 
: h 

t = 0 Id1 

_\J 
1 = 12 

1 

Abb. I 
Zur Wirkung der molekularen Diffusion auf einen 
idealen Sprung im Vertikalprofil des Parameters P. 
Die charakteristische Halbwertsbreite der Sprung
schicht ist mit h gekennzeichnet. 
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wendet. Aus Gleichung (4) erhält man für h 
die Beziehung 

(5) 

Der funktionale Zusammenhang zwischen 
t

1
/
2 

und h ist in Abb. 2 für die Temperatur, 
K

T 
= 2,9 . 10-4 cm2 js, und den Salzgehalt, 

Ks = 5,8 . 10- 6 cm2 js (molekulare Diffu
sionskoeffizienten nach STOMMEL und FE
DOROV 1967) dargestellt. Hieraus sind die 
großen Unterschiede in der Wirkung der 
molekularen Diffusion auf einen Sprung im 
Temperatur- und Salzgehaltsprofil erkenn- ' 
bar. Weiterhin ist sichtbar, daß die Wirkung 
der molekularen Diffusion besonders bei 
kleinen vertikalen Skalen von Bedeutung ist. 

3. Meß- und Auswertemethoden 

Für die hier dargelegten Untersuchungen 
standen ca. 150 Mikrostruktursondierungen 
der TjS-Sprungschicht der westlichen Ost
see mit der frei fallenden Mikrostruktursonde 
MSS zur Verfügung. Aufbau und Funktion 
sowie Meßfehler dieser Sonde, ebenso die 
angewendeten Verfahren der Datenvalida
tion (dynamische Korrektur) sind von PRAND
KE, KRÜGER und ROEDER (1985) ausführlich 
diskutiert worden. An dieser Stelle sei daher 
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Abb.2 
Darstellung des Zusammenhanges zwischen der Halb
wertsbreite h und dem Alter 11/2 eines Sprunges im 
Vertikalprofil der Temperatur (1) und des Salzgehal

tes (S) 
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nur auf einige wesentliche Parameter der 
Sonde hingewiesen. Mit der MSS werden 
Vertikalprofile der Temperatur und der elek
trischen Leitfähigkeit in ausgewählten Tiefen
bereichen (Sprungschicht) registriert. Die Son
de sinkt unbeeinflußt von den Rollbewegun
gen des Schiffes mit einer mittleren Sinkge
schwindigkeit von ca. 0,5 m/s. Die Ansprech
zeit beider Sensoren beträgt 40 ms. Bei An
wendung einer dynamischen Korrektur sind 
somit vertikale Meßwertauflösungen von ca. 
2 mm möglich. 

Die Untersuchung des Einflusses unter
schiedlicher molekularer Diffusionsgeschwin
digkeiten auf die Ausprä~ng der Tempera
tur- und Salzgehaltsmikrostruktur erfolgte auf 
der Grundlage folgender Analysen: 

Analyse der Gradientenspektren von Tem
peratur und Salzgehalt sowie der Ko
härenz zwischen den Gradientenprofilen 
von Temperatur und Salzgehalt 
Analyse der Ausprägung der Sheet-Layer
Struktur der Sprungschicht auf der Grund
lage der SL-Zahl 
Analyse der Häufigkeit des Auftretens 
und der Eigenschaften aktiver Schich
tungsbereiche (Mikrostrukturpatche). 

Mittlere Gradientenspektren der Tempera
tur und des Salzgehaltes wurden aus 10 aus
gewählten typischen Mikrostrukturprofilen 
der T/S-Sprungschicht berechnet. Ebenfalls 
aus diesen ausgewählten Profilen wurde die 
mittlere Kohärenz zwischen Temperatur- und 
Salzgehaltsgradienten in Abhängigkeit von 
der vertikalen Wellenzahl bestimmt. Bei der 
Berechnung der Spektren und der Kohärenz 
wurde die Wellenzahl k grundsätzlich in der 
Form k = l /A (), - Wellenlänge) benutzt. 

Die SL-Zahl ist ein direktes und weitgehend 
objektives Maß für die Stärke der Ausbildung 
der Stufenstruktur der Sprungschichten, das 
unabhängig vom mittleren Gradienten der 
Sprungschicht *jst und nicht durch willkür
lich festgelegte Parameter wie Mittelungs
weiten U. a. beeinflußt wird. Die SL-Zahl 
eines Ensembles von Sprungschichten ist 
definiert als das Verhältnis der mittleren 
Gradienten der Sheets zu den mittleren Gra
dienten der Layer. Die mittleren Gradienten 

der Sheets und der Layer wurden aus den Be
trägen der Gradienten der entsprechenden 
Tiefenbereiche berechnet. Für die Bestim
mung der SL-Zahl der Temperatur und des 
Salzgehaltes wurde ein Ensemble von 30 cha
rakteristischen Profilen ausgewertet. Insge
samt wurden ca. 200 Sheets und Layer sowohl 
für die Temperatur als auch für den Salzgehalt 
bestimmt. 

Die Identifikation aktiver Schichtungsbe
reiche erfolgte durch die Auszählung der 
Nulldurchgänge (NDG) der Gradienten von 
Temperatur und Salzgehalt in jeweils 20 cm 
dicken Tiefenintervallen der registrierten Pro
file . Einzelne isolierte Tiefenintervalle mit 
NDG wurden als akt.jv~r Bereich betrachtet, 
wenn mindestens 2 NDG !tuftraten. Tiefen
intervalle mit einem NDG wurden nur dann 
als aktiv betrachtet, wenn sie Teile ausgedehn
ter aktiver Schichtungsbereiche sind . Die 
Dicke eines aktiven Schichtungsbereiches ist 
die Summe der zusammenhängenden aktiven 
Tiefenintervalle. Als Maß für das Auftreten 
von aktiven Schichtungsbereichen wurde der 
mittlere aktive Teil der Sprungschicht be
stimmt. Diese Größe ist der proportionale 
Anteil der Summe aller aktiven Tiefenbereiche 
an der Summe der Sprungschichtdicken des 
untersuchten Ensembles von Sprungschichten. 
Aus der mittleren Anzahl der NDG pro Meter 
in den aktiven Schichtungs bereichen wurde 
durch Kehfwertbildung die mittlere Separa
tionslänge als charakteristisches Maß für die 
vertikale Ausdehnung der Strukturelemente 
innerhalb der aktiven Bereiche bestimmt. 

Für die Analyse der aktiven Schichtungs
bereiche wurden alle zur Verfügung stehenden 
Mikrostruktursondierungen der TI S-Sprung
schicht der westlichen Ostsee herangezogen. 

4. Meßergebnisse und Diskussion 

4.1. Kohärenz zwischen Temperatur und 
Salzgehalt 

In den Sprungschichten des offenen Ozeans 
tritt i. allg. zwischen der Temperatur und dem 
Salzgehalt nur im Bereich sehr kleiner We!len-

zahlen (k = 0,02- 0,05 rn - I) ein kohärenter 
Verlauf auf, während bei größeren Wellen
zahlen keine Kohärenz ~orhanden ist (RODEN 

1971). In der T/S-Sprungschicht der west
lichen Ostsee konnten wir jedoch auch im Be
reich sehr großer Wellenzahlen noch eine 
Kohärenz zwischen den Temperatur- und 
Salzgehaltsgradienten nachweisen. Aus Abb. 3 
ist erkennbar, daß bei k = 1 rn-I und 
k = 12 rn-I deutliche Maxima im Kohärenz
spektrum auftreten, die die 90 %-Signifikanz
schwelle überschreiten. Das Maximum bei 
k = 1 rn-I korrespondiert zu vertikalen 
Schichtungsstrukturen von ca. 50 cm Dicke. 
Dies ist gerade die mittlere vertikale Ausdeh
nung einer Stufe (Sheet + Layer) der Sheet
Layer-Struktur der untersuchten Sprung
schicht. Das Maximum bei k = 12 rn - I 
korrespondiert zu Schichtungsstrukturen von 
ca . 4 cm Dicke. Strukturen mit diesen verti
kalen Abmessungen sind für aktive Schich
tungsbereiche charakteristisch. 

Im Feinstrukturbereich (k < 1 rn - I) wurde 
keine Kohärenz von Temperatur- und Salz
gehaltsschichtung festgestellt. Dies ist damit 
zu erklären, daß die Schichtungsstrukturen 
im Feinstrukturbereich hauptsächlich durch 
advektive Vorgänge (salzarmes Ostseewasser 
über salzreichem Wasser aus dem Kattegat) 
entstehen . Die T-S-Eigenschaften dieser Was
serkörper sind nicht durch lokale Prozesse in 

0.5 

Abb.3 
Mittleres Kohärenzspektrum von Temperatur- und 
Salzgehaltsgradienten der TI S-Sprungschicht der west
lichen Ostsee. Die 9O%-Signifikanzschwelle ist ge

strichelt eingezeichnet. 
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der westlichen Ostsee, sondern in entfern
teren Seegebieten, unabhängig voneinander, 
entstanden. 

Die Kohärenz zwischen Temperatur und 
Salzgehalt im Skalenbereich der Sheet-Layer
Struktur und der Strukturen innerhalb der 
aktiven Bereiche zeigt, daß die Mikrostuktur 
von Temperatur und Salzgehalt durch Pro
zesse erzeugt wird, die auf beide Parameter 
gleichermaßen wirken. Diese Prozesse domi
nieren gegenüber der molekularen Diffusion, 
die auf Temperatur und Salzgehalt in unter
schiedlichem Maße wirkt und somit eine 
Verringerung der Kohärenz erzeugt. 

4.2. Spektren 

Aus den Gradientenspektren der Temperatur 
und des Salzgehaltes (Abb. 4) ist zu erkennen, 
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Abb.4 
Mittlere Gradientenspektren der Temperatur (durch-
gehende Linie) und des Salzgehaltes (gestrichelte 
Linie) der T/S-Sprungschicht der westlichen Ostsee. 
Dicke Linie: mittleres geglättetes Rauschspektrum ; 
gepunktete Linie: Übertragungsfunktion des Meßsy

sterns 
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daß in der TjS-Sprungschicht der westlichen 
Ostsee .eine stärkere Ausprägung der Salzge
haltsmikrostruktur gegenüber der der Tem
peratur auftritt. Während im Bereich kleiner 
Wellenzahlen (k < 3 rn-I) die Gradienten
s~ektren von Temperatur und Salzgehalt 
emen parallelen Verlauf aufweisen tritt im 
v!skos-.ko~vektiven Bereich (k >' 3 rn - I) 
el~e slgmfikant stärkere Ausprägung der 
MIkrostruktur des Salzgehaltes in Erschei
nung. Im Vergleich zur Temperatur liegt der 
cutoff (steiler Abfall des Spektrums) beim 
Salzgehalts-Gradientenspektrum bei größe
r~n Wellenzahlen. Die cutoff-Wellenzahl (Be
gmn des steilen Abfalles des Spektrums) des 
Temperatur-Gradientenspektrums liegt bei ca. 
20 rn - I, beim Salzgehalt liegt sie bei ca. 
50 rn - I. 

Ebenso wie die unterschiedliche Ausprä
gung des viskos-konvektiven Bereiches sind 
die unterschiedlichen cutoff-Wellenzahlen im 
Gradientenspektrum mit der geringeren mole
kularen Diffusionsgeschwindigkeit des Salz
gehaltes zu erklären. Dadurch bleiben kleine 
haline Schichtungsstrukturen im Zentimeter
bereich länger erhalten als entsprechende 
Strukturen im Temperaturprofil , die durch die , 
molekulare Diffusion wesentlich schneller ab
gebaut werden. 

~.3. Sheet-Layer-Struktur 

Bei der Ausprägung der Sheet-Layer-Struk
tur der Temperatur- und Salzgehaltsprofile 
konnte kein signifikanter Einfluß der unter
schiedlichen molekularen Diffusionsge
schwindigkeit von Temperatur und Salzgehalt 
festgestellt werden. Aus Tab. I ist zu erkennen 
daß sowohl die mittleren Dicken der Sheet~ 
und Layer als auch die SL-Zahlen der Tem
peratur- und Salzgehaltsprofile keinen signi
fikanten Unterschied aufweisen. Dieses Er
gebnis stimmt mit der aus der Analyse der 
?radi.entenspektren gewonnen~ Aussage 
uberem, daß bei Schichtungsstrukturen größer 
0,17 m (k < 3 rn - I) kein Unterschied in der 
Ausprägung der Mikrostruktur von Tempera
tur und Salz gehalt auftritt. 

Ta belle 1 
~usammenstellung mittlerer Größen zur Charakteri
slerung der Sheet-Layer-Struktur von Temperatur und 
Salzgehalt m der TI S-Sprungschicht der westlichen 
Ostsee . .1.L - mittlere Dicke der Layer .1.S m'ttl . ' - . 1 ere 
DIcke der Sheets. Die Zahlenangaben in den Kla _ 
me . d d ' 95 0 / m rn sm le /o-Konfidenzintervalle (einseitig). 

Parameter .1.L .1.S SL-Zahl 
m m 

Temperatur 0,29 0,18 4,84 
(0,012) (0 ,007) (0,34) 

Salzgehalt 0,31 0,18 5,17 
(0,018) (0,01) (0,41) 

4.4. Aktive Schichtungsbereiche 

Im Gegensatz zur passiven Mikrostruktur 
(Sheet-Layer-Struktur) wurden bei der Häu
figkeit und den Eigenschaften aktiver Schich
tungsbereiche signifikante Unterschiede zwi
schen Temperatur und Salzgehalt festgestellt. 
Aus Tab. 2 ist ersichtlich, daß die Häufigkeit 
(mittlerer aktiver Teil der Sprungschicht) 
aktiver Salzgehaltsschichtung in der TjS
Sprungschicht der westlichen Ostsee ca. I Grö- . 
ßenordnung über der der Temperatur liegt. 
Die mittlere vertikale Abmessung der aktiven 
Schichtungs bereiche des Salzgehaltes ist ca. 
doppelt so groß wie bei der Temperatur. Der 

Tabelle 2 
Zusammenstellung mittlerer Größen zur Charakteri
sierung aktiver Schichtungs bereiche der Temperatur 
und des Salzgehaltes in der TjS-Sprungschicht der 
westlichen Ostsee. AT - mittlerer aktiver Teil der 
Sprungschicht, l:.r,. - mittlere Dicke der aktiven Schich
tungsbereiche, L s = mittlere Separationslänge. Die 
Zahlenangaben in den Klammern sind die 95 %-Kon
fidenzintervalle (einseitig). 

Parameter AT L p Ls 
% m m 

Temperatur 3,7 0,42 7,7 
(0,043) (0 ,48) 

Salzgehalt 30,5 0,73 6,7 
(0,047) (0,22) 

Vergleich dieser beiden Parameter (Häufig
keit und Patchdicke) zeigt, daß der größere 
mittlere aktive Teil der Sprungschicht beim 
Salzgehalt im wesentlichen durch eine größere 
Anzahl von Mikrostrukturpatchen, und nicht 
durch eine größere vertikale Ausdehnung 
dieser Schichtungsbereiche bedingt ist. Die 
größere Häufigkeit von Mikrostrukturpatchen 
im Salzgehalt gegenüber der Temperatur ist 
damit zu erklären, daß durch die wesentlich 
größere molekulare Diffusionsgeschwindig
keit der Temperatur die lokalen Gradienten 
dieses Parameters in den aktiven Schichtungs
bereichen verhältnismäßig schnell abgebaut 
werden und somit im Gegensatz zum Salzge
halt nicht mehr den notwendigen Wert auf
weisen , um bei der Auszählung der Null
durchgänge in Erscheinung zu treten. 

Auch die charakteristischen vertikalen Ska
len innerhalb der aktiven Bereiche zeigen einen 
signifikanten Einfluß der unterschiedlichen 
molekularen Diffusionsgeschwindigkeit von 
Temperatur und Salzgehalt. Während die 
mittlere Separationslänge beim Salzgehalt 
6,7 cm beträgt , wurden für die Temperatur 
7,7 cm bestimmt. . ~ 

4.5. Abschätzung von Zeitskalen 

Aus dem unterschiedlich starken Abbau klein
skaliger Schichtungsstrukturen des Salzge
haltes und der Temperatur durch molekulare 
Diffusion läßt sich das mittlere Alter dieser 
Strukturen abschätzen . Derartige Abschät
zungen wurden für die Sheet-Layer-Struktur 
und die aktiven Schichtungsbereiche durchge
führt. Dabei wurde von folgenden Voraus
setzungen. ausgegangen: 
I . Temperatur- und Salzgehalts-Mikrostruk
/ tur sind durch dynamische Vorgänge gleich-

zeitig und mit gleichen vertikalen Skalen 
entstanden. Molekulare Diffusionsvor
gänge spielen bei der Entstehung aktiver 
Schichtungsbereiche (Zeitskaie nach 
WOODS und WILEY (1972) einige Minuten) 
keine Rolle. 

2. Bedingt durch die geringe m<;>lekulare 
Diffusion, werden die kleinskaligen Schich
tungsstrukturen des Salzgehaltes als kon
stant betrachtet. 
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3. Die in der Einleitung gena~nten dynami
s~hen Vorgänge, die zur Modifrzierung 
emmal entstandener Mikrostruktur führen 
beeinträchtigen nicht die Wirkung de; 
molekularen Diffusion und erzeugen keine 
neue aktive Vermischung. 

Sheet-Layer-Struktur 

Die mittlere Dicke der Sheets sowohl der 
Temperatur als auch des Salzgehaltes beträgt 
ca . 18 (± I) cm (s . Tab. 1). Wenn durch mole
kulare Diffusion der Temperatur ein signifi
kanter Unterschied in der Dicke der Sheets 
und damit in der Ausprägung der Sheet
Layer-Struktur der Temperatur und des Salz
gehaltes auftreten soll, müßte sich die Dicke 
der Temperatur-Sheets um ca. 2,5 cm ver
größern. Bei der Anfangsdicke eines Tem
peratursprunges von 18 cm ist dafür eine 
Zeitdauer für das Wirken der molekularen 
Diffusion von ca. 4 Tagen notwe~dig. Da 
zwischen der thermischen und der halinen 
Sheet-Layer-Struktur keine signifikanten Un
terschiede festgestellt wurden, muß das mitt
lere Alter dieser Strukturen deutlich kleiner 
als 4 Tage sein. 

Aktive Schichtungsbereiche 

Bei der mittleren Separationslänge wurde 
zwischen der Temperatur und dem Salzgehalt 
ein signifikanter Unterschied festgestellt , der 
auf unterschiedliche molekulare Diffusions
geschwindigkeit zurückzuführen ist. Während 
die mittlere Separationslänge beim Salzgehalt 
6,7 (±0,22) cm beträgt, wurde für die Tem
peratur ein Wert von 7,7 (±0,48) cm er
mittelt. (s. Tab. 2). Für die ' Vergrößerung 
einer Struktur im Temperaturprofil von 6,7 cm 
Dicke auf 7,7 cm durch molekulare Diffusion 
ist eine Zeitdauer von ca. 15 Stunden notwen
dig . Dies ist somit auch das mittlere Alter 
der in der TjS-Sprungschicht der westlichen 
Ostsee registrierten Mikrostrukturpatche. 

Diese Abschätzungen sind konsistent mit 
der Abschätzung von Zeit skalen aus dem 
unterschiedlichen Verlauf der Temperatur
und Salzgehaltsgradientenspektren. Bei der 
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für aktive Schichtungs bereiche charakteri
stischen Wellenzahl k = 10 rn-I ist das Gra
dientenspektrum . der Temperatur gegenüber 
dem des Salzgehaltes etwa um eine Größen
ordnung abgefallen. Modifiziert man Glei
chung (3) entsprechend einem Abfall auf 
10 % und setzt den Wert k = 10 rn-I ein, 
so ergibt sich für die aktiven Schichtungs
bereiche ein charakteristisches Alter von ca. 
6 Stunden. 

5. Schlußfolgerungen 

Aus den durchgeführten Untersuchungen zum 
Einfluß der molekularen Diffusion von Tem
peratur und Salzgehalt auf die Ausprägung 
der Mikrostruktur in der TjS-Sprungschicht 
der westlichen Ostsee lassen sich folgende 
Schlußfolgerungen ziehen: 
I. Im vertikalen Skalenbereich der Sheet

Layer-Struktur und der aktiven Schich
tungsbereiche tritt eine signifikante Ko
härenz zwischen Temperatur- und Salz
gehaltsgradienten auf. Dies zeigt, daß die 
Temperatur- und Salzgehaltsmikrostruk
tur durch gleiche dynamische Prozesse 
erzeugt wird, die gegenüber der moleku
laren Diffusion dominieren. 

2. Ein meßbarer Einfluß der unterschied
lich starken molekularen Diffusion von 
Temperatur und Salzgehalt auf die Aus
prägung der Mikrostruktur konnte nur bei 
vertikalen Skalen kleiner 17 cm (Skalen
bereich aktiver Mikrostruktur) festgestellt 
werden. Hier tritt eine signifikant stärkere 
Ausprägung der Mikrostruktur des Salz
gehaltes gegenüber der der Temperatur 
auf. Dies muß bei der Bestimmung der 
Mikrostruktur der Dichte, insbesondere 
bei der Abschätzung des durch lokale 
Turbulenz bedingten Vertikaltransportes 
durch thermohaline Sprungschichten be
rücksichtigt werden. 

3. Aus der durch molekulare Diffusion be
dingten unterschiedlich starken Ausprä
gung von Temperatur- und Salzgehalts
mikrostruktur lassen sich charakteristi
sche Zeitskalen für das mittlere Alter von 
mikromaßstäblichen Schichtungsstruk-

turen abschätzen. Die Sheet-Layer-Struk
tur der Tj S-Sprungschicht der westlichen 
Ostsee hat ein mittleres Alter von ca. 
2 Tagen, das mittlere Alter der Mikro
strukturpatche beträgt ca. 10 Stunden. 
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HERBERT SIEGEL 

On the relationship between the spectral reflectance and 
inherent optical properties of oceanic water 

With 10 figures 

Abstract: Some model calculations of the relation

ship between the spectral reflectance of seawater and 
the inherent optical properties were carried out. 
With a simple relation it is possible to study the in
fluence of optical properties of different suspended 
and dissolved materials on the spectral reflectance. 

For oceanic "ca se I" water the calculated reflectances 
were compared with measurements in the Eastern 
Central Atlantic Ocean. They are in a good agree
ment. A method for the determination of (the composi
tion and) the concentration of chlorophyll-a and yellow 
substance from reflectance measurements without any 

other insitu measurements is suggested. 

Zusammenfassung: Einige Modellrechnungen zum 

Zusammenhang zwischen dem spektralen Remissions
koeffizienten des Meerwassers und den inneren opti

schen Eigenschaften werden durchgeführt. Mit einer 
einfachen Beziehung ist es möglich, den Einfluß der 
optischen Eigenschaften verschiedener suspendierter 
und gelöster Materialien auf die spektrale Reflektanz 
zu studieren. Für Fall I Wasser zeigten die berechneten 
Reflektanzen gute Übereinstimmung mit Messungen 

aus dem östlichen Zentralatlantik. Es wird eine Me
thode vorgeschlagen, die es gestattet, die Konzentra

tion des Chlorophyll-a und der Gelbstoffe aus Re
flektanzmessungen ohne weitere in-situ Messungen 

zu bestimmen. 

Pe310Me: OblJIH npOBe.l1eHbl HeKoTopble MO.l1eJIbHble 

paCqeTbl 0 CB1I3H MelK.l1Y K03<p<PHuHeHToM .l1H<p<pY3Horo 
oTpalKeHHIl MOPCKOH BO.l1bl H co6cTBeHHblMH onTH
qeCKHMH xapaKTepHcTHKaMH. C nOMOUJbW npocToro 
OTHoweHHlI MOlKHO H3yqHTb BJIHlIHHe OnTHqeCKHX 
xapaKTepHcTHK pa3JIHqHbIX B3BeweHHblX H paCTBopeH
HblX BeUJecTB Ha K03<P<PHUHeHT oTpalKeHHlI . BbIQHCJIeH
~ble K03!jl!jlHUHeHTbI .l1JIlI "cJIYQall-1 BO.l1bl" xopowo 
cOBna.l1aWT C H3MepeHHlIMH B BOCTOQHOM U.eHTpaJIb
HOM ATJIaHTHQeCKOM OKeaHe. TIpe.l1JIaraeTCll MeTO.l1, 
c nOMOUJbW KOToporo MOlKHO onpe.l1eJIHTb KOHueH-

TpaUHW xJIopo<lmJIJIa H lKeJITOrO BeUJeCTBa H3 KO-
3<p<PHUHeHTa oTpalKeHHlI 6e3 in situ-H3MepeHHH. 

1. Introduction 

The spectral reflectance of seawater is produc
ed and modified by the scattering and absorb
ing properties of pure seawater and of the 
material dissolved and suspended in it. The 
composition of these materials and their 
concentration can vary in dependence on the 
biological production in the water and on 
coastal influence, and in that connection also 
the spectral reflectance is a variable parameter. 

To understand the effect of each component 
on the spectral reflectance it is necessary to 
carry out model calculations on this rela
tionship as for instance by MOREL and PRlEUR 
(1977), OKAMI et al. (1982), LOKK and PUR GA 
(1982), BUKATA et al. (1983). 

The first step are calculations for .ocean 
case I water, where the optical propertles are 
determined by the pure sea water and the 
phytoplankton and its derivative products. 

2. Calculations of spectral reflectances 

One of the most important parameters for 
the determination of optical properties of 
seawater hom remote measurements is the 
spectral reflectance. 

In general the spectral reflectance represents 
the ratio of the upward irradiance Eu and the 
downward irradiance E

d 
just below the sea 

surface. If the radiance distribution just below 
the surface is given at a wavelength A as 
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L(e, tP, 0) the spectral reflectance can be 
written in the fOllowing form 

R (0) = Eu(O) 
W EiO) 

2_ _ 

f f L(e, tP, 0) cos e sin e de dtP 
= ° _12 2 __ /2 

f f L(e, tP, 0) cos e sin e de dtP 

° ° (I) 

where e is the zenith distance and tP the 
azimuth. 

Different models for the solving of the 
radiative transfer equation are used for the 
discussion the relation between the spectral 
reflectance and the inherent optical properties 
of seawater especially the backscattering co
efficient bb and the absorption coefficient a. 
The first way which was gone by different 
authors is the use of the two stream model 
as an approximating solution of the radiative 
transfer equation. 

PREISENDORFER (1976) got the following 
expression 

(2) 

In this equation bbiz) and bbu(Z) are the 
backscattering coefficients for diffuse down
and upward radiation fluxes , a and K the 
absorption and attenuation co~fficient; for 
upward irradiance. 

Equation (2) is an exact solution of the 
two stream model, but bbd and bbu are diffi
cult to determine. 

JOSEPH (1950) already used the two stream 
model and got the following expression after 
some approximations . 

( 
2bb)1 12 

1+ - -I 
Rw(z) = a ~ bb ~ ~ . 

(
2bb)1 12 2a + bb 2a 

1+- +1 
a (3) 

Many authors obtained nearly the same 
expression. GoRDON et al. (1975) performed 
the complete solution of the radiative trans
fer equation using the Monte Carlo technique 

for different inherent optical properties and 
radiation conditions. By regression analyses 
of the results they got the following polynom 
for Rw 

3 

Rw = L rox" , 
° 

bb 
X=---

a + bb 
(4) 

The term of I. order provides the dominant 
contribution. The factor 'I was found to be 
between 0.32 for solar illumination from 
near the zenith and 0.37 for total diffuse 
illumination . 

KIRK (1981) applied also the Monte Carlo 
technique and got a linear relationship be
tween Rw and bb/a. For sun hights between 
90 ° and 45° the coefficient varied between 
0.328 and 0.391. 

MOREL and PRIEUR (1977) obtained the 
relation 

b 
Rw = 0.33 ~ (I + LI) 

a (5) 

for the ratio bb/a < 0.3 by using the successive 
order of scattering method. 

The second order term LI depends on the 
volume scattering function and the radiance 
distribution . For different cases they got a 
typical value LI < ± 5 %. For practical pur
poses this value may be neglected. 

This simple equation is in a good agree
ment with the relation from KIRK (1981) and 
GoRDON et al. (1975). Its practical usefull
ness was shown for some cases. 

For remote sensing studies it seems to be 
not necessary to use a more complicated 
relationship until a better knowledge of the 
absorbing and scattering properties of the 
dissolved and suspended material in seawater 
will be achieved (GoRDON and MOREL 1983). 

In the following the equation (5) is used for 
the study of the influence of the inherent 
optical properties of different materials in 
ocean water on the spectral reflectance. The 
backscattering coefficient bb can be calculat
ed from measurements of the volume scatter
ing function ß(y) 

- (6) bb = 21t f ß(y) sin y dy . 
_12 

The total absorption and backscattering co
efficients consist ofthe following components: 

(7) 
bb = bbw + bbP . 

The indices denote pure seawater w, phyto
plankton ph, dissolved organic substances 
(yellow substance) y, particles p and other 
constituents x. 

In this paper the calculations of the rela
tionship between the spectral reflectance and 
the inherent optical properties will be carried 
out for ca se I water (see MOREL and PRIEUR 
1977). In case 1 water the inherent optical 
properties are determined by the pure sea 
water and the phytoplankton and its derivative 
products. Therefore the main components 
which influence the spectral reflectance are 
bbw and aw as weil as aph' ay and bbp' 

The actual absorption coefficient can be 
obtained from the concentration of the con
stituent and the specific absorption coefficient 
per volume unit. The spectral dependence of 
the absorption coefficient of pure seawater 
aw as weil as of the specific absorption coef
ficients of chlorophyll-a (10 mg . m - 3

) and 
yellow substances (1 mg . dm- 3 ) are shown in 
Fig. I . The specific absorption for natural 
phytoplankton was taken from LoREN ZEN 

olm-1 
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Spectral absorption coefficients for pure seawater, 
chlorophyll a (10 mg . m - 3

) and yellow substances 
(I mg . dm - 3

) 

Spectral reflectance 

(1972) and for yellow substanees from H0-
JERSLEV (1980) with the following spectral 
dependence 

C
y 

= 4.72a/A.) eO.Ol40(). - 450) • (8) 

For the spectral backscattering properties the 
equation from MOREL and PRIEUR (1977) 
was used in the following form. 

(9) 

The wavelength dependence of the molecular 
backscattering can be expressed by apower 
law. Usually the exponent nw = -4.3 is used. 
From theoretical investigations for polydis
perse particles with a Junge distribution and 
an exponent - m it can be assumed to be 
np = 3 - m with m = 4 for the most actual 
cases. The wavelength ,1.0 = 633 was chosen 

10-2 
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10-3 

400 500 

Fig. :2 
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700 
:!./nm 

Dependence of calculated reflectances on different 
backscattering coefficients (Cy = 0, Ca. = 0) 
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for the spectral calculation of the back
scattering coefficient. At this wavelength 
ß(y) was measured. 

To study the influence of each parameter 
the spectral reflectances were calculated ac
cording to equation (5) for different combina
tions of chlorophyll-a concentrations Ceh 
and ofyellow substances C and with different 

y 

backscattering coefficients. Fig. 2 shows the 
increase of the spectral reflectance in the 
spectral range between 380 nm and 700 nm 
with increasing backscattering coefficients 
for Cy = 0 and Ceh = O. An increase of the 
concentrations Cch and C

y 
and by this of the 

absorption leads to a decrease of the spectral 
reflectance in the shorter wavelength range 
(Fig. 3 and Fig. 4). The influence of the 
Cy variation is more significant than the 
influence of the Ceh variation. Fig. 5 describes 
the influence of I mg . m - 3 Ceh in the presence 
of different Cy concentrations as possible in 
a case 1 water. The higher the C concentra-

y 
tion the lower is the influence of I mg . m- 3 

chlorophyll-a. 
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Dependence of calculated reflectances on different 
concentrations of yellow substances (bb = 0.002 rn - I, 
Cd> = 0 and 1.0 mg . m - 3) 

Fig.3 

Dependence of calculated reflectances on different 
chlorophyll a-concentrations (C

y 
= 0.3 mg . dm-3, 

bb = 0.001 m - I) 

In oceanic case I water an increase of the 
concentration of chlorophyll-a is correlated 
with increasing phytoplankton concentra
tion, consequently the conce~tration of t.h.e 

suspended matter and by this the scattering 
properties must be higher. From measure
ments in case 1 water we obtained an empirical 
relationship between the chlorophyll-a con
centration and the backscattering coefficient. 
The dependence of the spectral reflectance 
from C is shown in Fig. 6, where bb was 

eh h' taken into account corresponding to t IS 

empirical correlation and C
y 

= O. But in 
case 1 water C varies also. If the dissolved 
organic substa~ces are derivative products 
of the phytoplankton then there must be a 
connection between C hand C . The varia-e y 

tion of Cy in dependence of Ceh was approxi-
mately determined by measurements and 
fixed in Fig. 7. The spectral behaviour of the 
reflectance in dependence of the three para
meters can be studied for their typical range 
for ca se 1 water on the basis of Fig. 6 and 
Fig. 7. In the short wavelength range the 
reflectances are governed by the absorption 
properties of chlorophyll-a and yellow sub
stances. Low concentrations of Ceh and Cy 

lead to high reflectances. In the range be
tween 520 nm and 560 nm there is an inter-
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Spectral reflectance 
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77 

Calculated reflectances for increasing bb' Cd> and Cy 

as in case I water 

section of the reflectance curves. This means 
that the height ofthe reflectance is determined 
by backscattering at longer wavelenghts. 
The spectral reflectances presented in Fig. 7 
are similar to the measured curves from the 
Eastern Central Atlantic Ocean (see SIEGEL, 

BROSIN 1986). 

3. Comparison between calculated 
and measured reflectances 

In the following we want to compare . the 
calculated reflectances Rw with measured 
reflectances 91. The reflectances 91 were 

. determined from measurements of the up
ward radiance Lu just below the sea surface 
and down ward irradiance EG above the surface 
according to the relation 91 = 1t . Lu! EG · 

For an ocean without any influence of the 
bottom it can be assumed that 91 ~ Rw' 

From the calculations of the spectral re
flectances R it is possible to approximate the w . 
relationship between the backscattenng co-
efficient bb and the reflectance Rw at three 
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Fig.8 
bb (633 nm) determined from calculated reflectances 

wavelengths (600, 650, 700 nm) as shown in 
Fig. 8. The reason of this relation is the 
dominating influence of backscattering on 
Rw in that spectral range. Using Fig. 8 the 
backscattering coefficient was determined 
from four examples of measured reflectances 
displayed in Fig. 9. From those bb and measUf
ed Cch and Cy the spectral reflectances were 
calculated. Fig. lOa-d show a good agree
ment between measured and ca1culated re
flectances. 
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Fig. 9 
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Measured reflectances for different stations in the 
Eastern Central Atlantic Ocean. 

These results give the possibility to develop 
a method for the determination of composi
tion and concentration of C cb and Cy in oceanic 
case I water. Using the typical range of the 
values of CCh and Cy as well as bb for case I 
water we ca1culated the spectral reflectances 
Rw and collect them in a catalogue. bb was 
chosen as the primary parameter in the 
catalogue. For each bb -value and the typical 
Cch- and Cy-values the reflectance curves 
were collected. Using Fig. 8 it is possible to 
determine bb from measured reflectances. 
According to the bb -value we compare the 
measured spectral curve with the ca1culated 
one. A good agreement gives us the concentra
tion of C

cb 
and Cy from the parameters of the 

calculated reflectance. This method allows 
us toapproximate the composition of Ccb and 
C in oceanic case I water from reflectance 

y 

measurements using the total visible spectrum 
and not only a few wavelength as mentioned 
in chlorophyll algorithms for remote sensing 
studies. 

4. Concluding remarks 

The simple relation between the spectral 
reflectance and inherent optical properties of 
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91 0.0015 1.5 0.5 
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Comparison of measured (-----) and calculated (----) reflectances 

ocean water as suggested by MOREL and 
PRIEUR (1977) allows to study this relationship 
for case I water, where the optical properties 
are determined by the pure seawater and the 
phytoplankton and its derivative products. 

Good correlations were found between 
measured and calculated reflectances. 

It is possible to approximate the combina
ti on and concentration of chlorophyll-a and 
yellow substances from reflectance measure
ments from systematical investigations of 
this relationship and with a catalogue of 
calculated Rw curves for different bb as weH 
as Ccb and Cy' 
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HERBERT FRANCK, WOLFGANG MATTHÄUS, RUDOLF SAMMLER 

Major Baltic inflows during this century 

With 2 figures and I table 

The major inflows of saline water into the 
Baltic Sea have been investigated for the first 
time for the period from 1897 to 1976 using 
the daily salinity measurements at the light 
vessel " Gedser Rev" . This analysis of the 
major Baltic inflows was carried out by means 
of a method suggested by WOLF (1972) and 
modified by the authors. 

The general conditions for inflow events 
in the Darss Sill area (I/v " Gedser Rev") 
were 'defined by WOLF as folIows : 
I. The stratification coefficient G = I - SO/Sb . 

(So = surface salinity) must be ~O. 2 for 
at least 5 consecutive days, and 

2. the bottom salinity Sb must be ~ 17 . 10- 3 . 

Further conditions have been specified as 
criteria to decide whether or not single days 
be fore after or between detected inflow 
events ' may be added to the inflow period. 
The major Baltic inflows have been categoriz-
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Table I 

The most intensive Baltic inllows between 1897 and 1976 

No. Period 

25 . XI. - 19. XII. 51 
2 18. XI. - 16. XII. 13 
3 22. XII. 75- 14. I. 76 
4 29. X. - 25. XI. 69 
5 16. XII. 21 - 6. I. 22 
6 17.1. - 31. I. 21 
7 13. XI. - 29. XI. 73 
8 26. XL - 13. XII. 06 
9 10. XI. - 20. XI. 30 

10 28. IX. - 15. X. 50 

ed by means of an intensity index, Q, calculat
ed from the length and mean salinity of the 
inflow period. This index, which characterizes 
the intensity of the inflows at the Darss Sill, 
does not always correspond to the magnitude 
of the effects such inflows have on the Baltic 
deep basins. 

A total of 90 major inflows of saline water 
have been identified for 1897- 1976 period. 
In Fig. I the distribution of the major inflows 
in time are given and characterized by the 
corresponding intensity indexes. This long
term study shows that major inflows occur 
in groups which are sometimes separated by 
lang periods without inflow events. The 
seasonal frequency distribution in Fig. 2 
shows that the frequency of such inflow 
events is greatest between November and 
February (17-32%; referred to the number 
of the corresponding observation months). 
The probability of such events in August/ 
September and in March/April is only small 
(2-9 %). Major inflows of saline water have 
never occurred between May and July. 

Q k Sp . 103 T p Gp 
days oe 

79.1 25 22.5 7.5 0.06 
76.6 29 21.0 7.7 0.04 
60.0 24 20.1 4.1 0.03 
54.8 28 18.2 9.4 0.04 
49.4 22 19.2 4.0 0.04 
46.6 15 20.7 3.4 0.10 
41.4 17 19.4 6.6 0.04 
38 .0 18 18 .7 6.8 0.05 
37.3 11 20.5 8.4 0.03 
35.9 18 18.4 13.3 0.04 

In TableI the ten most intensive BaItic 
inflows cIassified according to Q are listed 
together with the duration of inflow k, 
the mean vertical salinity Sp, the mean 
vertical temperature Tp , and the mean strati
fication coefficient Gp of the inflow period. 
These inflow events occurred between 28 Sep
tember and 31 January. 
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the end of the manuscript. 

Figures, tab/es. /egends: Figures must be sub
mitted in printable form drawn on tracl~g paper 
with black Indian ink or as photographlc coples 
(black and white) . Figures and tables .should be 

d · to their sequence In the text numbered accor Ing . 
and identified on the reverse side by the~r ap~ro- . 

. b d the author's name. Thelr deslred 
pnate num er an d · th I ft 

.. . h t xt should be note In e e posItion In tee . 
margin. All tables and descriptive captlons to 
figures and tables to be typed on aseparate sheet. 



UHCTPYK"HH ,llJIH aBTOpoB: 

MallJHHOnHCHble CTaTbH CJle.llyeT BblCblJlaTb B 
TpeX 3K3eMIlJlllpaX Ha 6eJloii 6YMare !j>opMaTa 
A4 (297 x 210 MM) C nOJlllMH B 3,5 CM (CJleBa) H 
2,5 CM (BBepxy) COOTBeTCTBeHHO npH nHCbMe 
TOJlbKO Ha O.llHoii CTopOHe JlHCTa 'Iepe3 .llBa HHTep
BaJla. 060eM CTaTbH, no B03MOlKHOCTH, He .llOJl
lKeH npeBblllJaTb 20 CTpaHHI.\ (BKJlIO'Iali pHCYHKH). 
.aJlll pa30Boii KOppeKTypbl aBTopy nepe.llaeTCIi 
KoppeKTypHblii OTTHCK CTaTbH, nonOMY .llonOJl
HHTeJlbHble BCTaBKH HJlH 3Ha'lHTeJlbHble H3MeHe
HHII TeKCTa HCKJlIO'IaIOTCII. 

B XO.lle o!j>opMJleHHII CTaTbH npocHM Y'IecTb 
CJle.llYIOII.\He YKa3aHHlI H npHHlITb TaKYIO nOCJle.llO
BaTeJlbHOCTb 'IacTeii PYKonHcH : 

Ha36aHue : HMli (HMeHa) H !j>aMHJlHlI (!j>aMHJlHH) 
aBTopa(oB), nOIl HHHMH : nOJlHOe Ha3BaHHe CTaTbH 
Ha HeMel.\KOM, aHmHiicKOM H PYCCKOM 113blKax. 

PI'1IO.l1e, Zusammenfassung, Abstract: npe.ll
nOCJlaTb KalK.lloii CTaTbe KpaTKoe, HO CO.lleplKa
TeJlbHOe pe310Me Ha PYCCKOM, HeMel.\KOM H aHrJlH
ilcKOM lI3blKax. OHO .llOJllKHO CO.lleplKaTb HH!j>OP
Mal.\HIO 0 npHMeHlieMblX MeTO.llaX HCCJle.llOBaHHii 
H OCHOBHble BbIBO.llbl aBTopa. 

TeKcm06aR lIaCmb: CJle.llyeT HYMepOBaTb CTpa
HHl.\bl CTaTbH no nopll.llKY. CTaTbli .llOJllKHa o6J1a
.llaTb 'IeTKoii CTpYKTypoii C HYMepal.\Heii maB no 
nOpll.llKY· 
ABTOP .llOJllKeH BHecTH B PYKonHCb CJle.llYIOII.\He 
3aMeTKH (KapaHllaWOM!) : pa3pll.llKa - JlOMaHali 
JlHHHII , MeJlKHii WPH!j>T - BepTHKaJJbHali JlHHHII C 
JleBOrO Kpall, KypcHB - BOJlHHCTali JlHHHII. 
<I>aMHJlHH I.\HTHpyeMblx aBTopoB nHcaTb npo
nHCHblMH 6YKBaMH, a ro.ll ny6J1HKaI.\HH - B 
cK06Kax. 
npHBO.ll1I .llaHHble H3MepeHHii, aBTOp .llOJllKeH 
npHHIITb BO BHHMaHHe peKOMeHllal.\HH MelKllYHa-

POllHOii CHCTeMbl ellHHHU (CH). MaTeMaTH'IecKl\e 
CHMBOJlbl , !j>OPMYJlbl, a TaKlKe 6YKBbl, KOTopble 
He MorYT 6bITb Hane'laTaHbl Ha MaWHHKe, .llOJllKHbI 
6bITb TlI.\aTeJlbHO H 'IeTKO BHeceHbl OT PYKH. 
COKpall.\eHHlI B TeKCTe .llOnYCKaIOTCli TOJlb~O B 
cJlY'Iae nOBTopOB H, npH He06xo.llHMOCTH, 06"bIlC
HeHbl B KOHue CTaTbH. 

Jlumepamypa : CnHCOK I.\HTHpyeMblx B TeKCTe 
aBTopOB, .llOJllKeH 6blTb npHBe.lleH COrJlaCHO 06-
pa31.\Y B aJl!j>aBHTHoM nOpll.llKe : 
KHHrH: LEBLOND, P. H .; MYSAK, L. A.: 
Waves in the Ocean. - Amsterdam: Elsevier 
1978. 
)l(ypHaJlbl : VERONIS, G .; MORGAN, G. W.: 
A study of the time-dependent wind-driven ocean 
circulation. - Tellus 1 (1955) 2,232-247. 

COKpall.\aTb Ha3BaHHII lKypHaJJOB MOlKHO TOJlbKO 
TaK, KaK npHHIITO B 6H6J1HOTeKax. C ueJlblO H36e
lKaHHII He.llOpa3YMeHHii peKOMeH.llyeTcli .ll06aBHTb 
K Ha3BaHHIIM lKypHaJJOB, BbIXO.llIIII.\HX HenepHO
.llH'IHO, NIl BbmYCKa. 

Aopec a6mopa: B KOHl.\e PYKonHCH CJle.llyeT YKa-
3aTb: .llaTY OKOH'IaHHII pa60Tbl, nOJlHbie HMli 
(HMeHa) H !j>aMHJlHIO(H) aBTOpa(OB), a.llpec HHCTH
TYTa(OB) HJlH opraHH3aI.\HH(ii). 

PUCYHKU, ma6AUI/bl, YCA06Hble 060311alleHUR : 
PHCYHKH .llOJllKHbl 6bITb 'IeTKHMH H o!j>opMJleHbl 
Ha KaJJbKe ('IepHoii TYWblO) HJlH !j>oTo6YMare 
('IepHo-6eJloii). PHCYHKH H Ta6J1HI.\b1 .llOJllKHbI 
6bITb npoHYMepoBaHbi no nOpll.llKY, a Ha o60poTe 
CJle.llyeT HanHcaTb. !j>aMHJlHIO aBTopa H . HOMep 
pHCYHKa HJlH Ta6J1HI.\b1. Hx MecToHaXOlK.lleHHe B 
TeKCTe CJle.llyeT nOMeTHTb Ha JleBOM nOJle. Ta6-
JlHI.\bI, 3arOJlOBKH Ta6J1HI.\ H nOllnHCH K pHCYHKaM 
(YCJlOBHble 0603Ha'leHHlI) .llOJllKHbI6b1Tb HanHcaHbi 
OT.lleJlbHO. 

Hinweise rur Autoren: 

Die Manuskripte sind in Maschinenschrift (zwei
zeilig) auf weißem, einseitig beschriebenem Papier 
im A 4-Format (297 x 21 0 mm) mit jeweils 3,5 cm 
(links) und 2,5 cm (oben) breiten Rändern sowie 
in dreifacher Ausfertigung einzureichen. Der Um
fang eines Beitrags sollte 20 Manuskriptseiten 
(einschließlich Abbildungen) nicht überschreiten. 
Dem Autor wird zur einmaligen Korrektur ein 
Umbruch-Exemplar seines Beitrags zugesandt; 
nachträgliche Einfügungen oder größere Textver
änderungen sind daher nicht möglich. 

Bei der formellen Gestaltung des Beitrags wird 
um die Beachtung folgender Richtlinien und um 

. die Einhaltung der Abfo lge nachstehend aufge
führter Details des Manuskripts gebeten: 

Titel: Vor- und Zuname(n) des Autors (der 
Autoren). Darunter: Vollständiger Titel des Bei
trags in deutscher, englischer und russischer 

Sprache. 

Zusammenfassung, Abstract, Pe31OMe: Jedem. 
Beitrag ist eine kurzgefaßte, aber aussagekräftige 
Zusammenfassung in deutscher, englischer und 
russischer Sprache voranzustellen. Sie sollte Infor-· 
mationen über die an gewandten Untersuchungs
methoden sowie die wichtigsten Ergebnisse und 
Schlußfolgerungen beinhalten. 

Tex tlei/: Die Seiten des Manuskripts sind fort
laufend zu numerieren. Der Beitrag sollte eine 
klare Gliederung mit fortlaufend numerierten 
Kapitelüberschriften aufweisen. 
Folgende Auszeichnungen sind vom Autor (mit 
Bleistift!) vorzunehmen: Sperrdruck: unterbro
chene Linie; Kleindruck : senkrechte Linie am 
linken Rand; kursiv : Wellenlinie. 
Zitierte Autorennamen werden grundsätzlich in 
Großbuchstaben und das Jahr der Publikation in 
Klammern angegeben. Für die Wiedergabe von 
Meßwerten sind die Empfehlungen des IAPSO-

SUN Reports (SI-Einheiten) zu beachten. Mathe
matische Symbole, Formeln und Buchstaben, die 
nicht in Maschinenschrift ausgeführt werden kön
nen, sind sorgfaltig und deutlich lesbar mit der 
Hand einzutragen . 
Abkürzungen sollten nur bei wiederholtem Ge
brauch im Text verwendet und erforderlichenfalls 
am Ende des Bei trags gesondert erläutert werden . 

Literaturverzeichnis : Die im Textteil zitierten 
Autoren werden nach folgendem Muster in alpha
betischer Reihenfolge aufgeführt: 
Bücher: LEBLOND, P. H .; MYSAK, L. A.: 
Waves in the Ocean. - Amsterdam : Elsevier 

1978. 
·Zeitschri ften : VERONIS, G.; MORGAN, G. W.: 
A study of the time-dependent wind-driven ocean 

circulation . - Tellus 1 (1955) 2, 232- 247. 
Die Abkürzung der Zeitschriften titel ist wie in 
Bibliotheken üblich vorzunehmen. Bei nichtperio
disch erscheinenden Zeitschriften sollte "H. " (Heft) 
ergänzt werden, um Verwechslungen zu vermeiden. 

Anschrift des Autors : Am Ende des Manuskripts 
sind das Abschlußdatum der Arbeit, der (die) 
vollständige(n) Name(n) des Autors (der Autoren) 
sowie die Anschrift der Institution(en) anzugeben . 

Abbildungen, Tabellen, Legenden : Abbildungen 
sind in reproduktionsfahigem Zustand auf Trans
parentpapier (in schwarzer Tusche) oder auf Foto
papier (schwarz-weiß) einzureichen. Abbildungen 
und Tabellen müssen durchlaufend numenert und 
auf der Rückseite mit dem Namen des Autors und 
der Abbildungs-/Tabellennummer versehe~ w~r
den. Ihre gewünschte Plazierung im Text Ist Jeweils 
auf dem linken Rand anzugeben. Tabellen, Tabel
lenüberschriften sowie Abbildungsunterschriften . 
(-legenden) sind grundsätzlich gesondert als Manu

. skript zu schreiben. 


