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WOLFGANG FENNEL, DAVID HALPERN, and HANS ULRICH LaAss

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° W) in 15 and 100 m depth. These spectra
are compared with theoretically calculated spectra.

The theory is based on the linear, hydrostatic
Boussinesqg-equations for a continuously stratified,
unbounded ocean on the equatorial f-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 Viisdld 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 modelled 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 = 2m/1 years, and for a wind with the
zonal wave number k, = —2m/(3000 km) and a meri-
dional scale L, = 1000 km.

Zusammenfassung: Es werden Spektren der zonalen
und meridionalen Strémungskomponenten, die aus
zweijihrigen Zeitreihen im ostlichen Pazifik (111° W)
am Aquator in 15 und 100 Metern Tiefe gewonnen
wurden, diskutiert und mit theoretisch ermittelten
Spektren verglichen.

Die Theorie basiert auf den linearen, hydrostatischen
Boussinesq-Gleichungen fiir einen geschichteten, un-
berandeten Ozean auf der squatorialen f-Ebene. Als
Dissipationsmechanismus wird Rayleigh-Reibung und

Newtonsche Abkiihlung mit gleicher Relaxationskon- .

stante verwendet. Die Schichtung wird durch eine
konstante Brunt-Viisili-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 gleichmiBig iiber die
Deckschicht verteilt ist. Das Windfeld sei zonal
periodisch und habe meridional die Form einer
GauB-Verteilung. Das zeitliche Verhalten des Windes
wird durch eine Einschaltfunktion simuliert.

Als Losungskonzept wird eine Green-Funktions-
technik verwendet. Eine sehr gute Ubereinstimmung
der gemessenen und theoretischen Spektren ergibt
sich mit einem Dissipationsparameter r = 2m/(1 Jahr),
fir ein Windfeld mit der zonalen Wellenzahl k,
= —2m/(3000 km) und einer meridionalen Skale
L, = 1000 km.

Pesiome: B cratbe 06CykAat0TCs CIEKTPBI 30HAIb-
HBIX U MEPUAMOHAJIBHBIX KOMIIOHEHTOB TEYEHHsS B
BocTouHOM Tuxom OkxeaHe, KOTOpbIC NOJYYHIIHCh
U3 pana ¢ JUTMTENBHOCTBIO GoJIbllle ABYX JIET B Ty-
6uHax 15 M u 100 M. i3MepeHHBIE CIEKTPHI CPaBHU-
BAE€M C TEOPETHYECKUMH.

Teopus ocHOBaHa Ha JIMHEHHBIX KBa3MCTallMOHAD-
HBIX YypaBHeHMsX bByccuHecka IUIs oOKeaHa C He-
TpEepHIBHON CTpaTUdUKaLKMe U C IUIOCKMM JHOM Ha
HEOrpaHUYEeHHOI f-11ockocTH. B KauecTse MexaHu3Ma
JIMCCHITALIMK MBI TIPMMEHsieM TpeHue Pajiest u oxsax-
nenne o HroToHy ¢ OJWHAKOBOiM MOCTOSHHOM IHC-
cunanueii. Mbl oOcyxnaeM MOZAENb OBYX CJIOEB C
NOCTOAHHOM 4YacToTO# Baiiccana-bBpeHra B moBepx-
HOCTHOM CJI0O€ M C Majaromeil 1Mo NOKa3aTeJIbHOH
(dyHsxuu yacroroii Baiiccana-bpeHTa B HU3KOM CIIOE.

Ha a1y Mozenb nedicTByeT BeTep B BHJE CHJIBI IO
00BeMy, KoTopas pacmpoCTpaHsSeTCs OJMHAKOBO B
MMOBEPXHOCTHOM cJioe okeaHa. IloBeseHue BeTpa IO
BpeMeHH u300paxaercs QyHkuuei Bkarouenus. [lone
BETPa B 30HAJIbHOM HAIPABJICHUHU SBJISETCSA IEPHOIH-
YECKMM ¥ B MEpUAMOHAJILbHOM HANpAaBJIECHUH ONHUCHI-
BaeTcs pyHkiumen [aycca.

KoHnenmus pemenus ocHoaHa Ha (ynkuuu I'paHa.
WI3MepeHHBIE M TEOPETHYECKHE CHEKTpBI IOKa3bl-
BalOT O4YEHb XOpOIllee COBMAJCHHE IPH MapameTpe
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JUCCHNALMHU r = 2m/rod, AJs NHOJisi C 30HAJIbHBIM
4UCIIOM BOJIH k, = 2m/3000 KM ¥ ¢ MEpUAHOHAJILHBIM
Mmacwtabom 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° W. The technical details of the measure-
ments can be found in HALPERN (1983). In the
present paper we consider spectra which are
derived from these time series.

A choice of spectra of the zonal and meri-
dional current components at 15 m, and
100 m depth are displayed in Figs. 1 to 4.
Near the surface, i.e. at 15 m, the zonal current
spectrum depicted in Fig. 1 increases con-
tinuously with decreasing frequency. In 100 m
depth, however, the spectrum shows some
saturation for periods larger than about
100 days, see Fig. 2.
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Spectrum of the zonal current at the equator in the
Eastern Pacific at 111° W 'in the upper mixed,
z=—I15m
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Fig. 2

Spectrum of the zonal current at the equator in the
Eastern Pacific at 111° W within the thermocline,
z= —100m

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 Section 2
the forcing problem for an unbounded,
linear, stratified ocean on the equatorial
B-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

Current spectra 5
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- 100Psmonm(n.'ws) » 1 . _PERIOD (DAYS)
DY | e YT E (PP T i““ b 10},00.9.... 2 1?.9...“ N 1l.o...... N 1:;...]... N -1
] D é v . DS y
10 103
- —
104 104
© 10°+ 10%+
Q - o E
3 a
[5]
= 02 . 102
= o 1044
e | &
[3) £
10‘- 3 101_
10° — 95 PERCENT 10°
4 36 _
% 12
o DS D
10 — — — 1 107 r — — v
.001 .01 K 1 .001 .01 K] 1 10
FREQUENCY |CYCLES/DAY) FREQUENCY (CYCLES/DAY)
Fig. 3 Fig. 4

Spectrum of the meridional current at the equator in
the Eastern Pacific at 111° W in the upper mixed layer,
z=—15m

(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 Section 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-
ance with the spectral properties of the wind
fields reported by LuthER (1980). In Section 5
and 6 we discuss the theoretically obtained
spectra, and we compare the results with the
measured spectra in Section 7.

2. The general formal solution

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

Spectrum of the meridional current at the equator in
the Eastern Pacific at 111° W within the thermocline,
z=—100m

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 f-plane

u+ru—pPyw+p, =X 2.1)

v, +r+pfyu+p, =Y 2.2)
1

ux -+ vy = (ﬁi (ptz + rpz)) =0. (2'3)

The subscripts x, y, z and ¢ denote partial
derivatives, p is the perturbation pressure
divided by a standard density, and X, Y are
the wind forces which are considered to act
through the upper mixed layer of thickness A
like body forces, 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 = —H and a rigid surface

at z = 0, and adopt an exponential BVF
N? for 0=z>= —h

N%(z) = (2.4)
Nig2ath+2) for —hz2z2—-H

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

N, cos (N{1,,2) ().,,, )
sin NyA,(H—h)| "° G

Am
N@ | J, (7 N(z)> -

where J,, J; are Bessel functions, and :
Y, are Neumann functions which should not
be confused with the meridional forcing com-
ponent. A is a normalization constant of
the m-th mode, and the 4,’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’X7 Y) = Z (um’ Ups P Xm’ Ym)F ( )

(2.6)
Then with (2.6) we obtain after Fourier
transformation of (2.1) to (2.3) with respect
to x and ¢ the set

a

F"l(z’ = /41"<

—iou, — Byv, + ikp, = X, 2.7
—iav, + pyu,, + p,, =Y, 2.8)
ikity, + Uy — iDL, = 0 2.9)

with @ = w + ir. From the above set we find
in the usual manner the following equation

for v, alone
2

v (o, k, y) + < + % —S—) v(w, k, y)

+\/TSX+ K x,
2p 2 w]/2,1ﬂ

(2.10)

‘((1—1212 _ kZ)
=]
22B%

-
Y (— N(—H))
a
Am
o (22w
a
A
¥ (22N
a

where the abbreviation s = }/248 y, and
@32 — k)  k
2 1= —— 2.11
q + B b (2.11)

have been introduced. The vertical mode index
m has been dropped. We note that for integer
g,i.e. g =0,1,2,3, ... (2.11) yields the well-
known dispersion relation of free ETW’s,

Am
Jo (7 N(—H)>

Am
Y0<—NZ> 0zz>—h
a .
(2.5)

(—H)> 1
Y, (l' N(z)> —h=2z>-H
a

see Fig. 5. Together with the boundary condi-
tions

V-0 for s> +w (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 governed by the
problem

2

1
G (g, s;s) + (q + T %) G(g, s; 5)
=0(s — 5) (2.13)
and
G(g,s;5') >0 for s— +o0 2.14)

with d(s — s’) being Dirac’s delta function.
The homogeneous version of (2.13) has the
two linearly independent solutions D (s) and
D (—s) (parabolic cylinder functions),
whereas the former fulfills the boundary
condition at s — + o0, and the latter goes to
zero for s - —oo. The Wronskian is given by

V2
I'(—q)
(2.15)

D(S) =B — (S) D()——

T —

Current spectra 7

Gravity

Fig. 5

Dispersion diagram of free equatorially trapped waves
showing the different roots of the dispersion ralation
(2.11) in the w-k-plane. In this figure @ and k are
scaled with |/ 4/p and 1/[/1_ , respectively

where I'(—q) is Euler’s Gamma function.
Now we can construct the Green’s function
and obtain

G(g,s;5") = 0(s — 5') G (g, 5; 5)

+ 0(s' — 5) G<(g, s; 5") (2.16)
with
> ’ L /
G'(g,5:5) = — = D (s) D (=s)
2n
=G(g,5;s). (2.17)

Here 6(s — s') is the step function. We note
that for integer g, it follows

—s2/4 X
D) = = Ho (ﬁ)

(2.18)

wheére H, (—[/i) is the Hermite polynomial
2

of n-th order. Moreover, the gamma function

I'(—q) has poles at ¢ = n, with the expansion

="

F(—g) - —+-—— — (2.19)

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

s245'2
2

Glg, s;8') = ), :

"=°]/2_(q—n)n' 2"

G uli) e

Obviously, the poles of the Green’s function
at ¢ = 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

—ZAZ_kZ
u(w,k,s):i(w—_—)G* Y
2.Bw
w |2 g GsX,. (221)
r — s’ . .
2p szw

Here the following convolution integrals
have been introduced

GrY = [ ds Gs: s') Y(s) 2.22)

+o0
Gxs'X = [ds sGls;s') X(s) (2.23)

— o

GxX, = J‘ ds’ G(s; s) : X(s). (2.24)

—
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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)

[ A (k 0 s)
ww, k,s) = | —|———=)GxY
28 \Aw 0s 2

s’ k
x(Gs(>X)+ —GxX, (2.25)
2 WA
) I <a k s>G y
R *
P s 8) V2ip \Bs 15 2
ik A O s
+_ —_— —_ e —
u)zlz—kz[ (k Os 2)
' k
x<G*s_X+_—G*XS,> . (2.26)
2 A

The set (2.21) to (2.26) represents already a
general formal solution of the 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 of the 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
o = k/A, 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 polesat w = —k/A,
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
may also be useful for further applications of this
technique. Using the identities

0] 1 1 + |
(,1_)2 2—2 6)_5 T)+£ ’
1“7
1 A

1 1
)2_E<J) k_(f)—f—i
A A

_ (k
B2 ==
A

o=

we may rewrite the
zonal portion of the expressions (2.25), (2.26):

/i(k 0 s
uw,k,s)=  [—|—=——=])G*Y
2B \@A 0s 2
& iX *
(°-3)
2{o— —
/.

iX x , i
+ (O —=58)+ AT AT G + = G+ X
@

(o)

O(s =)+ A (s) A (s") G)

(2.27)

(@, k. 5) = 1 0 _i s) v
Pt l/u,;(& @l 2 *
+ —'X‘*k (6(s — 5) + A7(s) A (") G)
2(o-3)
/.
iX = i

(Bs= ') & A AT NBY o B X
A 2

- k
24 <(J_) + 7)

Here the creation and annihilation operators A*(s)

(2.28)
d =
A¥G) = — + =
W=%*3
have been introduced. Using well-known identities
of the parabolic cylinder functions
A~() D(+5) = £D,, ,(£3)
A*(s) D(£5) = +4D,_,(+s)

we may easily verify, that

A™(s) A7(s") G(g, 555") = —(s — 5')
+@+ 1)G@+ 1,555 (2.29)

A" (s) A*(s') G(g, 55 5") = —0(s — 5')
+4qG(@ — 1,s;5"). (2.30)

Inserting (2.29), (2.30) in (2.27) and (2.28) we find an
equivalent formulation for » and p
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A k © s
; Al ok e |
MG, 8) = ooy (M) ds 2) ;

i 0 i i[g+1)G@g+1,s5)*xX
——Gl(g,s; X,+=
g g s Kty ok

A

q
k

g Glg—1,s5)*xX (2.31)

o+

i i +1)G(g+ 1,s;8)x X
__L%G(q,s;s’)*XS,+— b

A 22 = k
P}
— 1,5 8)*X
_4Gg - L)X ],
5+ k
@+ —
A
In these expressions the poles at @ = 0, and at
@ = =k/i are separated. For the Kelvin pole
o = k/A it follows from (2.11) ¢ = —1. Taking the

relation —(q + 1) I'(—g — 1) = I'(—¢q) into account
we find with (2.16), (2.17)
@+ 1)G@g+1,s5)*=X == T (1) Dy(s) Do(s') * X

s2+5/2
—e. st # X,

Thus the Kelvin pole corresponds in fact to a forced
equatorially trapped wave. By contrast, for the pole
at = —k/A it follows ¢ = 0, and therefore the cor-
responding residue vanishes.

Because the Kelvin poles occur only in those term
which are due to the zonal forcing X we may conclude
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, SArRAcHIK (1976). This
can be seen if we use the 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,

jie. s = y = 0. We assume the forcing X
and Y to have the following structure

X(, k, )\ Xw, k)
<Y(w, k, s)) - (Y“”(w, k)) _—
XM, k)
+ (Yu, o k)) w,(s) 3.1

where ¥, and ¥, are the atmospheric Hermite
functions

s2
Po(s) = e + (3.2)
¥,(s) = /2L ,(s) 33)

and ( is the squared ratio of the meridional
scale L, of the atmospheric forcing and the
oceanic equatorial Rossby radius { = (L,/
Ly, Ly = (AB)~'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 ¥

2 \v21
G*‘PO:(——‘) — ,F,

{+1 q
q 1 q C—l)
X( 2727 270+ 1
G*s"I’0=0 (3.5)
2 \32 2 k.
12 .
Gxs lJP"_<+1> qq—2 "
43,14 41)
o WL A
(3.6)
O Gew =0 3.7
Os 0= g
0 2 \3¥2 1
il g i L 1
asG*s € (+1> PR
g 3,34 C—1>
*\ T gl o= LA
(3.8)
a (3
a_s(;*sw():o (3.9)
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where ,F(a, b; c; x) is the hypergeometric
function

I'(c)

I'(a) I'(b)

y ® @+ Nhro+ 1) x
1=0 I'c+ 1!

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

SF (a,b;c;x)=

©
s2

e_CT D (s) ds

V]

— J — —
I/szF1<—-q I."’ q ¢ ]>

5’5’, 2 ’{.*.]

and using standard identities of the parabolic
cylinder functions, and of the hypergeometric
function. (Compare, €.g., GRADSTEIN, RYSHIK
(1971).) Foru, vand p we obtain on the equator

i6A2 X, k)
u(w, k, 0) = ————
- wziz — k2
k(N2 iX(, k)
+|=(=) YV0,K+ 55—
L} <w> D0+ Z7

k2 kA 2 \¥?2 1
X [ — — —
(2‘7) 2)] <C+l> q—1

l-q 3 3-q (-1
x oF, % =3 .
<2 2 2 c+1)

(3.10)

(212 _ |2 —
v(w,k,0) = [M y(0)+£\/% X”’:,

200 W

12
X<L>/l2F1(—g’l;———l—q,—C_]
(+1 q % D 2 + 1
A k 20 \12 1
1= _ % Yy
" 5< _M)X <C+1> qlq —2)

(.11)

ikx©®
w k,0)= —"
p( ) =
3 _C_y(l)_MlX(O) 2 A
B A2 k2 2 Il
1 l-q 3 3- -1
x 2F1< MRSl Y. (3.12)
q—1 2 72 2 Tr+1

Obviously, ¥ 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, X9, YO, XV, YO ], g, and { are impli-
city indexed with respect to the vertical mode
number m.

4. Calculation of spectra

In order to calculate frequency spectra from
(3.10) to (3.11) we have to specify the zonal,
and temporal behaviour of the wind forcing.
Unfortunatly, few is known about the fre-
quency-wave number spectra of the 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 ™! to w™!2, as
reported by LUTHER (1980), and GARZzOLI
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(r) or 6(t)t '?, whose Fourier
transformed vary like ™! or w "2, respective-
ly. We adopt the step function (¢) 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 of the wind componénts
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

il
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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, which is peaked at
a small wave number k,. Let us assume

(X(x, ¥, 2, 1), Y(x, ), 2, 1)

y2

5 %% 2) 00 "% e b+ k) ()

where u, and v, are the friction velocities

i
(uza UZ) == <—~ "') >
* * Qo Q()

with = and 7’ being the zonal and meridional
wind stress components, respectively, and
0, is a standard density of the ocean. Mpre-
over, 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 6(z + h):

Bz+h =3 b, Fu2) 42)
m=1
with

0
b ey, ) szﬂ(z+h)Fm(z)

ey = e

H

2
J"(TMN(_H)) A
%Y(,(——'EN,) . (43)
Ao a
Y(,(TN(—H))

In order to obtain nondimensional eigen-

functions the following normalization has
been chosen

0
: Fi(z) d 1

EJ “2)dz =1.
“H

We adopt the following numerical values of
the parameters H = 4000 m, » = 75 m,

a! =1400m, N, = 58 - 1073 s~ and
N, = 1,6 - 1073 s7!, which reasonably fit for
the equatorial oceans (see €.g. FENNEL, LAss
1979). The corresponding eigenvalues, and
the projection coefficients 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 1.

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

0
L. 62(z+h)dz=ib2z§b2
H H 4 m=1 . m=1 i
(44)

we find that the sum of the first ten coeffi-
cients (M = 10) reproduce almost 709, 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 to converge slowly.
On the other hand the response of the equa-
torial ocean can expected to be less sharply
surface trapped than the external 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 ¢ and use the expansion (4.2),
and obtain in the notation of (3.1) and (3.2)

(X(w, k, y, 2), Y(, k, y, 2))

=2 (XQ(w, k), Y, k) Po(sm) Fulz) (4.5)
with

(X, k), Yo, k)

2 2 2
3 (f‘:, ”_*> Ly WY 4.6)
h h [0

Inserting (4.6) in (3.10) and (3.11), and estim?t-
ing the inverse Fourier transformation with
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Table 1

The first ten vertical eigenvalues Am» Projections coefficients b,.,approximated Parseval’s sums,
and eigenfunctions F, above (z = —10 m) and below (z = —300 m) the thermocline. Here

the following numerical values were adopted: H
N, =58-10"3s"1 and N, =16-10"3s"1,

=4km, h=75m, a ' = 1400 m,

mode A 1005, £ Y b2 F, (—10 m) F, (—300 m)
s/m h »=

1 0.36 4.64 0.11 2.47 2.10
2 0.76 —4.43 0.22 —2.37 —0.91
3 1.15 417 0.31 2.23 —0.54
4 1.55 —3.88 0.39 —2.01 1.71
5 1.95 —3.58 0.46 —1.92 223
6 2.35 3.29 0.52 1.78 —1.98
7 2.75 —3.02 0.57 —1.64 1.09
8 3.16 2.78 0.61 1.52 0.13
9 3.56 -2.56 0.64 —1.42 —1.29

10 3.97 2.37 0.67 1.32 2.07

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

i —ikgx
u(x, 0, z, w) = = b F
( ) ﬁh ; m "l(z)
(IM';ZH kO (kOC - a—)'{m)
x B =212 12 h= = 12 2
Ody—ks 200 @42 k2

2 321
X i,
<Z:m + 1> Am — 1

l_qm 3 3_(1». Crn_l
F 5 =4 ; 4.7
o8 ‘( 2 "2 2 cm+1> Vol
2 —ikgx bF
v(x’o’z,w)=v_*e Zm—m(z)
ﬁh (0] m '{m
MR-k [ 2\ ]
BT (cm+l> an
Am 1 l—qm Cm—l
X Fil——=, —, — . 48
2 1< D) 3 L+l 4.8)

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

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

S, (ky, z, w) = g[(Re u)? + (Im u)?]'/?
Uy 4.9)

S, (ky, z, @) = g [Re v)* + (Im v)?]'/2
v} (4.10)

where the spectra have been normalized by
the strength of the volume force components,
and by the B 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 of the line k = k,
and the dispersion curves in the dispersion
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
inertia-gravity, and the Yanai wave are excit-
ed, while for negative k, also the Rossby
waves contribute. Moreover, in the zonal'

R

Current spectra 13

current spectra a jet, which for k, = 0 is
confined to the upper mixed layer, and in
case of positive k, 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 L , and the zonal
wave number within certain intervals.

5. Spectra
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 = 2m/(1 year),
z = —10 m, and L, = 1000 km has been
adopted, and we vary the zonal wave number
k, in the interval from zero to —2m/(3000 km).
The results are shown in Fig. 6. Moreover,
in Fig. 7 we show the spectra for k, = +2n/
(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 k,. By contrast, for positive
wave number the low frequency part of the
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Fig. 6

Theoretical spectra of the meridional current at the
equator at 10 m depth with r = 27/(1 year), L, = 10*km
for different zonal wave numbers: a) k, = 0, b) ko
= —2n/(6L,), ¢) ko = —2m/(4L,), d) ko = —27/
(3L,). The curves are subsequently displaced down-
ward by one decade

spectrum has changed dramatidally, see Fig. 7.
In this case a well 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 (1980) (note
that according to (4.8) only the meridional
wind component appears in the spectral
function).

The most prominent peak occurs in the
period range of 10 to 20 days and may be
attributed to the excitation of the Yanai wave.
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Same as Fig. 6 with a) k, = —2r/(3L,) and b) k, = 27/
(3L,)

In Fig. 8 two spectra are displayed for ke
= —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 thermocline.
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Theoretical spectra of the meridional current at the
equator with r = 27/(1 year), L, = 10* km, k, = —27/
(3L,) for a) z = —10 m, b) z = —300 m. The lower
curve is displaced downward by one decade.

The influence of the variation of the meri-
dional scale L  has been shown in Fig. 9.
A threefold increase of L enhances slightly
the level of the spectrum, and makes it some-
what more spiky. A reduction of L, to one
third suppresses the spectral level, 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 = 27/(1 year), k, = —27/(3 - 10° km),
z = —10 m, for different meridional scales of the
forcing: a) L, = 3 - 10® km, b) L, = 10® km, and
¢) L, = 3000 km. The curve are subsequently shifted
downward by one decade.

Finally, the sensitivity 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 for low frequencies.
Thus, the choice of r = 2m/(1 year) seems to be
a reasonable order of magnitude of the dissipa-
tion parameter.
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Generally the theoretical spectra appears
to be not very sensitive to small changes of the
involved parameters.
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Theoretical spectra of the meridional current at the
equator with L, = 10> km, k, = —2n/(3L,),z= —10m,
for different dissipation parameter: a) r = 27t/(1 year),
b) r = /(1 year), and c) r = 6m/(1 year). The curves
are subsequently shifted downward by one decade.

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. 11 the spectra of the zonal
current in the depth z = —10 m has been
depicted for k, = 0, and for k, = +2m/
(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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Fig. 11

Theoretical spectra of the zonal current at the equator
at 10 m depth with » = 2x/(1 year), L, = 10* km for
different zonal wave numbers: a) k, = 0, b) k; = —27/
(6L,), c) ko = 2m/(6L,). The curves are subsequently
shifted downward by one decade.

The main difference between the spectra

-

for k, = +2m/(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 @ = k,/A, compare (4.7).

In Fig. 12 spectra for k, = —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 range the spectral

slope appears to be somewhat weakened below |

the thermocline, 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 k, = +2n/(3000 km)
at z = —300 m. For positive wave number we
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Theoretical spectra of the zonal current at the equator
with r = 27/(1 year), L, = 10* km, k, = —27/(3L,)
for different depths:a)z = —10m, and b)z = —300m.
The lower curve the displaced by one decade.
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Same as Fig. 11 but at 300 m depth and for a) k,
= 2n/(3L,) and b) ko = —2m/(3L,).

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° W within the upper
mixed layer and the thermocline with theo-
retically derived spectra. We have considered
a linear, hydrostatic and continuously stra-
tified model with flat bottom on an unbound-
ed equatorial f-plane. The model is diffusive
in the interior due to Rayleigh damping
Newtonian cooling mechanism. The vertical
Brunt-Viisila frequency is constant in the
mixed layer and decays exponentially from
the thermocline 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 thermocline, 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 calculated spectra could be achieved by .
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choosing a friction parameter r = 2mn/(1 year),
the meridional scale of the forcing L,
— 1000 km and its zonal wave number &,
— 2m/(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, which is, how-
ever not as pronounced as in the observed
spectra. For periods smaller than 10 days
the spectra decay approximately like o~ 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 of the 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 impact of friction on the Rossby
modes.

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

Contrary to the v-spectra both the observed
and the modelled 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 modelled 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 modelled 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 0(f). In accordance with the
observed wind spectra, e.g. LUTHER (1980),
the wind would be better modelled by
0(¢t) t~'* with the Fourier transformed pro-
portional to w™'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 period 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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ANDREAS IRMISCH

Untersuchungen iiber die gelosten Kohlenhydrate in der Ostsee

Mit 4 Abbildungen und 3 Tabellen

Zusammenfassung: In der Oberflachenschicht (0 bis
1 m) der Ostsee betrigt die Konzentration der geldsten
Kohlenhydrate im Mittel der Jahre 1978, 1980, 1982,
1983 und 1984 0.72—0.84 mg/dm®. Die Einzelwerte
schwanken im Bereich von 0,14—1,65 mg/dm>.

Die Kohlenhydratkonzentrationen unterliegen einer
jahreszeitlichen Verinderlichkeit, die dem -Gang der
Phytoplanktonentwicklung dhnelt. Maxima der Koh-
lenhydratkonzentrationen treten im Sommer auf.
Experimente mit eingeschlossenen Planktongemein-
ischaften erbrachten Hinweise darauf, daB die Zerset-
zung der Phytoplanktonbiomasse wesentlich am Zu-
standekommen der sommerlichen Kohlenhydrat-
maxima in der Ostsee beteiligt sein kann.

In den gelosten Kohlenhydraten ist ein betrichtli-
cher Energiegehalt gespeichert — nahezu achtmal 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 of the Baltic Sea between 0,72 and 0,84 mg/dm?,
single values in the range of 0,14 and 1,65 mg/dm>.

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.

Pesiome: B 1978, 1980, 1982, 1983 u 1984 romax
TIPOBO/IMIINCE MCClIEN0BAHUS O PACTBOPEHHBIX YrJIe-
Bolax B Bantuiickom Mope. B mOBepXHOCTHOM CJi0e
0—1 m) KOHLEHTpaluK KOJEOIOTC B Npenesax
0,14—1,65 MTI/JI, CpeaHsisi KOHLEHTPAIHUs COCTABJISET
0,72—0,84 mr/x.

Konuentpauuu yriesonos nokassisarot cesonnyio
M3MEHYHBOCTB, KOTOpas MOXOXa Ha BapHauuM pas-
BUTHSA duTtonnankTOHA. MakcuMyMBl KOHIIEHTpaLnii

yriaesonoB HabmonaroTces yetoM. CyliecTBylOT yka-
3aHUS HA TO, YTO pacnaj Guomacchl PUTOILIAHKTOHA
HUMeET Ba)XHOE 3HAYCHUE NPH BO3HUKHOBEHUHU JIETHETO
MaKCMMyMa KOHLIEHTPAIUH YIJIEBOHOB.

B pacTBOpEHHBIX yTJIEBOaX HAKOIJIEHO 3HAYUTEb-
HOE CO/iepXKaHHWe JHEprMH — MOYTH BOCEMb pa3
6oJbL1e,4eM B Guomacce pUTOIIAHKTOHA.

1. Einleitung

Die gelosten Kohlenhydrate liegen im Meer-
wasser in Form eines Gemisches, bestehend
hauptséichlich 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 Losung.
Eine weitere Quelle fiir geloste Kohlenhydrate
sind Festlandsabfliisse und atmosphérische
Niederschldge.

Kohlenhydrate sind energiereiche Verbin-
dungen und werden groBtenteils 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 gelosten Kohlenhydrate in die Nahrungs-
kette des Meeres einbezogen.

Die Konzentration der gelosten Kohlen-
hydrate im freien Ozean betrigt durchschnitt-
lich 0,1—0,5 mg/dm® (ROMANKEVIC 1984
und die dort referierte Literatur).

Angaben iiber die Kohlenhydratkonzen-
trationen in der Ostsee wurden in der zuging-
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 lichen Literatur nicht vorgefunden. Es muB
jedoch mit héheren Werten als im Ozean ge-
rechnet werden. Grund zu dieser Annahme
geben die in der Ostsee zwei- bis dreimal
hoheren Konzentrationen des geldsten or-
ganischen Kohlenstoffs. Hier sind 2 mg
C/dm? charakteristisch (IRMISCH 1984), wo-
hingegen fiir den Ozean ein Mittelwert von
0,7 mg C/dm® angenommen wird (WILLIAMS
1975; WANGERSKY 1978).

Ziel der hier vorgestellten Untersuchungen
war es, Aufschliisse iliber die raum-zeitliche
Verteilung der gelosten Kohlenhydrate in
der Ostsee zu gewinnen und daraus Kennt-
nisse iiber ihre Einbeziehung in den biolo-
gisch-chemischen Stoffkreislauf abzuleiten.

Die Probenentnahme erfolgte wihrend der
Terminfahrten des Instituts fiir Meereskunde
der AdW der DDR im Januar/Februar,

Mirz/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 mog-
lichst breiten Uberblick iiber die Kohlen-
hydratverteilung in der Ostsee zu erhalten.
In der Folgezeit wurden fiir einzelne Seege-
biete typische Stationem ausgewihlt. Dies
waren : Stat. 012 — westliche Ostsee, Stat. 113
— Arkonasee, Stat. 213(SA) — Bornholmsee
und Stat. 271(15A) — Gotlandsee.

Kohlenhydratmessungen erfolgten auch im
Rahmen der Okologischen Experimente 1981
(OkEx 1981), in deren Verlauf die Verinder-
lichkeit biologischer und chemischer Groflen
innerhalb eingeschlossener Wasserkorper ver-
folgt wurde (ScHULZ u. a. 1985).

Die Proben wurden nach der Entnahme
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Tabelle 1

Mittelwerte der Konzentration der gelosten Kohlenhydrate (mg/dm?) in der Oberflichenschicht (0—1 m) ausge-

wihlter Stationen in der Ostsee

Seegebiet und 1978 1980 1982
Stationsbezeichnung
m min max m min max m min max

westl. Ostsee

010 0,77 0.47 0.95

012 0,50 0,14 0,82 0,84 0,60 1,02 0,67 0,46 0,80

023 0,58 0,18 0,80
Arkonasee

033 . 0,52 0,23 1,09

130 0,88 0,39 1,12

160 1,00 0,63 1.25

113 0,66 0,40 0,98 0,79 0,40 1,20 0,75 0,43 1,05

150 0,71 0,23 1,14
Bornholmsee

213 (5A) 0,53 0,25 0,92 0,78 0,54 1,01 0,82 0,53 1,10
6stl. Gotlandsee

250 (9A) 0,59 0,19 1,13

271 (15A) 0,70 0,39 1,17 0,78 0,37 1,08 0,75 0,58 0,98

m — Mittelwert
n — Anzahl der Werte
s — Standardabweichung

iiber geglithte Glasfaserfilter GF/C filtriert
und tiefgefroren aufbewahrt (—20 °C). Die
Analysen fanden im Labor an Land statt,
wobei die Anthronmethode nach LEwis und
RAKESTRAW (1955) zur Anwendung kam. Als
Eichsubstanz diente Glucose.

Eine genaue Beschreibung des Analysen:
ganges findet sich bei IRmMiscH (1979).

2. Ergebnisse

In Tab. 1 sind die mittleren jahrlichen Koh-
lenhydratkonzentrationen in der Oberflichen-
schicht der bearbeiteten Ostseestationen zu-
sammengestellt. Die Angaben lassen weder
Unterschiede zwischen den einzelnen Sta-
tionen noch zwischen den Seegebicten er-

- kennen.

Die Konzentration der gelésten Kohlen-
hydrate in der Oberflichenschicht der Ostsee
unterliegt jahreszeitlichen Schwankungen, die

Fortsetzung der Tabelle auf S. 22!

durch Maximalwerte im Sommer gekenn-
zeichnet sind (Abb. 2). Aus Abb. 2 geht
weiterhin hervor, daBl die Verdnderlichkeiten
der Kohlenhydratkonzentration und der Pri-
mirproduktion des Phytoplanktons einen
gleichsinnigen Verlauf aufweisen.

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

Im Frithjahr und Sommer steigen die
Kohlenhydratkonzentrationen in der Was-
serschicht der oberen 20—30 m ihrer jahres-
zeitlichen Verinderlichkeit entsprechend an
(vgl. Abb. 2). Diese Schicht unterscheidet sich
dann durch hohere Kohlenhydratwerte von
der iibrigen Wassersdule, in der weiterhin
keine eindeutige Abhingigkeit dieser GroBe
von der Wassertiefe-besteht.
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Tabelle 1 (Fortsetzung)

Seegebiet und 1983 1984 Mittel iiber die Jahre
Stationsbezeichnung

m min  max m min  max m min  max s n
westl. Ostsee
012 1,21 0,68 1,65 096 065 1,38 083 0,14 165 036 25
Arkonasee
113 082 055 1,06 0,72 0,38 0,89 0,75 040 120 022 25
Bornholmsee
213 (5A) 0,74 046 1,03 0,77 0,60 1,17 0,72 025 1,17 023 25
Sstl. Gotlandsee
271 (15A) 095 066 1,28 1,03 063 132 0,84 037 132 028 23

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

Tabelle 2

Die Konzentration der gelosten Kohlenhydrate (mg je
dm?) in einigen Tiefenhorizonten der Station 271 (15A)
im Gotlandtief

Tiefe (m) 1984
31.1. 12.5. 10.8.  3.11.
1 0,39 0,74 1,17 —
10 0,20 0,88 1,10 0,53
20 0,20 0,58 1.07 0,47
30 0,30 0,68 0,62 0,50
50 0,40 0,57 0,50 0,50
100 0,33 0,32 0,57 0,45
200 0,50 0,34 0,61 0,53
240 0,13 0,27 0,56 0,52
(Boden)

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

Die Untersuchungen mit in durchsichtigen
Plastbehiltern eingeschlossenen Wasserpro-
ben wihrend der Okologischen Experimente
1981 gaben Gelegenheit, die Konzentrations-
dnderungen der geldsten Kohlenhydrate von
Beginn der Phytoplanktonentwicklung bis
zu deren Ende zu verfolgen (Abb. 3 und 4).
Wihrend der exponentiellen Entwicklungs-
phase des Phytoplanktons verinderte sich
die Kohlenhydratkonzentration nur wenig.
Danach stieg sie stark an, wihrend die Pri-
mérproduktion rasch abnahm.

3. Diskussion

Verglichen mit den Konzentrationen der ge-
16sten Kohlenhydrate im Ozean, die iiber-
wiegend im Bereich von 0,1—0,5 mg/dm?3
liegen (ROMANKEVIC 1984), weist die Ostsee
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in der Oberflichenschicht bis dreimal hdhere
Kohlenhydratwerte auf.

Die Griinde dafiir sind zum einen in der
hoheren Primérproduktion des Phytoplank-
tons, der Hauptquelle fiir autochthones ge-
16stes organisches Material, in der Ostsee zu
sehen. Die Primédrproduktion des Ostsee-
phytoplanktons betrigt 90—100 g C m~2 pro
Jahr (KAISErR u. a. 1981) gegeniiber durch-
schnittlich 50 g C m~2/Jahr im iiberwiegen-
den Teil des Ozeans (RYTHER 1969). Hinzu
kommt, dal3 die Ostsee einem relativ starken
Eintrag organischen Materials durch Fest-
landsabfliisse und in Form atmosphérischer
Niederschlage unterliegt (FONSeLIUS 1972;
IrMiscH 1984).

Es ist bekannt, daB gesunde Phytoplank-
tonzellen gelste organische Substanzen aus-
scheiden. Die Intensitit der Exsudation hangt
wesentlich von der Photosyntheserate ab
(SMITH u. a. 1977; MAGUE u. a. 1980). Es
werden iiberwiegend Kohlenhydrate freige-
setzt, daneben u. a. Aminosiduren und Kar-

Tabelle 3

bonsduren (HeLLeBUST 1974; BorzE und
SOEDER 1978).

Entgegen der theoretischen Erwartung stieg
in dem Experiment mit der eingeschlossenen
Planktongemeinschaft die Kohlenhydratkon-
zentration jedoch erst nach dem Héhepunkt
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 Primirproduktion gewinnen die
Autolyse und der mikrobielle Abbau der
Algenzellen an Gewicht. Zieht man noch in
Betracht, daB3 die Phytoplanktonzellen in der
stationiren Entwicklungsphase besonders
kohlenhydratreich sind (HANDA und TOMI(;]
NAGA 1969; MYKLESTAD u. a. 1972), wir
verstandlich, weshalb es im Experiment mit
der eingeschlossenen Planktongemeinschaft
erst nach dem Hohepunkt der Priméirpro-
duktion zu der starken Akkumulation der
gelosten Kohlenhydrate kommt. Die Bil-
dung von gelostem organischem Material

Vergleich der Energiegehalte der Phytoplanktonbiomasse und der gelosten Kohlenhydrate in der Oberflachen-

schicht (0—1 m) der Station 113 (Arkonabecken)

1978
Febr. April Mai Aug. Okt./ Jahres-
Nov. mittel
Phyto- Chl.a 0,4 1.8 3,8 2,9 1,6 2,1
plankton (mg/m3)*
Kohlenstoff** 6,2 279 58,9 45,0 248 32,6
(mg/m®)
Energiegehalt*** 296 1331 2810 2147 1183 1555
(J/m?)
Kohlen- Konzentration 0,4 0,6 0,7 1,0 ! 0,6 0,7
hydrate (mg/dm?) '
Energiegehalt**** 6880 10320 12040 17040 10320 11696
(J/m?)
% Unveréffentlichte Werte des Instituts fiir Meereskunde, Rostock-Warnemiinde

**  Umrechnung des Chl.a in Phytoplanktonkohlenstoff nach CUsHING (1958)
**x*  Umrechnung des Phytoplanktonkohlenstoffs in Energiegehalte nach PLATT und IRWIN (1973)
*xk* Berechnung des Energiegehaltes der geldsten Kohlenhydrate nach OsTAPENJA und SERGEIJEV (1963)

- ist
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infolge der Beschidigung der Phytoplankton-
zellen durch fressendes Zooplapkton (Lam-
pERT 1978) und dessen Exkretlor} (BURNEY
u. a. 1981) kann hier vernachlissigt werden,
da den Friihjahrsbedingungen entsp;echend
die Individuenzahlen des Zooplanktons
niedrig waren.

Aus den Ergebnissen der Untersuchungen
an eingeschlossenen Planktongemeinschaftgn
zu schluBfolgern, daB in der Ostsee die
Autolyse sowie die mikrobielle Z:ersetzung
der Phytoplanktonbiomasse wesentlich an der
Bildung geloster Kohlenhydrate beteiligt sind.
Die Entstehung der Kohlenhydratmaxima in
der Oberflichenschicht der Ostsee wird im
Sommer dadurch begiinstigt, daB der iiberwie-
gende Teil der Phytoplanktonbiomasse in-
folge der sperrenden Wirkung der Tempera-
tursprungschicht nicht in groBere Tiefen aus-
sedimentieren kann, sondern in der Deck-
schicht abgebaut wird. Im Friihjahr hin-
gegen ist die thermische Schichtung noch
nicht so stabil, so daB groBere Mengen der
Phytoplanktonbiomasse tiefer absinken koén-
nen und deswegen die Kohlenhydratkon-
zentration in der Oberfldchenschicht weniger
beeinflussen. Mit zu beriicksichtigen ist im
Sommer ferner die Freisetzung geloster Koh-
lenhydrate beim FreBvorgang des Zooplank-
tons und dessen Exkretion, da die Zooplank-
tonbiomasse in dieser Jahreszeit die hochsten
Werte erreicht (KA1ser und ScHULZ 1985).

Neben der guten Verwertbarkeit durch
heterotrophe Mikroorganismen weisen die
Kohleghydrate einen hohen Energiegehalt
auf. Uberschlagsrechnungen ergeben, dafl
in der Oberflichenschicht der Ostsee pro
Volumeneinheit im Jahresmittel etwa acht-
mal mehr Energie in den gelosten Kohlen-
hydraten gespeichert sein kann als in der
gleichzeitig vorliegenden Phytoplanktonbio-
masse (Tab. 3).

Mit einem weiteren Beispiel soll die Be-
deutung der gelsten Kohlenhydrate im bio-
logischen Stoffkreislauf der Ostsee verdeut-
llc.ht werden. Es wurde bereits darauf hinge-
Wwiesen, da die Exsudationsprodukte des
Phytoplanktons hauptsichlich aus Kohlen-
hydraten bestehen kénnen. Insgesamt wer-

den etwa 209 des photosynthetisch fixierten
Kohlenstoffs exsudiert (WILLIAMS 1975 ; WAN-
GERSKY 1978). Bei einer jahrlichen Gesamt-
primirproduktion des Phytoplanktons in der
Ostsee von 50 - 10° t C (KAISER u. a. 1981)
sind das 10 - 10° t geldster organischer Koh-
lenstoff pro Jahr. Das freigesetzte Material
besteht iiberwiegend aus niedermolekularen
Verbindungen und wird vor allem durch
Bakterien nahezu vollstindig abgebaut (ITUR-
RIAGA 1981; LARssON und HAGSTROM 1981). .
Betrigt die Effizienz, mit der die Bakterien
die aufgenommenen organischen Substanzen
in Biomasse umwandeln 60 %, (LARssON und
HAGSTROM 1979), so werden in der Ostsee
aus den Exsudationsprodukten des Phyto-
planktons jahrlich 6 - 10 t partikulirer 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 belduft sich die Jahresproduktion des
Ostseezooplanktons auf etwa 1 - 10° t Koh-
lenstoff (ACKEFORS und HERNROTH 1972).

Bezogen auf den Kohlenstoff, besteht das
in der Deckschicht (0—30 m) der Ostsee ge-
loste organische Material im Jahresmittel
zu 9% bis 149, (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 iiber den biologi-
schen Stoff- und EnergiefluB in der Ostsee zu
beriicksichtigen.
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On the dynamics of water exchange between Baltic and North Sea
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Abstract: Subinertial current fluctuations have been
observed in the Darss Sill area (Belt Sea) with time
scales of 10—20 days, amplitudes of 40 cm/s 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 cm/s and
spatial scales of less than 60 km. The currents with
shorter time scales were associated with eddy like
pattern of the salinity fields.

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

Evidence for a cross circulation has been found
turning clockwise 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 - 10° m3/s 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.

The 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 Strémungsschwan-
kungen mit Amplituden von 40 cm/s und Perioden
von 10—20 Tagen, kohrent iiber mehr als 150 km,
Uiberlagert von baroklinen Fluktuationen mit Amplitu-
den von 60 cm/s und Perioden von 2—3 Tagen,
kohi'?rent liber weniger als 60 km, wurden in der Belt-
See im Bereich der DarBer Schwelle beobachtet. Die
Kurzperiodischen Fluktuationen der Strémung waren

mit dem Auftreten wirbelartiger Strukturen des Mas-
senfeldes verbunden.

Die longitudinale Komponente der 10—20tégigen
Stromungsschwankungen wechselt in Oberflichen-
nihe zwischen Ein- und Ausstrom, wihrend in Boden-
néhe bei geringerer Amplitude der Schwankungen vor-
wiegend Einstrom beobachtet wird. Mit der zuge-
hérigen 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 Kiisten der Belt-See.

Mit den beobachteten 10—20tdgigen Stromungs-
fluktuationen sind Transportschwankungen von 1,5
- 10° m3/s in der Belt-See verbunden, die die Massen-
bilanz der Ostsee wesentlich bestimmen und zu
Schwankungen des mittleren Wasserstandes der Ost-
see von ungefahr 10 cm fiihren.

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

Eine der treibenden Krifte fiir den Wasseraustausch
zwischen Nord- und Ostsee bei Zeitskalen von 10 bis
20 Tagen sind die Wasserstandsvariationen im Katte-
gat mit gleichen Zeitskalen.

Pesiome: B Bentckom mope B paiione [lapcckoro
nopora Habmojamuck CyGHHEPUHOHHBIE KOJeOaHHA
TeyeHuss ammauTymamu 40 cM/cek u NepHOAaMH
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10—20 cyTok, KOTOpbIE SIBHJIMCH KOTEPEHTHBLIMH HO
JyuHe 60bIie yeM 150 KM U HaJI0XEHHbIMU GAPOKJIMH-
HbIMH (QIIOKTyanusiMH aMIUMTygaMu 60 cm/cek
nepuoaamMu 2—3 CyTOK, KOTOpbIe ObLIM KOT€PEHTHBI
Mo AJuHe MeHbIIe YeM 60 km. KpaTtkonepuoanueckue
(daroxTyanmn TeYeHus ObUIM CBS3aHBI C IOSBIEHHEM
BUXDEBBIX CTPYKTYP MOJIS Macchl.

[Mpu mpoaoabHO# KoMmoHeHTe 10—20 cyTO4HBIX
KoJIeOaHui TeueHUs B IPUIIOBEPXHOCTHOM CJIO€ Yepe-
JIy¥OT MPUTOK U MOTOK, B TO BPeMs Kak B MPUIOHHOM
CJI0€ NPU MEHbIIEH aMIUTUTyAe KojebaHuil B 60b-
LIMHCTBE ciIy4aeB Habmrofaercs NpUTOK. Bmecre ¢
OTHOCAMIIENCS K HEll MONepeyHol KOMIIOHEHTOH Mpo-
J0JIbHAsi KOMIIOHEHTa 00pa3yeT MoNneTeYHy O HUPKYJI-
o B BelTckoM Mope, Bpallarolyrocs Ha MoBepX-
HOCTH B HanpaBJICHUH TEUEHUS 110 JBHKEHUIO YaCOBOH
crpenku. HabGmromaemass nomepeuHas HUPKYJISLUS
MIPOYHO CcBsA3aHa C HAG/IIOAAEMBIM B II0JIE MacChl
YepeI0BaHUEM allBEeJIJIMHTA U IAyHBEJLIMHTa y OeperoB
Benrckoro mops.

B cBsa3u ¢ obuapyxeHHbIMH 10—20 cyTo4YHbIMM
GIIOKTyalMsIMM  TEUeHHMs BBICTYNAIOT —KoJebaHus
TpaHcnopTa B bestckom Mope BenmunHOM 1,5 - 10° M?/
CeK, 3HAYMTEJbHO OIpeJelsiole BOAHBIA OamaHc
banTuiickoro Mops W NpUBOIAMIKME K KOJIeOAHUSIM
CpEIHEro ypOBHSI MOpsl BEIUYMHOM 0K0JI0 10 cM.

Hanoxenue 6apoTponHoit u 60apOKJIMHHOM HacTeit
MPOMOJILHOW KOMIIOHEHTBI I'paJHeHTa JaBJICHUS Ha-
XOIUTCS B XOPOIIEH KOppesisuu ¢ HaOJIFoAEHUIMHU,
0XapaKkTePU30BAHHBIMH JUTMHHBIME IIEPHOJAMHU KOJIe-
GaHus Te4eHNUs!, KOTOPOE C APYTrOif CTOPOHBI COXPAHSET
reocTpouieckoe paBHOBECHE C MOMEPEYHBIMH KOM-
NOHEHTaMH IpaJueHTa JaBieHust B Bearckom mope.
C ynoMsHYTBIM HaJIOXEHHEM corjacyeTcss Haburo-
JaemMasi TeCHasi KOppessius MeXIy IpPOJOJbHON U
HOIEPEYHON Pa3HOCTSMH YPOBHS Mopsi B Benrckom
Mope, TpHYeM BEIYLIYIO pOJIb MUMEET MPOAOJIbHas
pa3HocTh ¢ (a30i BOJH OKOJIO ABYX mAHeit. TecHas
KOppeslus MMEEeTCs W MEeXIy IONepeyHoi pas-
HOCTBIO YPOBHSI MOPSI H IONEPEYHbIMY I'PaIAEHTAMH
naBjieHus mpu casure ¢as B 180°.

OnHoii w3 1BYX cui npu o6mere Bogamu CeBepHOro
u banTtuiickoro Mopeii ¢ mkanamu Bpemenu 10—20 cy-
TOK SBJIAIOTCA Bapuanuu yposHs Mopsi B Kartre-
raTCKOM paioHe.

1. Introduction

The Baltic can be considered as a large fjord
with a characteristic length of 1000 km,
typical width of 300 km and a mean depth of
53 m. It is connected with the North Sea via

Kattegat through a system of three straits:
first the Little Belt, second the Great Belt
both merging into Fehmarn Belt and continu-
ing into Mecklenburg Bight and third the
Sound. About 709 of the water exchange
between the Baltic and the North Sea takes
place through the Belts and the adjacent
straits (further on denoted as Belt Sea).
The remaining water passes the Sound. North
Sea water of high salinity mixed with the
outflowing low salinity Baltic 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
conditions of the Baltic deep water. In order
to understand the natural and antrophogenic
parts of the observed negative oxygen trend
it is necessary to understand the physics of
the water exchange between the Baltic 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 of the 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 baroclinic
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 massbalance into account
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 Baltic due
to river inflow, evaporation and precipita-
tion on a time scale of more than a month.

HEeLA (1944) investigated the daily volume
fluctuations of the Baltic and found a typical

time scale of ten to twenty days which he
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could account for by trfcmsport ﬂuctuatipns
through the Danish straits ?.t the samcsc t113ne
scale with an order of magnitude of 10° m°/s
which are about the tTnf(_)ld of tile transport
i on a yearly time scale.
ﬂu’i;?;:.uz?;%) anz HELA (1944.) re\{ealefl that
in spite of a changing flow direction in the
upper layer of the Belt Sea the flow_ in the
bottom layer is directed into the Baltic most
Of;::s:;n eand SINDING (1945) could reveal
a semigeostrophic balance between the sea
level difference Slipshavn-Korsér and the
surface at the Halskov Rev lightship based on
monthly mean values.

R
RN
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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 currents 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.

WyYRTKI (1954b) analyzed the dynamical

Fig. la
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. 1a) 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 a series 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. 1b
during different seasons of the year. A detailed
description of the experiments has been given
elsewhere (MATTHAUS 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 (MockeL 1980). Intercompari-
son measurements with reversing thermo-
meters and conductivity measurements of
water samples taken by the rosette sampler
of the CTD revealed an accuracy of 1 - 1072 °C
for temperature and 1 - 107° for salinity
respectively.

Vertical profiles of current velocity were
measured at discrete levels separated by
2 m between a depth of 7 m to | m above the
bottom along the section Falster—Zingst
(stations 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 during 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-
graphic fields ‘in time as much as possible,
the sampling time at every station of the
network in Fig. 1 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 of 7m, 12 m, 17 m and near the bottom.

Water exchange 31

[ J
Kebenhavn

WEDS
Stationsnetz

hydro-meteorologische
Kistenstationen

Warneminde @ hydrographische Stationen o) )/ s
m zeitweilige Bojen “‘7\
A permanente Bojen e N
Rostock % Feuerschiff Greifswald
Ra.|
e ; ; , -
20 12° E 30’ 130 30’ 1o
Fig. 1b

Station network of the WEDS-experiments

The subsurface moorings have been located
at the stations 01, 02, 03, 04 and 05 (see
Fig. 1b). Meteorological and sea level
measurement from coastal stations in the
Kattegat, the Belt Sea and the Baltic proper
have been kindly provided by the correspond-
Ing institutions and authorities of Denmark,
Finland, GDR and Sweden.

The duration of different experiments con-

. ‘ducted hitherto has been about 3 weeks.

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 Fig. 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
simultaneous 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. 1b). 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-

[cmys]

tion is half that of the fluctuation in the Feh-
marn Belt and there is some 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 E A A E
1 t ' ' '
100
801
60
40
20
O T T T T T e
10.8. 10.9. 30.9.1980
_20 -
- LO B
- 60-
- Bo B
Fig. 3

Longitudinal surface current component of the 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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Progressive vector diagrams of the current at 7 m depth at the mooring stations 01, 02 and 03 during WEDS-80

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

Falste i
JFalster 7]6|75 'lle 7IL ol'z 713 013 7|2 Zingst

Falster 7675 78 7402 73 03 72 Zingst
0 11 1 ; ) 1 1 1

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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s@tlons of salinity and longitudinal current component at the Darss Sill. Positive values indicate currents directed

 the Baltic
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Fig. 6
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17m
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Progressive vector diagrams of the current at 7 m depth and 1 m above the bottom 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 during surface
inflow and suppressed during surface out-
flow. Occasionally only the near bottom in-
flow turns into outflow during times of surface
outflow.

The isopleths of the daily means 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

Station -01 WEDS - 80
19.08 22.08 27.08 1.09
O 1 1 L 1 1 1 1 1 1 1 1
40
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<
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Fig. 7

Isopleths of daily mean values of the east component of current east of the Darss Sill (station 01) during WEDS-80
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action between barotropic and baroclinic
_arts of the current field. A formal decomposi-
mn of the vertical distribution of the nc_)rth
~ and east component of the current into
empirical orthogonal functions (EOF) has
been done at station 01. The tVflO gravest
eigenfunctions are depicted in Fig. 8. The
first eigenfunction of the east component has
a barotropic, the second one a baroclinic
character, 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

for a baroclinic cross circulation we found at
the Darss Sill, station 02, during WEDS-84.
Mean values of currents have been calculated
during 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 of the surface current,
the cross circulation was clockwise in the
vertical plane as well 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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Fig. 8

First (crosses) and second (dots) eigenfunc-
tions of the EOF decomposition of the
east (E) and north (N) components of the
current east of the Darss Sill at station 01
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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 confirmation 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 during 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

Fig. 10

(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 some 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 section 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 MATTHAUS et al. (1983, 1985)
and are of the order of 10° 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 mean kinetic
energy remains roughly independent of the
flow direction and is in the mean slightly
larger than unity in the Darss Sill area.

Time series of the longitudinal current component on station 02 at 7 and 11,5 m depth and on station 06 (¢ = 54°

20'N, 2 = 11° 56’ E) at 7 m depth
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Table 1
Depth/Position 06 02 01 05
Outflow Inflow Outflow Inflow Outflow Inflow Outflow Inflow
7m Eddy 180 415 75,5 174 66 166 62 93
Mean 27 386 46 158 48 108 27 72
11,5m Eddy 112,5 347 74 228 61 123 49 132
Mean 4,5 200 36 264 41 167 2 54
16,5m Eddy 54 140 19 66 129 80 12 32
Mean 13 34 20 20 134 157 7 30

Eddy kinetic energy 1/2(u? + v'2) and mean kinetic energy 1/2(i*

value over one outflow respectively one inflow period of about 8
mean value i.

4. The salinity field

The mean salinity distribution in the Belt Sea
is determined by the salinity in the Kattegat
(25 - 1073), the low salinity in the Baltic
(10 - 1073), 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 WATTENBERG (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

+ %) given in cm?/s? during WEDS 84. The bar means a mean
days. u’ denotes the deviation of the actual value u(f) from the

halocline at a mean depth of 15 m separates
the outflowing surface water with salinities
less than 10 - 103 and the probably inflowing
bottom water with salinities larger than
20 - 1072, The halocline 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. 11 depicts a spread-
ing of the halocline near the southern coast
of the 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
halocline 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 cm/s 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 Halocline however being not
as homogeneous as those observed two weeks
before obviously due to bottom induced

upwelling and downwelling processes in the
Darss Sill area.

The Figure again suggests downwelling
at the northern coast and upwelling at the
southern coast during surface outflow. The
cross channel scale of the 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
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Fig. 12

Salinity (dashed line) and longitudinal current component (full line) section (left 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 component (full line) section (left panel) and horizontal distribution
of salinity at the 10 m depth level with current vectors (arrows) (right panel) during 16. 6. 1984

Water exchange 41

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 small 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 of the 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, calculated
by the mean value of sea levels at Hank®,

Helsinki, Ystad and Sassnitz, and the sea
level at Varberg in the Kattegat is shown in
Fig. 14. This 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 transverse pressure gradient. Indeed
Fig. 14 shows that the sea level difference
Gedser—Warnemiinde follows the level dif-
ference between Baltic and Kattegat with an
delay of about 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 (hy — hy) and Gedser — Warnemiinde
(hG — hy,) 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 Warnemiinde and Gedser, the
barotropic volume transport is

M, = -g(h(;—hw). 1)
Taking gravity g = 9,81 m/s?, the Coriolis-
frequency f = 1.18 - 10™* s !, the mean depth
between Gedser and Warnemiinde # = 18 m
and the amplitude of the water level differ-
ence Gedser—Warnemiinde (kg — hy,)
~ 0.1 m than the volume transport fluctua-
tions are M, = 1.5 - 10° m*/s which is in
good agreement with the directly estimated
volume transport by MATTHAUS 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

Using the semigeostrophic balance we get
=— 77 e —hw + G)

Assuming the sea level difference hg — hy,
= Ah sin wyt the integration of (3) leads to

gH Ah 1
cos wot + — | dt Q). (4)

hy(t) =
"wl0) Fy fay, Fy

With a corresponding period of w, between
14 and 20 days and a surface of the Baltic
Fy =39 10" m* we get

hg(t) = (0.74 to 1.1) Ah cos w,t

+ s Jdr Q). (5)
B

Comparing the results of (5) with the low
pass filtered sea level difference Gedser—War-
nemiinde 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 of 2 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

HL .
dv dhy bottom current in the Belt Sea can be account-
dr Fy FTE dydzu(y,z)+ Q.  (2) ed for by the superposition of the surface
0 longitudinal pressure gradient, induced by
4hlcm]
h{cm]
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Fig. 15

Low pass filtered time series of sea level difference Gedser — Warnemiinde (kg — hw) and mean sea level of the

Baltic g during August to September 1980
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the sea level difference between Kattegat and
Baltic, and the baroclinic longitudinal pres-
sure gradient, induced by corresponding
density differences. While the baroclinic pres-
sure gradient is always directed into the Baltic,
slighty oscillating by the advection of water
masses in the Belt Sea, the surface pressure
gradient changes its direction as it does the
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 surface to the
bottom. This accounts for the inflow in the
whole water column 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 only.

During outflow both pressure gradients
have opposite directions and the baroclinic
pressure gradient, increasing with depth com-
pensates the surface pressure gradient at a
certain depth below which the outflow changes

WEDS -80 23.Aug.
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Fig. 16

Time series of longitudinal surface (A) and baroclinic
pressure gradient (@) 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

5m

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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Dynamic depth anomalies normal to the axis of the Belt Sea in the Darss Sill area for selected depth levels as
well as during inflow (24. August) and outflow (1. September) WEDS-80. Sea surface inclination has been in-

cluded in linearized form.
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Time series of the longitudinal surface pressure gradient
Py, and both the surface and baroclinic pressure
gradients p, at the Darss Sill during WEDS-80. The
baroclinic pressure gradient p, has been calculated at
a depth of 15 m.

In contrast to the longitudinal pressure
gradients the transverse surface and baro-
clinic pressure gradients have opposite direc-
tions as well during inflow (24 August) as
during outflow (1 September) (Fig. 18). As
shown by Fig. 19 the transverse surface and
baroclinic pressure gradients are nearly out
of phase during the whole period of observa-
tion. Similar relations have been observed
by LANGE (1975) in the Fehmarn Belt. This
evidently general feature seems to. be controll-
ed by the surface longitudinal pressure gra-
dient as suggested by Fig. 19.

6. Forcing of water exchange
between Kattegat and Baltic

In the previous sections it has been shown that
at a time scale of two to three weeks sea level
differences between the Kattegat and the
Baltic drive the water exchange through the
Belt Sea which tends to adapt both sea levels
to each other. Because the volume transport
through the Belt Sea is restricted by geometry
and friction the adaption process has a low
pass filter characteristic. Therefore it is
interesting to know the response function, of

this process. Sea level differences can be set
up as well by sea level variations of the North
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 most energetic at a time scale of
few days, the time scale of the intense weather
events, the low frequency forcing of t.he system
is due to the Kattegat sea level variations.
Power spectra of sea level at Varberg
(Kattegat) and SaBnitz (Baltic) anq thc? cor-
responding gain function are.sh.own in Fig. 20.
The Kattegat sea level variations are more
energetic than the Baltic sea level variations

Sp[cm?/cph]

10
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for periods larger than five days and smaller
than 30 hours. There seems to be eigenperiods
of the Kattegat at 6.2 h and 4.1 h. The Baltic
sea level variations are larger at periods
between about 31 hours (the gravest eigen-
period of the Baltic, see WUBBER, KRAUSS
1979) and about 5 days.

The gain function of the SaBnitz sea level
driven by the Varberg sea level is significantly
different from zero for periods larger than four
days and at the O, and M, tidal periods.
The gain is always smaller than unity and
there is no indication of a resonance type
response in the gain function. Between the

— Varberg
=== Safnitz

1073 1072

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).

f [cph]
100

The linear scale of the gain function is marked on the right hand side of the ordinate.
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0O, 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 MaGaArRD 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

SEA LEVEL

1980 as shown in Fig. 21. The phase difference
between the sea levels of Varberg and SaBnitz
are about 180° around periods of 3 days,
about 90° around periods of five to ten days
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Fig. 21

Mean monthly sea levels at Varberg, Gothenburg
(Kattegat) and Sassnitz (Baltic) during 1980
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Phase differences of the sea levels between Varberg
(Kattegat) and Sassnitz (Baltic). Positive phase dif-
ferences mean 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 generally 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 mean 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 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 957, 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 S days.

7. Conclusions

Large scale fluctuations of the zonal wind
component over the NE-Atlantic with a time
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-80-

Fig. 23

‘Low pass filtered time series of zonal 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 middie panel) and the surface longitudinal
current component in the Fehmarn Belt during 1980 (lower 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
transverse 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
LS - 10° m3/s are associated with the currents
induced by the sea level differences. These
transport fluctuations account for the mean
$ea 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 circulation 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 baroclinic 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 decreases 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 cancel
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 subsequent adjustment process under
the combined action of both the longitudinal
sea surface and baroclinic pressure gradient
is not well 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 baroclinic eddies of the
same scale and are more energetic during
inflow than during 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
channels 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
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Abstract: The general structure and the dynamics
of the water masses, the influence of seamounts and
banks, nearshore upwelling and downwelling as well
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 of the 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-
hilt die wichtigsten Ergebnisse von ozeanologischen
Untersuchungen, die im Februar—Mairz 1980 im
westlichen Teil des Mogambique Kanals durchgefiihrt
und bei NEHRING u. a. (1984) ausfiihrlich diskutiert
wurden. Neben dem allgemeinen Aufbau und der
Dynamik der Wassermassen betreffen sie den EinfluB
submariner Erhebungen und kiistennaher Auftriebs-
prozesse sowie kurzfristiger ozeanologischer Ver-
anderungen auf das Nahrstoffregime und die Biopro-
duktivitit, ergiinzt durch einige meteorologische Be-
obachtungen und Untersuchungen am Meeresgrund.

Pestome: Crates COJIEPXKUT CaMble BaXKHbIE PE3YJIb-
TATBl OKEaHONOrMueCKUX UCCIENOBAHMIA B 3araHOl
HacTu Mosam6ukckoro nposuBa ¢ peBpais 10 MapTa
1980-ro T0Za, KOTOpEIe GbLIM NPEICTABIEHBI PAHbILE
(Hepunr » ap. 1984). Kpome obuieil cTpaThdukamu
BOIHBIX mace u ux JMHAMUKH, HUCCIIEIOBAHUS ObLan
HanpaBnens na piusHue MOABOMHBIX BEpILUMH, NpH-

’KHOTO amBeJUIMHIa M KPaTKOCPOYHBIX OKEaHO-
JI0ruyeckyx M3MEHEHUH, Ha peXXuM OHOTreHHBIX 3ie-
MCHTOB, ‘2 rtakxe na OGHOMPONYKTUBHOCTD M [10-
HOnHuHCE HEKOTOPHIMH METEOPOJIOTHYECKUMH Ha-
ﬁmolleﬂﬂxmn H UCCJIeJOBAaHUSAMH Ha MOPCKOM JIHE.

L Introduction

oceanological investigations based on a pro-
8ramme elaborated by the Institute of Marine

Research of the Academy of Sciences of the
GDR and the Institute of Fisheries Develop-
ment in Maputo were undertaken with the
GDR 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 well 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 of the 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 almost identical to the
long-term mean situation, whereas the core
of the anticyclone of the Indian Ocean showed
a more extreme position with a pressure
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. During both
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Map with stations

periods the wind conditions 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

parts according to'the geostrophical adaption
to the mean conditions. Mean geostrophiC
surface velocities of 51—72 cm s~ ! and
maximum surface velocities of 82—95 cm s
were calculated for the region of the NE-
monsoon north of 14° S along the different
sections through the Mozambique Current
(profiles I—1IV) (Fig. 3). The highest surfaceé
velocities of, on average 77—135 cm s~ *
and maximum values of 112—257 ¢ s~*
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were found across the profiles V—VII in the
doldrums between 14° S and 16° S. Here, the
Mpzambique Current showed the character-
istic fegtures of an oceanic jet stream. In
this region near the shelf edge in the layers
below./ Fhe zone of the maximal surface current
velocities (at depths greater than 100 m to
150 m), a relatively strong northward flowing
°°11nt.e.rcurrent was observed. Its core with
Velocities up to 70 cm s! in profile VII and
UP 0 35 cm 51 in section VI was situated at
adepth of 250 m (Fig. 4), ¥
.South of 16° S in the area of the SE-trade
Winds the geostrophic surface velocities gradu-
ally decreased from north to south. Along
Profile VIIJ the mean velocity of the Mozam-
'que Current at the sea surface amounted to

®ms™!, and in section XIV it was24cm s ™.

Bathymetric map of the Mozambique Channel (depth in m)

In the waters off the large and shallow shelf
south of Angoche the geostrophic current
field formed a strong cyclonic eddy with its
core 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 February/March 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. 1).

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

results of calculations showed that in the
northern part of the Mozambique Current
north of 14° S on average about 709 of the
vertical currents were induced by the geo-

|
39° E

L AD [dyn.cm]
0/600 dbar

.A.v.Humboldt"
— 20.2.-28.2.1980

110

120

130

14°—‘

150

Fig. 3

Dynamical topography of the sea surface relative to the 600 dbar level with geostrophic current arrows within the

northern part of the western Mozambique Channel
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Fig. 4
Vertical velocity distribution of the geostrophic current

(cm - s™') on section VII (+ = north current;
— = south current; reference level 600 dbar)

strophic meridional current and only 309,
by the windstress curl. In this area inter-
mediate upwelling occurred seaward the shelf
edge limited to the water layers below the
level of the Ekman depth. For the doldrums
between 14° S and 16° S, where the Mozam-
bique Current showed the characteristic fea-
tures of an oceanic jet stream, the mean part

Table 1

Maximum and mean surface velocities (cm - s7Y) in
fhe Mozambique Channel in February/March accord-
Ing to the “Monthly Charts’ of the Deutsches Hydro-
S.Taphisches Institut, Hamburg, and from investiga-
tions by the R/V “A. v. Humboldt”

Sea area “Monthly “A.v.
Charts” Humboldt”
February/ February/
March March 1980
pmax b v’."" f;l
QR e Tl
10°5 16 o5 29 77 258 19
16°s 265  _ 51 105 49

of the vertical current component caused
by the meridional current velocity at the level
of the Ekman depth was calculated to 809,
the portion of the wind induced vertical
current component to 209, (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 759, the vertical current component
from the velocity of the geostrophic meri-
dional current only to 259%,. As a result of
the strong Ekman onshore transport in this
area off 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 a strict 7'S-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 cross-circulation (Fig. 8). Along the
main axis of the Mozambique Current there
was no minimum in salinity. The maximum
was always caused by upwelling processes.

Temporal variations of oceanological fields
in the area of the Sofala Bank were studied
on a rerun section (section XI) which was
repeated 8 times during 12 days, and by means
of 3 current meter moorings over the shelf
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Dynamical topography of the sea surface relative to the 600 dbar level (1 dyn - cm = 107! m? s™2%) with geo-
strophic current arrows for the middle part of the western Mozambique Channel

and on the shelf edge. These variations were
in substance determined by the large-scale
offshore dynamics. They reflected rhythmical
atmospheric disturbances and shift with a
velocity of about 8.5 km h™! zonally from
the sea to the coast. ‘

The atmospheric disturbances were super-
imposed on the U_-component of the wind.
The cycle was 7" = 260 h and 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.
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Isotachs of the wind and current induced vertical currents at the Ekman level z = D (70—83 m)

4. Nutrient response

The phosphate concentrations in the euphotic

Yer of the western Mozambique Channel
Were generally smaller than 0.2 pmol - dm3,

but decreased only rarely to below 0.1 pmol
- dm~3. In contrast, the nitrate concentra-
tions were mostly below 0.1 pmol - dm™>
and often reached the limit of analytical
detection. B
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Isotachs of the geostrophic vertical current (10™3 cm
-s7!) below the Ekman depth relative to the 600 dbar

The nutrient deficient layer extended down
to a depth of 70—100 m (Fig. 10) followed
by a slowly and relatively uniform increage
in the discontinuity layer. Phosphate and
nitrate concentrations of 2.5 pmol - dm—3
and between 32 to 33 pmol - 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
were very low (0—0.2 pmol - 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 pmol - dm~3) and on the Sofala

Bank (0.2—2 pmol - dm™3).
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nutrient deficient surface layer. The ratio
increased in the discontinuity layer and was
characterized by an intermediary maximum
of over 14:1 in the layer of the Indian Central
Water. It decreased again in the Antarctic
Intermediate Water and below it reaching
values of 12 to 13:1.

Depending on the. dynamically forced up-
welling processes south-east of Nacala and
by thessignificant eddy in the area off Angoche,
cold deep water rich in nutrients was transport-
ed almost 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

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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Column concentrations of chlorophyll a (0—75' m)
in the northern area of the western Mozambique
Channel (20-02 to 04-03-1980)
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Column concentrations of chlorophyll a (0—75 m)
in the southern area of the western Mozambique
Channel (23-03 to 30-03-1980)
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productivity was the better 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 Asterionella japonica were observ-
ed in high frequency, but only Rh. hebetata f.
semispina showed signs of a mass development
with up to 2 - 10° cells - dm® 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.
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Zooplankton biomass (dry weight; 0—30 m) in the
northern area of the western Mozambique Channel
(20-02 to 04-03-1980)

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
offshore part of the southern region were
assessed as oligotrophic areas. Better condi-
tions for the primary and secondary produc-
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Zooplankton biomass (dry weight; 0—30 m) in the
southern area of the western Mozambique Channel
(23-03 to 30-03-1980)
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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 section XI,
especially with the chlorophyll concentration
(Fig. 16). The half-day sums of the global
irradiance measured at some primary pro-
ductivity stations were higher in the morning
(mean 1073.1 J/cm?) than in the afternoon
(mean 885.8 J/cm?).
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Fig. 16

Optical water types (I, IB, II, III by Jerlov) related to
the mean chlorophyll a concentrations in the surface
layer (0—10 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 sandy-silty nature and contain only
small amounts of heavy-minerals. Higher

concentrations (up to 10.19;, w/w) were
found on the shelf between Quelimane and
Beira. The small number of samples, 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 Ausprigung 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 mikromaBstiblicher
Schichtungsstrukturen der Temperatur als der des
Salzgehaltes. Dies kann zu einer im Mittel stirkeren
Ausprigung der Mikrostruktur des Salzgehaltes gegen-
iiber der der Temperatur in thermohalinen Sprung-
schichten fiihren. Dieser Effekt wurde am Beispiel
der sommerlichen Temperatur/Salzgehaltssprung-
schicht der westlichen Ostsee untersucht. Wihrend
bei der Ausprigung 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 stérkere
Ausprigung der Mikrostruktur des Salzgehaltes ge-
geniiber 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 abgeschitzt.

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, a stronger 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 structure 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
microstructure 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. )

Pesiome: PazinyHas ”HTEHCHBHOCTb MOJIEKY IS PHOM
anddy3un TemmepaTtypsl M COJICHOCTH BbI3LIBAET
6oJ1ee OBICTPBIN pacna MUKPOMACIITAOHBIX CTPYKTYD
TEMIIEPATYPHBIX CJIOEB, YEM CJIOEB COJICHOCTH. DTO
MOJXET IPHBECTH B CPeAHEM K Oosiee MHTEHCHBHOMY
NPOSIBJIEHYI0 MHKPOCTPYKTYPbI COJICHOCTH CpPABHH-

TEJBHO C MHUKPOCTPYKTYPOii TeMIEPATYPhl B TEPMO-

XaJIMHHBIX C/I0sIX ckaukoB. Taxoi 3¢dext uccieno-
BAJICS Ha NpUMeEpe JIETHEro CIOs CKayka Temmepa-
TYpbI/COJIEHOCTH B 3amajHoif uacTu bBanruiickoro
Mopsi. Ecnu npu obpa3zoBaHuHM CTyneH4YaTo#i CTPYK-
TyphI CJI0s CKayKa (BepTukajibHas wkasa 0,2 ... 0,3 m)
pasHULla MEXIy TeMIepaTypoii ¥ COJIEHOCTbIO He
OTMEYaeTCs, TO B 30HE AKTUBHOH MHKPOCTPYKTYDBI
(BepTukanbHas wkanga Menee 0,15 M) mposBiasercs
3HAYMTENILHO Oosbllee 0Opa3oBaHWE MHKPOCTPYK-
Typbl COJIEHOCTH, 4YeM Temuepatypbl. Mcxoms wu3
pa3JIMYHOTO AEHCTBHS MOJIEKYJsIpHOH muddy3nu Ha
MHKPOCTDPYKTYPY TEMIIEPATYPHI U COJIEHOCTU OLIEHOY-
HO OINpelesieH CPEeAHUH BO3PACT CTYNEHYaTON CTPYK-
Typhl OKOJIO 2 IHEH ¥ MATEH MHUKPOCTPYKTYPbI OKOJIO
10 yacos.

1. Einleitung

MikromaBstdbliche  Schichtungsstrukturen
im Meer entstehen hauptséchlich durch Sche-
rungsinstabilititen, brechende interne Wellen
und seegangsbedingte Vermischung. Diese
Prozesse erzeugen vertikal und horizontal
begrenzte Gebiete mit aktiver Turbulenz,
die auch als Mikrostrukturpatche (aktive
Mikrostruktur) bezeichnet weérden. Nach Ab-
sterben der aktiven Turbulenz entstehen Was-
serschichten mit geringeren mittleren Gra-
dienten als im Wasserkorper oberhalb und
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unterhalb. Die horizontale Ausdehnung dieser
Schichten (Layer) kann dabei wesentlich gro-
Ber sein als die horizontale Ausdehnung der
Mikrostrukturpatche. Dies ist durch intrusive
Prozesse bedingt (KupIN und ABRAMJAN
1984). Die Layer sind nach oben und unten
durch diinne Schichten mit starkeren Tempe-
ratur- bzw. Salzgehaltsinderungen (Sheets)
begrenzt. In ihrer Gesamtheit erzeugen die
Sheets und Layer einen stufenférmigen Auf-
bau der Dichteschichtung (passive Mikro-
struktur), der auch fiir 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 Vorginge,
interne Wellen und Stromscherungen in der
Folgezeit modifiziert, wobei die in der Mikro-
struktur-Schichtung enthaltene potentielle
Energie erniedrigt wird (Gldttung des Mikro-
strukturprofiles). Zusitzlich zu diesen dyna-
mischen Vorgidngen wirkt die molekulare
Diffusion von Temperatur- und Salzgehalt
(Woops und WILEY 1972). Dabei ist der
molekulare Diffusionskoeffizient der Tem-
peratur ca. 2 GroBenordnungen groBer als
der des Salzgehaltes. Der groe Unterschied
zwischen thermischen und halinen Diffu-
sionskoeffizienten 148t in thermohalinen
Sprungschichten, wie sie im Sommer fiir die
westliche Ostsee typisch sind, einen unter-
schiedlich starken Abbau thermischer und
haliner Mikrostruktur erwarten. Als Folge
davon muB auch eine unterschiedlich starke
Auspriagung der Mikrostruktur der Tempera-
tur und des Salzgehaltes auftreten. Der Ab-
bau kleinskaliger ~ Schichtungsstrukturen
durch molekulare Diffusion bewirkt somit
im Gegensatz zu der Wirkung der dynami-
schen Prozesse eine Verringerung der Ko-
hirenz von Temperatur und Salzgehalt. Aus
der Literatur sind bisher jedoch keine quan-
titativen Angaben bzw. experimentelle Un-
tersuchungen dieses Effektes bekannt.

Neben der Glittung von Mikrostruktur-
profilen fiihrt die molekulare Diffusion von
Temperatur und Salzgehalt unter bestimm-

ten Schichtungsverhiltnissen zu Doppeldif-

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

Ziel der durchgefiihrten Untersuchung ist
es, die durch unterschiedliche molekulare
Djffusionsgeschwindigkeit bedingten Unter-

schiede in der Auspragung 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 Skalenbereich der Mikro-
struktur signifikante Unterschiede in der
Auspriagung von Temperatur- und Salzge-
haltsmikrostruktur auftreten.

Die experimentellen Untersuchungen wur-
den am Beispiel der sommerlichen thermo-
halinen Sprungschicht der westlichen Ostsee
durchgefiihrt. Diese Sprungschicht zeichnet
sich durch groBe Temperatur- und Salzge-
haltsgradienten aus und weist eine ausge-
prigte Mikrostruktur auf. Die haline Sprung-
schicht der offenen Ostsee wurde wegen der
geringen Auspragung der Mikrostruktur
(PRANDKE und STIPs 1984b) nicht beriick-
sichtigt. :

2. Zur Wirkung
der molekularen Diffusion

Ausgehend von der Diffusionsgleichung fiir
einen Parameter P

oP

— — K, V?P=0 1
o » 1)
(V — Nablaoperator, K, — molekularer

Diffusionskoeffizient) erhilt man bei Ab-
hingigkeit nur von der Tiefe z und der Zeit ¢
durch Fouriertransformation beziiglich z als
Losung der Differentialgleichung mit der

Anfangsbedingung P(z, 0) = P (2):
B(k, 1) = Py(k) - e Ko™t ()

2n
Z
ist erkennbar, daB ein gegebenes Anfangs-

(k = — — Wellenzahl). Aus der Gleichung 2)
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spektrum bedingt durch die Wirkung der
molekularen Diffusion zu hohen Wellen-
zahlen abfillt und eine zeitliche Dampfung
auftritt. Fiir einen Abfall des Spektrums auf
die Hilfte seines urspriinglichen Wertes erhélt
man:

In2

he =g e
p

Fiir die Wirkung der molekularen Diffusion
auf einen idealen scharfen Sprung des Para-
meters P am Ort z, = 0 zur Zeit ¢ = 0 erhélt
man aus Gleichung (1) im Orts- und Zeitbe-
reich fiir £ > 0 nach LANDAU und LIFSCHITZ
(1966) die Losung

) z2
1 =
P(z, ) = j o *da
[/ 2n
V2Kt
=l+ erfc fir z=0, (4
2 2Kpt

welche gerade das Fehlerintegral ist. In der
Abbildung 1 ist die Wirkung der molekularen
Diffusion anschaulich dargestellt. Zur Cha-
rakterisierung der Schirfe des Sprunges wird
im allgemeinen die Halbwertsbreite h ver-

4P

Z0

Abb. 1

Zur Wirkung der molekularen Diffusion auf einen
idealen Sprung im Vertikalprofil des Parameters P.
Die charakteristische Halbwertsbreite der Sprung-
schicht ist mit 4 gekennzeichnet.

wendet. Aus Gleichung (4) erhélt man fiir A
die Beziehung

h=1/091K,t, - _ )

Der funktionale Zusammenhang zwischen
ty, und h ist in Abb. 2 fiir die Temperatur,
K, = 2,9 - 107* cm?/s, und den Salzgehalt,
K, = 58 - 107° cm?/s (molekulare Diffu-
sionskoeffizienten nach STOMMEL und Fg-
pOrROV 1967) dargestellt. Hieraus sind die
groBen Unterschiede in der Wirkung der
molekularen Diffusion auf einen Sprung im
Temperatur- und Salzgehaltsprofil erkenn-
bar. Weiterhin ist sichtbar, daB die Wirkung
der molekularen Diffusion besonders bei
kleinen vertikalen Skalen von Bedeutung ist.

3. MeB- und Auswertemethoden

Fiir die hier dargelegten Untersuchungen
standen ca. 150 Mikrostruktursondierungen
der T/S-Sprungschicht der westlichen Ost-
see mit der frei fallenden Mikrostruktursonde
MSS zur Verfiigung. Aufbau und Funktion
sowie MeBfehler dieser Sonde, ebenso die
angewendeten Verfahren der Datenvalida-
tion (dynamische Korrektur) sind von PRAND-
ke, KRUGER und ROEDER (1985) ausfiihrlich
diskutiert worden. An dieser Stelle sei daher

25

h[cm% T
204
15
10+
5 S
0+ 25 30
0 5 10 15 tw[d] 20
Abb. 2

Darstellung des Zusammenhanges zwischen der Ha!b-
wertsbreite 4 und dem Alter t,,, eines Sprunges 1T
Vertikalprofil der Temperatur () 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 Leitfahigkeit in ausgewéhlten Tiefen-

bereichen (Sprungschicht) registriert. Die Son-
de sinkt unbeeinflut von den Rollbewegun-
gen des Schiffes mit einer mittleren Sinkge-
schwindigkeit von ca. 0,5 m/s. Die Ansprech-
zeit beider Sensoren betrdgt 40 ms. Bei An-
wendung einer dynamischen Korrektur sind
somit vertikale MeBwertauflosungen von ca.

2 mm moglich.

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

— Analyse der Gradientenspektren von Tem-
peratur und Salzgehalt sowie der Ko-
hiarenz zwischen den Gradientenprofilen
von Temperatur und Salzgehalt

— Analyse der Auspragung der Sheet-Layer-

. Struktur der Sprungschicht auf der Grund-
lage der SL-Zahl

— Analyse der Haufigkeit des Auftretens
und der Eigenschaften aktiver Schich-
tungsbereiche (Mikrostrukturpatche).

Mittlere Gradientenspektren der Tempera-
tur und des Salzgehaltes wurden aus 10 aus-
gewidhlten typischen Mikrostrukturprofilen
der T/S-Sprungschicht berechnet. Ebenfalls
aus diesen ausgewédhlten Profilen wurde die
mittlere Kohédrenz zwischen Temperatur- und

Salzgehaltsgradienten in Abhédngigkeit von

der vertikalen Wellenzahl bestimmt. Bei der

Berechnung der Spektren und der Kohérenz

wurde die Wellenzahl k grundsitzlich in der

Form k = 1/ (A — Wellenladnge) benutzt.

Die SL-Zahl ist ein direktes und weitgehend
objektives MaB fiir die Starke der Ausbildung
der Stufenstruktur der Sprungschichten, das
unabhiingig vom mittleren Gradienten der

Sprungschicht.jst und nicht durch willkiir-

lich festgelegte Parameter wie Mittelungs-

weiten u. a. beeinfluBt wird. Die SL-Zahl
eines Ensembles von Sprungschichten ist
definiert als das Verhiltnis der mittleren

Gradienten der Sheets zu den mittleren Gra-

dienten der Layer. Die mittleren Gradienten

der Sheets und der Layer wurden aus den Be-
trigen der Gradienten der entsprechenden
Tiefenbereiche berechnet. Fiir 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
fiir die Temperatur als auch fiir den Salzgehalt
bestimmt.

Die Identifikation aktiver Schichtungsbe-
reiche erfolgte durch die Auszdhlung der
Nulldurchgénge (NDG) der Gradienten von
Temperatur und Salzgehalt in jeweils 20 cm
dicken Tiefenintervallen der registrierten Pro-
file. Einzelne isolierte Tiefenintervalle mit
NDG wurden als aktiver Bereich betrachtet,
wenn mindestens 2 NDG huftraten. 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 zusammenhédngenden aktiven
Tiefenintervalle. Als MaB fiir das Auftreten
von aktiven Schichtungsbereichen wurde der
mittlere aktive Teil der Sprungschicht be-
stimmt. Diese GroBe 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 Schichtungsbereichen wurde
durch Kehrwertbildung die mittlere Separa-
tionslinge als charakteristisches MaB fiir die
vertikale Ausdehnung der Strukturelemente
innerhalb der aktiven Bereiche bestimmt.

Fiir die Analyse der aktiven Schichtungs-
bereiche wurden alle zur Verfiigung stehenden
Mikrostruktursondierungen der 7/S-Sprung-
schicht der westlichen Ostsee herangezogen.

4. Mefergebnisse und Diskussion
4.1. Kohirenz zwischen Temperatur und
Salzgehalt

In den Sprungschichten des offenen Ozean$
tritt i. allg. zwischen der Temperatur und dem
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zahlen (k = 0,02—0,05 m™!) ein kohérenter
Verlauf auf, wihrend bei groBeren Wellen-
zahlen keine Kohirenz vorhanden ist (RODEN
1971). In der T/S-Sprungschicht der west-
lichen Ostsee konnten wir jedoch auch im Be-
reich sehr groBer Wellenzahlen noch eine
Kohirenz zwischen den Temperatur- und
Salzgehaltsgradienten nachweisen. Aus Abb. 3
ist erkennbar, daB bei k = 1 m™' und
k = 12 m~! deutliche Maxima im Kohdrenz-
spektrum auftreten, die die 90 9/-Signifikanz-
schwelle iiberschreiten. Das Maximum bei
k = 1 m~! 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 m™*
korrespondiert zu Schichtungsstrukturen von
ca. 4 cm Dicke. Strukturen mit diesen verti-
kalen Abmessungen sind fiir aktive Schich-
tungsbereiche charakteristisch.

Im Feinstrukturbereich (k < 1 m™") wurde
keine Kohirenz von Temperatur- und Salz-
gehaltsschichtung festgestellt. Dies ist damit
zu erkliren, daB die Schichtungsstrukturen
im Feinstrukturbereich hauptsichlich durch
advektive Vorginge (salzarmes Ostseewasser
{iber salzreichem Wasser aus dem Kattegat)
entstehen. Die 7-S-Eigenschaften dieser Was-
serkorper sind nicht durch lokale Prozesse in

Kohdrenz

N PRV P Ry
Abb. 3

Mittleres Kohiirenzspektrum von Temperatur- und
Salzgehaltsgradienten der T/S-Sprungschicht der west-
lichen Ostsee. Die 907-Signifikanzschwelle ist ge-

Salzgehalt nur im Bereich sehr kleiner Wellen- | strichelt eingezeichnet.

der westlichen Ostsee, sondern in entfern-
teren Seegebieten, unabhéngig voneinander,
entstanden.

Die Kohidrenz zwischen Temperatur und
Salzgehalt im Skalenbereich der Sheet-Layer-
Struktur und der Strukturen innerhalb der
aktiven Bereiche zeigt, daB die Mikrostuktur
von Temperatur und Salzgehalt durch Pro-
zesse erzeugt wird, die auf beide Parameter
gleichermaBen wirken. Diese Prozesse domi-
nieren gegeniiber der molekularen Diffusion,
die auf Temperatur und Salzgehalt in unter-
schiedlichem MaBe wirkt und somit eine
Verringerung der Kohérenz 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 geglittetes Rauschspektrum;
gepunktete Linie: Ubertragungsfunktion des MeBsy-
stems
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daB in der 7/S-Sprungschicht der westlichen
Ostsee eine stiarkere Auspriagung der Salzge-
haltsmikrostruktur gegeniiber der der Tem-
peratur auftritt. Wihrend im Bereich kleiner
Wellenzahlen (k < 3 m™!) die Gradienten-
spektren von Temperatur und Salzgehalt
einen parallelen Verlauf aufweisen, tritt im
viskos-konvektiven Bereich (¢ > 3 m™!)
eine signifikant stirkere Auspriagung der
Mikrostruktur des Salzgehaltes in Erschei-
nung. Im Vergleich zur Temperatur liegt der
cutoff (steiler Abfall des Spektrums) beim
Salzgehalts-Gradientenspektrum bei groBe-
ren Wellenzahlen. Die cutoff-Wellenzahl (Be-
ginn des steilen Abfalles des Spektrums) des
Temperatur-Gradientenspektrums liegt bei ca.
20 m™', beim Salzgehalt liegt sie bei ca.
50 m™1!,

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

4.3. Sheet-Layer-Struktur

Bei der Ausprigung der Sheet-Layer-Struk-
tur der Temperatur- und Salzgehaltsprofile
konnte kein signifikanter EinfluB der unter-
schiedlichen =~ molekularen  Diffusionsge-
schwindigkeit von Temperatur und Salzgehalt
festgestellt werden. Aus Tab. 1 ist zu erkennen,
daB sowohl die mittleren Dicken der Sheets
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
Gradientenspektren gewonnenen Aussage
iiberein, daB bei Schichtungsstrukturen groBer
0,17 m (k < 3 m™') kein Unterschied in der
Auspriagung der Mikrostruktur von Tempera-
tur und Salzgehalt auftritt.

Tabelle 1

Zusammenstellung mittlerer GréBen zur Charakteri-
sierung der Sheet-Layer-Struktur von Temperatur und
Salzgehalt in der 7/S-Sprungschicht der westlichen
Ostsee. AL — mittlere Dicke der Layer, AS — mittlere
Dicke der Sheets. Die Zahlenangaben in den Klam-
mern sind die 959%;-Konfidenzintervalle (einseitig).

Parameter AL AS SL-Zahl
m m

Temperatur 0,29 0,18 484
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 Hau-
figkeit und den Eigenschaften aktiver Schich-
tungsbereiche signifikante Unterschiede zwi-
schen Temperatur und Salzgehalt festgestellt.
Aus Tab. 2 ist ersichtlich, daB die Haufigkeit
(mittlerer aktiver Teil der Sprungschicht)
aktiver Salzgehaltsschichtung in der 77/S-

Sprungschicht der westlichen Ostsee ca. 1 Gré- .

Benordnung iiber der der Temperatur liegt.
Die mittlere vertikale Abmessung der aktiven
Schichtungsbereiche des Salzgehaltes ist ca.
doppelt so groB wie bei der Temperatur. Der

Tabelle 2

Zusammenstellung mittlerer GréBen zur Charakteri-
sierung aktiver Schichtungsbereiche der Temperatur
und des Salzgehaltes in der 7/S-Sprungschicht der
westlichen Ostsee. AT — mittlerer aktiver Teil der
Sprungschicht, z_;— mittlere Dicke der aktiven Schich-
tungsbereiche, L, = mittlere Separationslinge. Die
Zahlenangaben in den Klammern sind die 95 %;-Kon-
fidenzintervalle (einseitig).

Parameter AT L—p fs
e m m
Temperatur 3,7 0,42 L.
(0,043) (0,48)
Salzgehalt 30,5 0,73 6,7
(0,047) 0,22)
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Vergleich dieser beiden Parameter (Héufig-
keit und Patchdicke) zeigt, daB der groBere
mittlere aktive Teil der Sprungschicht beim
Salzgehalt im wesentlichen durch eine groBere
Anzahl von Mikrostrukturpatchen, und nicht
durch eine groBere vertikale Ausdehnung
dieser Schichtungsbereiche bedingt ist. Die
groBere Haufigkeit von Mikrostrukturpatchen
im Salzgehalt gegeniiber der Temperatur ist
damit zu erkliren, daB durch die wesentlich
groBere molekulare Diffusionsgeschwindig-
keit der Temperatur die lokalen Gradienten
dieses Parameters in den aktiven Schichtungs-
bereichen verhiltnismidBig schnell abgebaut
werden und somit im Gegensatz zum Salzge-
halt nicht mehr den notwendigen Wert auf-
weisen, um bei der Auszdhlung der Null-
durchginge in Erscheinung zu treten.

Auch die charakteristischen vertikalen Ska-
len innerhalb der aktiven Bereiche zeigen einen
signifikanten EinfluB der unterschiedlichen
molekularen Diffusionsgeschwindigkeit von
Temperatur und Salzgehalt. Wihrend die
mittlere Separationslinge beim Salzgehalt
6,7 cm betriigt, wurden fiir die Temperatur
7,7 cm bestimmt. B

4.5. Abschiitzung von Zeitskalen

Aus dem unterschiedlich starken Abbau klein-

skaliger Schichtungsstrukturen des Salzge-

haltes und der Temperatur durch molekulare

Diffusion 1Bt sich das mittlere Alter dieser

Strukturen abschitzen. Derartige Abschit-

zungen wurden fiir die Sheet-Layer-Struktur

und die aktiven Schichtungsbereiche durchge-
fiihrt. Dabei wurde von folgenden Voraus-
setzungen ausgegangen:

1. Temperatur- und Salzgehalts-Mikrostruk-
tursind durch dynamische Vorgénge gleich-
zeitig und mit gleichen vertikalen Skalen
entstanden. Molekulare Diffusionsvor-
ginge spielen bei der Entstehung aktiver
Schichtungsbereiche  (Zeitskale  nach
Woops und WILEY (1972) einige Minuten)
keine Rolle.

2. Bedingt durch die geringe molekulare
Diffusion, werden die kleinskaligen Schich-
tungsstrukturen des Salzgehaltes als kon-
stant betrachtet.

3. Die in der Einleitung genannten dynami-
schen Vorginge, die zur Modifizierung
einmal entstandener Mikrostruktur fiihren,
beeintrichtigen nicht die Wirkung der
molekularen Diffusion und erzeugen keine
neue aktive Vermischung.

Sheet-Layer-Struktur

Die mittlere Dicke der Sheets sowohl der
Temperatur als auch des Salzgehaltes betrigt
ca. 18 (£ 1) cm (s. Tab. 1). Wenn durch mole-
kulare Diffusion der Temperatur ein signifi-
kanter Unterschied in der Dicke der Sheets
und damit in der Auspragung der Sheet-
Layer-Struktur der Temperatur und des Salz-
gehaltes auftreten soll, miiBte sich die Dicke
der Temperatur-Sheets um ca. 2,5 cm ver-
groBern. Bei der Anfangsdicke eines Tem-
peratursprunges von 18 cm ist dafiir eine
Zeitdauer fiir das Wirken der molekularen
Diffusion von ca. 4 Tagen notwendig. Da
zwischen der thermischen und der halinen
Sheet-Layer-Struktur keine signifikanten Un-
terschiede festgestellt wurden, muB das mitt-
lere Alter dieser Strukturen deutlich kleiner
als 4 Tage sein.

Aktive Schichtungsbereiche

Bei der mittleren Separationslinge wurde
zwischen der Temperatur und dem Salzgehalt
ein signifikanter Unterschied festgestellt, der
auf unterschiedliche molekulare Diffusions-
geschwindigkeit zuriickzufithren ist. Wihrend
die mittlere Separationslinge beim Salzgehalt
6,7 (£0,22) cm betrigt, wurde fiir die Tem-
peratur ein Wert von 7,7 (+0,48) cm er-
mittelt. (s. Tab. 2). Fir die VergroBerung
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 7/S-Sprungschicht der westlichen
Ostsee registrierten Mikrostrukturpatche. '
Diese Abschitzungen sind konsistent mit
der Abschitzung von Zeitskalen aus dem
unterschiedlichen Verlauf der Temperatur-
und Salzgehaltsgradientenspektren. Bei der
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fiir aktive Schichtungsbereiche charakteri-
stischen Wellenzahl kK = 10 m™! ist das Gra-
dientenspektrum der Temperatur gegeniiber
dem des Salzgehaltes etwa um eine GréBen-
ordnung abgefallen. Modifiziert man Glei-
chung (3) entsprechend einem Abfall auf
10% und setzt den Wert k = 10 m~! ein,
so ergibt sich fiir die aktiven Schichtungs-
bereiche ein charakteristisches Alter von ca.
6 Stunden.

5. Schlufifolgerungen

Aus den durchgefiihrten Untersuchungen zum
EinfluB der molekularen Diffusion von Tem-
peratur und Salzgehalt auf die Ausprigung
der Mikrostruktur in der 7/S-Sprungschicht
der westlichen Ostsee lassen sich folgende

SchluBfolgerungen ziehen:

1. Im vertikalen Skalenbereich der Sheet-
Layer-Struktur und der aktiven Schich-
tungsbereiche tritt eine signifikante Ko-
hdarenz zwischen Temperatur- und Salz-
gehaltsgradienten auf. Dies zeigt, dal3 die
Temperatur- und Salzgehaltsmikrostruk-
tur durch gleiche dynamische Prozesse
erzeugt wird, die gegeniiber der moleku-
laren Diffusion dominieren.

2. Ein meBbarer EinfluB der unterschied-
lich starken molekularen Diffusion von
Temperatur und Salzgehalt auf die Aus-
pragung der Mikrostruktur konnte nur bei
vertikalen Skalen kleiner 17 cm (Skalen-
bereich aktiver Mikrostruktur) festgestellt
werden. Hier tritt eine signifikant stirkere
Auspragung der Mikrostruktur des Salz-
gehaltes gegeniiber der der Temperatur
auf. Dies muB bei der Bestimmung der
Mikrostruktur der Dichte, insbesondere
bei der Abschidtzung des durch lokale
Turbulenz bedingten Vertikaltransportes
durch thermohaline Sprungschichten be-
riicksichtigt werden.

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

turen abschéitzen. Die Sheet-Layer-Struk-
tur der 7/S-Sprungschicht der westlichen
Ostsee hat ein mittleres Alter von ca.
2 Tagen, das mittlere Alter der Mikro-
strukturpatche betrdgt 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 “case 1 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 durchgefiihrt. Mit einer
einfachen Bezichung ist es moglich, den EinfluB der
optischen Eigenschaften verschiedener suspendierter
und geloster Materialien auf die spektrale Reflektanz
zu studieren. Fiir Fall 1 Wasser zeigten die berechneten
Reflektanzen gute Ubereinstimmung mit Messungen
aus dem ostlichen 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.

Pestome: Bbliu IpOBEIEHBI HEKOTOPBIE MOIEJIbHBIC
PACHETHI O CBA3M MEXKLY KOIDPUIHEHTOM nuddyssoro
OTpaxeHHsi MOPCKOH BOJbI M COOCTBEHHBIMU OIITH-
yeckuMy XapakTepucTukamu. C MOMOMUIBIO MPOCTOro
OTHOIIEHHSI MOXXHO HM3yYMTh BIIMSHHME ONTHHYCCKUX
XapaKTePUCTUK Pa3IH1HBIX B3BELLICHHDIX U pacTBOpEH-
HBIX BELIECTB Ha KO3 GHUIMEHT OTpaxeHus. BeriucjeH-
Hble KO3GOUIMEHTHI 1S “cayuasi-1 BOJBI" XOpOLIO
COBIANAIOT C M3MepeHusmMu B BocTounom LieHTpaiib-
nom ATrnantudeckoM Oxeane. IIpeiiaraercs MeTOX,
¢ NOMOIIBIO KOTOPOTO MOXHO ONpEIETUTL KOHIICH-

TpamMIo XJOPO(HIIA U KEITOro BEIECTBA U3 KO-
sdguimenTa oTpaxenns 6e3 in situ-M3MEpeHUH.

v

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 reflectanceis 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 PRIEUR
(1977), OkAMmI et al. (1982), LOKK and PURGA
(1982), BUKATA et al. (1983).

The first step are calculations for ocean
case 1 water, where the optical properties 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 from remote measurements is the
spectral reflectance.

In general the spectral reflectance represents
the ratio of the upward irradiance E, and the
downward irradiance E; 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@©, ¢, 0) the spectral reflectance can be
written in the following form

E,0)

Ry(0) = E,0)
d

2n n

| [ L@©, ®,0) cos © sin ® dO do
_ 0 m2
~ 2n n/2
f f L(®, ®,0) cos @ sin @ dO do
0 0
(1)

where @ is the zenith distance and & 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 b, 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

bbd(Z)

Reltl=" bou2) + K(2)

o

In this equation b, ,(z) and b,,(z) are the
backscattering coefficients for diffuse down-
and upward radiation fluxes, a, and K the
absorption and attenuation coefficients for
upward irradiance.

Equation (2) is an exact solution of the
two stream model, but 4, , and b, are diffi-
cult to determine.

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

( 1 2b">”2 1
+ e PO
a b, - 1b,

26,\'2 " 2a+b, 2a°

1+ —] +1
a ©)
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

Ry(z) =

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

3 , bb
Ry ;r,,x, x Tih 4
The term of 1. order provides the dominant
contribution. The factor r, 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 R,, and b, /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
Ry =0332(1 + ) S)

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

The second order term A depends on the
volume scattering function and the radiance
distribution. For different cases they got a
typical value 4 < +59%. 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
GoORDON 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 (GOorRDON and MoOREL 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 b, can be calculat-
ed from measurements of the volume scatter-
ing function B(y)

b, = 2n /f2 B(y) sin y dy . (6)
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The total absorption and backscattering co-
efficients consist of the following components:

a=ay, + a; + a, + a,
)
b, = b,, + b, .

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 case 1 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
by and a,, as well as a,, a, and by,

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
a, as well as of the specific absorption coef-
ficients of chlorophyll-a (10 mg - m™3) and
yellow substances (1 mg - dm~?) are shown in
Fig. 1. The specific absorption for natural
phytoplankton was taken from LORENZEN

a/m-!
0,6
0.5
a
0,4 w
0,3
0,2 L AChla
0,1
9y
T T T 1
400 500 600 700
" Alnm
Fig. 1

Spectral absorption coefficients for pure seawater,
chlorophyll a (10 mg - m~3) and yellow substances
(1 mg - dm™3)

(1972) and for yellow substances from Heo-
JERSLEV (1980) with the following spectral
dependence

G, = &Pa (R PLoroa-4m ®)

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

2 AN
by(2) = byy(4) </{_)
0

A\
+ (bylo) — byulo)) (7) )
0
The wavelength dependence of the molecular
backscattering can be expressed by a power
law. Usually the exponent n, = —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
n, = 3 — m with m = 4 for the most actual
cases. The wavelength 4, = 633 was chosen

Rw
10'1:
10-2:
10'3:
7 0,51
10-4 L L L L U
400 500 600 700
A/nm
Fig. 2

Dependence of calculated reflectances on different
backscattering coefficients (C, = 0, C, = 0)
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N T

for thf: spectral calculation of the back-
scattering coefficient. At this wavelength
B(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 Ca
and of yellow substances C, and with different
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 C, = 0 and C, = 0. An increase of the
concentrations C, and C, 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 C,, variation. Fig. 5 describes
the influence of 1 mg - m~3 C,, in the presence
of different C, concentrations as possible in
a case 1 water. The higher the C_ concentra-
tion the lower is the influence of yl mg - m~3
chlorophyll-a.

Rw
1071 5
- N
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1 N
. \
_ \
\
.CChlmg-m'3 \
102
10734
{ ----¢y=0
-4
10 T T T T T T T T 1 )
400 500 600 700
A/nm
Fig. 3

Dependence of calculated reflectances on different
chlorophyll a-concentrations (C, = 03 mg - dm™3
by = 0.001 m~1) ’
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Fig. 4

Dependence of calculated reflectances on different

concentrations of yellow substances (by = 0.002 m™!

Cy = 1.0 mg-m™3)
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Fig. 5

Dependence of calculated reflectances on different
concentrations of yellow substances (b, = 0.002m™?,
Cs = 0and 1.0 mg - m™3)

In oceanic case 1 water an increase of the
concentration of chlorophyll-a is correlated
vyith increasing phytoplankton concentra-
tion, consequently the concentration of the
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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 b, was
taken into account corresponding to this
empirical correlation and C, = 0. But in
case 1 water C varies also. If the dissolved
organic substances are derivative products
of the phytoplankton then there must be a
connection between C, and C,. The varia-
tion of C, in dependence of C,, 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 case 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 C, and C,
lead to high reflectances. In the range be-
tween 520 nm and 560 nm there is an inter-

Ry
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13 0
14 ; 0
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Fig. 6

Calculated reflectances for increasing b, and Cy, as
in case 1 water (C, = 0)
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Calculated reflectances for increasing b,, C4 and C;
as in case 1 water

section of the reflectance curves. This means
that the height of the 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 R, with measured
reflectances R. The reflectances R were
- determined from measurements of the up-
ward radiance L, just below the sea surface
and downward irradiance Eg above the surface
according to the relation R = m - L,/Eg.
For an ocean without any influence of the
bottom it can be assumed that R ~ Ry,.
From the calculations of the spectral re-
flectances Ry, it is possible to approximate the
relationship between the backscattering co-
efficient b, and the reflectance R, at three
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Fig. 8
b, (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
R,, in that spectral range. Using Fig. 8 the
backscattering coefficient was determined
from four examples of measured reflectances
displayed in Fig. 9. From those b, and measur-
ed C, and C the spectral reflectances were
calculated. Fig. 10a—d show a good agree-
ment between measured and calculated re-
flectances.

A !
2
10-24 3
14
10-3 1
1 Stat. 50
2 Stat. 76
3 Stat. 83
4 Stat. 91
0bs 4+ T
400 500 600 700 A/nm
Fig. 9

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, and C, in oceanic
case 1 water. Using the typical range of the
values of C, and C, as well as b, for case 1
water we calculated the spectral reflectances
R, and collect them in a catalogue. b, was
chosen as the primary parameter in the
catalogue. For each b -value and the typical
Cqu- and C,-values the reflectance curves
were collected. Using Fig. 8 it is possible to
determine b, from measured reflectances.
According to the b, -value we compare the
measured spectral curve with the calculated
one. A good agreement gives us the concentra-
tion of C; and C, from the parameters of the

calculated reflectance. This method allows

us to approximate the composition of C, and
C, in oceanic case 1 water from reflectance
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

Spectral reflectance 79
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Comparison of measured ( ) and calculated (————) reflectances
ocean water as suggested by MOREL and References

PrIEUR (1977) allows to study this relationship
for case 1 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-
tion and concentration of chlorophyll-a and
yellow substances from reflectance measure-
ments from systematical investigations of
this relationship and with a catalogue of
calculated Ry, curves for different b, as well
as C, and C,.
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The major inflows of saline water into the j

Baltic Sea have been investigated for the first

time for the period from 1897 to 1976 using 30

the daily salinity measurements at the light

vessel “Gedser Rev”. This analysis of the
lighynne s major Baltic inflows was carried out by means

MoReL, A.; PRIEUR, L.: Analysis of variations in of & msthiodl supgested by Wous (19925 and

ocean color. — Limnology and oceanography 22  Received: July 12, 1985 ricdiFiesY oy flte wnfons;

e SRS I The general conditions for inflow events

in the Darss Sill area (I/v “Gedser Rev”)

were defined by WoOLF as follows:

1. The stratification coefficient G = 1 — S,/S,, .
(Sp = surface salinity) must be <0.2 for -
at least 5 consecutive days, and

2. the bottom salinity S, must be =17 - 1073. _ £ :

Further conditions have been specified as O TaTtstalNTD S TETMIATHT]

criteria to decide whether or not single %ays

ween detected inflow  Fig 2 . '
:\?Z(r)li:, ma.z:lf)t'erbeogd(?:c; to the inflow period. Seasonal frequency distribut7i;)n of the major Baltic
The major Baltic inflows have been categoriz-  inflows between 1897 and 19
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Table 1

The most intensive Baltic inflows between 1897 and 1976

No. Period

1 25. X1.—19. XII. 51
2 18. XI.—16. XII. 13
3 22.XII. 75—14.1. 76
4 29. X.—25. XI. 69

5 16. XII. 21—6. 1. 22
6 17.1.—31.1. 21

7 13. X1.—29. X1. 73
8 26. XI.—13. XII. 06
9 10. XI.—20. XI. 30
10 28. IX.—15. X. 50

e TR

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. 1 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
long 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.

0 k S, - 10° T, G,
days C

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 Table 1 the ten most intensive Baltic
inflows classified according to Q are listed
together with the duration of inflow k,
the mean vertical salinity S,, the mean
vertical temperature T, and the mean strati-
fication coefficient G, of the inflow period.
These inflow events occurred between 28 Sep-
tember and 31 January.
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HucTpykuus 118 aBTOpPOB :

MaiuHONUCHbIE CTaThU CJIEAYET BBICHLIATH B
Tpex 3JKk3eMmmIspax Ha Oenoit H6ymare ¢opmara
A4 (297 x 210 mM) ¢ nonsmu B 3,5 cM (crieBa) u
2,5 cM (BBepxy) COOTBETCTBEHHO MNpH IHCbME
TOJILKO Ha OJTHO CTOPOHE JINCTA Yepe3 ABa HHTEp-
Bana. O6beM cTaThy, 0 BO3MOXHOCTH, HE JOJI-
XeH npeBblaTh 20 CTpaHHUIL (BK/JIIOYAs PUCYHKH).
Jins pa3oBoif KOPPEKTYpbl aBTOpY Nepenaercs
KOPPEKTYpHBIHf OTTHCK CTaTbH, MO3TOMY JOMOJ-
HHTEJIbHbIE BCTAaBKH MJIM 3HAYMTEJbHble M3MEHe-
HHSl TEKCTa HCKJIIOYAIOTCA.

B xone odopmileHHs CTaTbH NPOCHM Y4YecTh
creAyIolIMe YKa3aHHs U NPUHATD TaKylo NMOC/e0-
BaTEJNbLHOCTb HacTel PyKOMHCH :

Haseanue: Ims (imena) u pamunns (damunnu)
aBTOpa(oB), NOJi HAMMH : TIOJIHOE Ha3BaHHUE CTATbH
Ha HEMELKOM, aHIJIMHCKOM M PYCCKOM f3bIKaX.

Pesiome,  Zusammenfassung, Abstract: Tlpen-
nocjaTh KaXIOH CTaThe KpaTKoe, HO conepxa-
TeJIbHOE Pe3IOME Ha PYCCKOM, HEMELIKOM M aHTJIH-
AckoM s3bikax. OHO JO/DKHO coaepxaTth uHGpOp-
MaLHI0 O MPUMEHAEMBIX METOAAX HCCIIEIOBAHUIA
H OCHOBHbIE BbIBOJIBI aBTOPA.

Texcmosasn uacmeo: CneyeT HyMepoOBaTh CTpa-
HUIbI CTAaThH N0 nopaaky. CraTes AoJIXHA 06na-
JaTh YE€TKOH CTPYKTYpO# ¢ HyMepauueii rjiaB 1o
MOPAAKY.

ABTOp HOJIXKEH BHECTH B PYKONHCh CJIEAYIOLLME
3aMeTKH (KapaHnamom!): paspsiaka — JIOMaHas
JINHUSA, MEJIKHi IUPUT — BepTHKAJIbHAS JIMHUSA C
JIEBOTO Kpasi, KypCHMB — BOJIHHCTas JIMHHUA.
daMUIUM LUTHPYEMBbIX aBTOPOB MHMCaTh MNpO-
NHUCHbIMM OykBamM, a roa nybnukauum — B
ckobOkax.

IMpuBoas naHHblE HM3MEPEHHMH, aBTOP JOJIKEH
NPUHATH BO BHUMaHHEe peKoMeH1auun MexayHa-

poaHoii cuctemsl eaunul (CH). MaTtemaTtnyeckue
CHMBOJIbI, GOPMYJIbI, @ Takxke OYKBbI, KOTOpbIE
He MOTYT ObITh Hane4YaTaHbl Ha MALLUHKE, JOKHbI
ObITH TIIATEJILHO K YETKO BHECEHBI OT r;ym.
CokpallleHHss B TEKCTe AOMYCKaroTCs TONBKO B
Cly4ae MOBTOPOB M, NPH HEOGXOAMMOCTH, O6BAC-
HEHBbI B KOHILIE CTAThH.

Jlumepamypa: CnHMCOK LMTHPYEMBIX B TEKCTE
aBTOPOB, JOJIKEH ObITh MPHBENEH COTJIACHO 06-
pasily B aipaBUTHOM MOPSIKE :

Kuuru: LEBLOND, P. H.; MYSAK, L. A.:
Waves in the Ocean. — Amsterdam: Elsevier
1978. ‘

XKypuansi: VERONIS, G.; MORGAN, G. W.:
A study of the time-dependent wind-driven ocean
circulation. — Tellus 7 (1955) 2, 232—247.

CokpaniaTb Ha3BaHHUA JKYPHAJIOB MOXHO TOJBKO
TaK, KaK NpHHATO B 6ubanoTexkax. C nesbio u3be-
XaHUA HeAOpa3yMeHHi pekoMeHayeTcs 106aBUTh
K Ha3BaHMSM XYDHAJIOB, BBIXOASALIMX HENEpHO-
auyHO, Ne BbImycka.

Adpec asmopa: B KOHLIE PYKOTIHCH CJIEAYET yKa-
3aTh: JAaTy OKOHYaHUA pabGoThl, MOJIHbIE HMSA
(umena) u pamuuio(u) aBTopa(oB), aipec HHCTH-
TyTa(OB) WJIK OpraHu3aluu(i).

Pucynxku, mabauysl, yca06Hvle 0003HAYEHUA:
PHCYHKM JOJDKHBI OBITh YETKHMH H O(OpMJIEHBI
Ha KaJbKe (YepHOH Tymslo) wiu ¢otobymare
(yepHO-6enoif). PucyHkn M Tabnuubl JOJKHBI
6BITH NPOHYMEPOBAHBI N0 MOPAIKY, a Ha ob6opoTe
cneayeT HamucaTth, GaMWIHIO aBTOpa M HOMEpP
pucyHka uiau Tabnuubl. MXx MecToHaxoxaeHue B
TeKCTe clieayeT MOMETHTb Ha nesoM mnone. Ta6-
JIMIBI, 3ar0JI0BKH TabJIHIl M MOANHCH K PHCYHKaM
(ycnoBHble 0603Ha4eHHA) NOJDKHBI ObITH HAMHCAHBI
OTHEJIBHO.
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