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A b s t r a c t

F or th is  s tudy  th e  hydrographic d a ta  collected 20 — 21 June,
1956, were used. T h a t period was relatively calm and  th u s 
probably  represented sta tionary  conditions.

The whole A land Sea, a  sound between th e  Gulf of B othnia 
and th e  B altic proper, was found to  be characterized, as ex ­
pected, (1) by  an  isohaline, alm ost isotherm al upper zone, (2) 
by  a  haloeline, and (3) b y  a  deeper zone. The halocline was 
found to  consist of an  upper p a r t  which was also a  therm ocline, 
an d  of a  weaker lower jJärt which was characterized b y  a  te m ­
pera tu re  inversion. F or obvious reasons th e  layer o f no m otion 
should appear close to  th e  dep th  between th e  two distinct parts  
o f th e  halocline.

In  the  final approxim ation th e  depth  of the  layer o f no 
m otion was taken  to  be th e  dep th  a t  which th e  curves rep re­
senting the  anomalies of specific volume a t  two neighbouring 
sta tions crossed (or were tangen t to) each other. The depths 
th u s found varied  between 39 and 80 m etres.

In tegrating  over th e  specific volume upw ards from  th e  
dep th  of th e  layer of no m otion i t  was found th a t  th e  Swedish 
coast appeared to  be 16 +  4 m m  higher th a n  th e  w est coast 
of Aland. The m axim um  m ean southw ard curren t under s ta ­
tionary  conditions (actually between sta tions 15 and  F64) was
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found to  be 11.3 om s_1. The volume tran sp o rt tow ards south 
above th e  layer of no m otion was found to  be 47 000 m 3 s—1 and 
the  volum e tran sp o rt tow ards n o rth  to  be 12 000 m 3 s—1. 
Assuming th a t  th e  discharge from  rivers into th e  Gulf of B othnia 
was 15 000 m 3 s—1, th e  volum e tran sp o rt tow ards n o rth  th rough 
the  Archipelago Sea should have been some 20 000 nr3 s-1 during 
th is  period.

1. M a in  characteristics o f the Âlancl Sea

The w ater exchange betw een th e  G ulf of B o thn ia ancl the  B altic  
proper proceeds b o th  th rough  th e  open A land Sea, s itu a ted  w est of th e  
m ain  island of A land and  th e  east coast of Sweden, and  th rough th e  
Archipelago Sea, east of th e  m ain  island of A land. Basically th e  A land 
Sea (Fig. 1) is an  open sound w ith  an  elongated deep channel of m ore 
th a n  200 m etres’ dep th  runn ing  from  southeast tow ards northw est and 
w ith  a  southern  sill, approxim ately  along th e  la titu d e  59°35' N , having 
m ostly  a  dep th  of some 40 m etres w ith  one deeper canyon probably  
causing th e  ac tua l sill dep th  to  be abou t 70 m etres.

The exchange o f w ater, sa lt and  po llu tan ts  th rough  th e  A land Sea 
is dom inated to  a g reat ex ten t b y  th e  m eteorologically caused rap id  
w ate r m ovem ents either northw ards or southw ards, as clearly indicated  
b y  th e  recent cu rren t m easurem ents. (Eh l in  and  Am b jö b n , [5].) Since 
th e  salin ity  and  th u s  also th e  density  of th e  southbound w aters norm ally  
is less th a n  those of th e  o ther w aters, th ey  ten d  to  s tay  in  th e  upperm ost 
layers. On th e  o ther hand , th e  northbound  w aters norm ally  have a 
tendency  to  sink in to  deeper w ater layers or to  tu rn  back  southw ards.

The problem  of th e  resulting  w ater exchange can be approached 
th rough  th e  m easurem ent of ac tua l currents and  ensuing com putations, 
such m easm em ents being, however, tedious and  difficult to  perform . 
The o ther possibility is to  m ake use of a s ituation  w hen th e  winds b o th  
are and  have been w eak before th e  observation period. In  th is  s tu d y  th e  
la tte r  approach has been m ade. Thus h i th e  following an  a tte m p t is 
been m ade to  calculate for th e  A land Sea

— th e  surface topography  or a t  least th e  height difference betw een
th e  w est coast of A land and  th e  east coast of Sweden,

— th e  currents th ro u g h  a  few transversal sections,
— th e  volum e tran sp o rt th rough  th e  sam e sections.
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Fig. 1. The A land Sea. The hydrographic stations, 1 to  18, including F64, were
those used in  th is  study.

The im m ediate reasons for th is  a tte m p t were as follows:
1. T he results from  hydrographic levellings across th e  Á land Sea are 

required  for th e  precision levelling b y  th e  geodetists.
2. Einnish-Swedish b ila tera l studies of pollu tion  of th e  G ulf of B othnia, 

an d  of m easures to  com bat it, require  in form ation abou t th e  w ater 
exchange through th e  A land Sea.

3. T o r th e  in te rp re ta tio n  of th e  ac tu a l curren t m easurem ents in  th e  
A land Sea, if  possible, a reference stu d y  is required, n o t based upon 
direct m easurem ents.



20 lim o Heia

4. F iu’tk er hydrographic studies of th e  A land Sea will be m ade sim pler 
i f  th ey  can be based upon an  earlier in terp re ta tio n  of hydrography 
observed during idealized conditions.

5. E stim ates concerning th e  w ater volum e tran sp o rt th rough  th e  A land 
Sea and, indirectly , also th rough  th e  Archipelago Sea are required  
for num erous local purposes, including th e  possibilities of com batting 
th e  land-based and  o ther pollution of th e  sea area in  question.

The A land Sea is obviously principally  a sound connecting the  Gulf 
o f B o thn ia  and  th e  B altic  proper. However, one could consider th e  said 
sea also an  estuary  b u t w ith  some m odification. B ow den  [3] gives th e  
following general definition:

»An estuary  m ay  be defined as a p artia lly  enclosed body of w ater 
w hich receives an  inflow  of fresh w ater from  lanci drainage and  w hich 
has a free connection w ith  th e  open sea. The w ater w ith in  th e  estuary  
consists of a m ix tu re  of fresh w ater and  sea w ater in  proportions 
w hich v ary  from  place to  place. This definition, which follows th a t  
used b y  Camebon  an d  P bitchaed  [4], covers coastal p lain  estuaries 
and  fjords, as well as certain  gulfs, sounds and  inlets. I t  also includes 
em baym ents form ed behind  offshore bars, provided th ey  have a 
salin ity  significantly lower th a n  th e  open sea.»
Analogously to  th is  general definition we could define th e  A land 

>Sea as follows: »The A land Sea m ay be considered a  fjo rd -type  estuary  
to  be defined as a  p a rtia lly  enclosed body of w ater, w hich receives an  
inflow  of th e  w ater of G ulf of B othnia, being a m ix ture  of fresh w ater 
from  lanci drainage in  th e  catchm ent area of th e  G ulf of B othnia and  
of saltier w ater having p en e tra ted  th e  G ulf of B o thn ia  either th rough  
th e  Archipelago Sea or th rough  th e  A land Sea. The w ater w ith in  th e  
A land Sea is a m ix tu re  of th e  w ater of G ulf of B o thn ia and  of B altic 
proper w ater in  proportions w hich v ary  from  place to  place.»

2. Schematic presentation o f the water masses o f the A land  Sea

H ela  and  K oboleff [8] published th e  hydrographical and  chemical 
d a ta  w hich were collected in  1956 am ong others in  th e  A land Sea, and  
H ela  [7] presented a hydrographical survey of th e  w aters in  the  A land 
Sea. The applied nineteen  hydrographic stations (Eig. 1) cover the  whole 
A land Sea ra th e r well. F urtherm ore , during th e  period of th e  field  study, 
20 and  21 Ju n e , 1956, th e  winds varied  betw een 1 and  3 Beauf. only,
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m ainly  from  th e  south. Moreover, during a  few days im m ediately  p re­
ceding th e  above period in  th e  area of th e  whole G ulf of B o thn ia th e  
w inds were w eak or m oderate. This can be concluded from  th e  lim ited 
absolute and  relative changes of th e  sea level of th e  area of th e  Gulf of 
B othnia, tak en  from  d a ta  of sea level in  re la tion  to  th e  expected m ean 
sea level, (in cm), (L is it z iît , [10]):

R aahe

June 18 19 20 21

(64°42' N, 24°30' E) 
Piet-arsaari

+  10.1 +  4.1 +  2.9 - 3 .3

(63°42' N, 22°42' E) 
Mäntyluoto

+  5.4 +  2.9 +  1.1 - 5 .0

(61°36' N, 21°29' E) 
Degerby

-  3.3 - 4 .3 - 3 .8 - 6 .2

(60°2' N, 20°23' E) -  8.4 - 6 .6 - 5 .7 - 5 .2

Thus th e  m ateria l of Ju n e  20—21, 1956, should yield results w hich 
resem ble s ta tionary  conditions.

In  order to  system atize th e  hydrographic d a ta  covered b y  th e  said 
n ineteen stations, th e  m ean salinity, th e  m ean tem peratu re  etc. over 
th e  whole A land Sea were com puted and  th e  m ean values p lo tted  on 
sem i-logarithm ic scale for every depth .

F irstly , th e  m ean vertical d istribu tion  of salin ity  (cf. T t t l ly ,  [17]) 
indicates (Fig. 2) an  isohaline upper zone (AB) betw een th e  surface and  
some 10 m etres, th e  halocline, consisting of tw o p arts , th e  upper p a r t 
o f th e  haloclm e (BC) betw een some 10 and  50 m etres an d  th e  lower p a r t 
(CD) betw een some 50 and  130 m etres and  th e  lower zone (DE) betw een 
130 m etres and  th e  bo ttom . T he existence of th e  nearly  isohaline lower 
p a r t  (CD) of th e  halocline seems to  indicate th a t  th e  re la tively  saline 
w ater from  th e  south  penetra tes th e  A land Sea in  a pu lsato ry  m anner. 
Thus th e  deepest layers consist of tw o or several types of w a te r having 
som ew hat differing salinities.

F o r each depth  also th e  stan d ard  deviation of th e  salin ity  was com­
puted. As expected, th e  s tan d ard  deviation was in  th e  upper zone (AB) 
low, 0.1 0/00, in  th e  lower p a r t  of th e  halocline less th a n  0.1 0/fl0 and  in  
th e  lower zone some 0.0 3 0/00 only b u t had  a m axim um  of some 0.5 0/00 
in  th e  upper p a r t of th e  halocline, a t  th e  dep th  of 24 m etres. This is in  
a ra th e r good agreem ent w ith  T tjlly [17], who assum ed th a t  th e  lower 
lim it of th e  halocline is regarded as th e  level th rough  which tran sp o rt
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Fig. 2. The m ean vertical d istribu tion  of salinity, given in  semi-logarithmic scale, 
in  th e  A land Sea, Ju n e  20 — 21, 1956. Also th e  standard  deviation of salinity a t 

each dep th  has been given w ith horizontal arrows.

tak es  place upw ards only, whereas m ixing as well as en tra inm ent occurs 
w ith in  th e  halocline.

Secondly, th e  m ean vertical d istribu tion  of tem peratu re  is indicated  
in  M g. 3. In  th is  p resen tation  th e  upper zone (AB) reaches th e  dep th  of 
som e 8.5 m etres, th e  upper p a r t (BC) of th e  halocline corresponds to  a 
dow nw ards decreasing tem peratu re  from  8.5 m etres to  some 34 m etres, 
if  an  effort is m ade to  m ake use of a broken line, or to  some 45 m etres 
i f  th e  p o in t G is ind icated  b y  th e  vertical tan g en t of a curve BOD. The 
lower p a r t  of th e  halocline (CD) is observed in  th is  p resentation  as an  
inversion layer of th e  tem peratu re. Once m ore th e  lower end of th e  
lower p a r t  (CD) o f th e  halocline is found a t  th e  dep th  of 130 m etres.

N e x t, th e  m ean vertical d istribu tion  of a, is seen in  Fig. 4. H ere 
again  th e  depths 8.5, 50 and  some 130 m etres correspond to  th e  levels 
o fB , 0  and D. If, however, a, ( — ffs,t,o) is replaced b y  r>s,i,P th a t  is, 
i f  th e  com pressibility of w ater is tak en  into account, th e  ac tua l density
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Fig. 3. The m ean vertical d istribution  of tem perature, given in  semi-logarithmic 
scale, in  th e  A land Sea, June  20 — 21, 1956.

appears in  th e  sem i-logarithm ic p resen tation  betw een 8.5 m etres and  
th e  b o ttom  more or less as a s tra ig h t line. This in teresting  observation 
calls for ano ther analysis w hich we hope to  perform  a t  a la te r  date.

In  th e  corresponding m ean tS-diagram  (Tig. 5) th e  upper zone 
AB and, likewise, th e  lower zone D E  appear alm ost as tw o points, while 
th e  tw o p a rts  of th e  halocline (BG and  CD) appear m ore or less as tw o 
stra ig h t b u t differing lines. Assum ing th a t  BCD really  is a  broken line, 
th e  significant C-layer seems to  have th e  following characteristics: 
z =  34 m etres, S  =  6.44 0/00 and  t =  0.6°C. However, i t  seems more 
correct to  indicate th a t  in  th is  p resen tation  th e  po in t C has m ore or 
less w orn off as a  resu lt from  mixing. Therefore, th e  indicative C-layer 
is found as the  m inim um  of th e  curve BCD w ith  th e  folio whig char- 
acteristics: z =  45 m etres, S  =  6.94°C, t =  1.1°C and  at =  5.57.

F inally , even th e  oxygen sa tu ra tio n  percentage (Fig. 6), presented 
as a »function» of a, clearly indicates a ra th e r sharp  tu rn ing  po in t some­
where near th e  values at =  5.75 and  0 2 =  98 per cent. In  th is con-
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K g. 4. The m ean vertical d istribu tion  of a, (— ffs,i,o)> given in  semi-logarithmic 
scale, in  the  A land Sea, Ju n e  20 — 21, 1956. The corresponding values of ffs.i.p 

are indicated by  th e  broken line.
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Fig. 5. The tem perature-salinity  diagram , based upon the  m ean values in  Figures 
2 and 3, for th e  A land Sea, June  20 — 21, 1956.
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Fig. 6. The oxygen saturation , per cent, given as th e  »function» of au in  the  
A land Sea., Ju n e  20 — 21, 1956.

ne otion one m ust observe th a t  in  th e  deepest w aters, w here at has th e  
highest values, th e  scattering  of oxygen sa tu ra tio n  degree indicates th e  
pu lsa to ry  character of th e  w ater inflow  in to  th e  A land Sea (Mg. 7). A t 
th e  b o ttom  of th e  s ta tio n  2, a t  th e  southern  edge of th e  A land Sea th e  
ra th e r sa lty  w ater is obviously »too rich» in  oxygen, while a t  th e  stations 
E64 and  15, h i th e  n o rth ern  p a r t  of th e  deep valley  of th e  A land Sea 
th e  b o ttom  w aters show an  oxygen deficit g reater th a n  one w ould expect.

Linking th e  above observations together one m ay now observe th a t  
th e  A land Sea was 20—21 Ju n e , 1956, characterized b y  th e  following 
Avater masses and  layers.
— The upper zone (AB) is isohaline, alm ost isotherm al and  oversaturated  

w ith  oxygen.
— The layer B appears a t  th e  d ep th  of 10 (or 8.5) m etres.
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Fig. 7. The distribution  of oxygen saturation , per cent, near th e  bo ttom  of the 
Â land Sea, Ju n e  20 — 21, 1956.

— The upper p a r t  (BO) of th e  halocline appears also as a therm ocline. 
This w ater m ass is oversatu rated  w ith  oxygen b u t less so th an  the  
upper zone.

— The layer 0  appears a t  th e  dep th  of 50 (or 45) m etres.
— T he lower p a r t  (CD) of th e  halocline appears as an  inversion layer

of therm ocline. This w a te r m ass shows a slight sa tu ra tio n  deficit of 
oxygen.

— The layer D appears a t  th e  dep th  of 130 metres.
— The lower zone D E  is p ractically  isohaline and  isotherm al. The

satu ra tion  deficit of oxygen is more developed th a n  h i th e  lower 
p a r t of the  halocline b u t its  scattering  is quite pronounced.
One m ay conclude th a t  th e  layer 0  or ano ther dep th  close to  i t  

divides th e  w aters of th e  Á land Sea in to  tw o basically different w ater 
bodies.
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3. The application o f the dynam ic method

As poin ted  out above, an  effort is m ade to  app ly  th e  s tan d ard  dynam ic 
m ethod. In  order to  avoid erroneous conclusions, particu la r a tten tio n  
m ust be pa id  to  th e  effects o f th e  various assum ptions m ade. M oreover, 
th e  estim ation of th e  accuracy of th e  residts, if  any, will be m ade possible 
by  m eans of th e  said assum ptions.

W hen th e  forces are given per m ass u n it, as always in  th e  physical 
oceanography, th e  equation  of m otion has th e  following general form:

de
~  2 Ü X C )  +  ( - a \ 7 p )  +  g  + F  ( 1)

w here c is th e  velocity,
£2 is th e  angular velocity  of th e  ea rth ’s ro tation :

\Q\ =  0.729 X IO“4 s"1,

a  is th e  specific volum e of w ater (cm3 g_1),
p  is th e  pressure (dyne cm-3),
g  is th e  acceleration of gravity ,
F  is the  frictional force.

W hen th e  above equation  of m otion is given by  m eans of th ree 
com ponents and  w hen th e  m inor term s are neglected following th e  
s tan d ard  procedure, th e  following set of equations is obtained:

du dp
¥  =  + F ,

dv dp
—  =  ( -  2Ü  sill <f>)u — x - f y  + F y  (2)

diu dp
dt * dz

F z

I t  is ra th e r obvious th a t  w hen neglecting such m inor term s, th e  
errors in troduced  were sm all enough n o t to  have affected th e  accuracy 
of th e  forthcom ing com putations.

In  these equations
u, V, w  are th e  com ponents of c,
(ƒ> is th e  la titude ,

F x, Fy, F  a are th e  com ponents of F.
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Two fa rth e r assum ptions m ust now be made. F irs t, i t  is assum ed 
th a t  th e  currents are sta tionary , unaceelerated. Since th is  assum ption 
is re la tively  bold, i t  will affect th e  results of th e  com putations and  thus 
m ust be tak en  in to  account w hen estim ating th e  accuracy of th e  results. 
(Im plicitely it  m ast be assum ed th a t  th e  observation period (v o n  A r x ,
[1]) for each hydrographic section is b rief enough, th a t  is, »synoptic». 
Because of th e  ra th e r s ta tio n ary  conditions during Ju n e  20 — 21, 1956, 
an d  because of th e  rap id  working m ethods on board, we assum e th a t  
th is  secondary condition was fulfilled.) Secondly, i t  is necessary to  
neglect th e  frictional term s. E ven  th is  assum ption is basically  wrong, 
especially close to  th e  coast lines, and  its effect m ust be considered 
w hen estim ating th e  final accuracy.

W ith  these tw o basic assum ptions th e  la s t equation  gives us the  
hydrosta tic  equation, while th e  f irs t tw o can be com bined in to  th e  well- 
know n geostrophic equation

indicating th a t  in  th is  case th e  pressure grad ien t and  th e  Coriolis force 
balance each other. In  th is  equation

c is th e  horizontal curren t velocity and

n  is th e  direction norm al to  th e  curren t velocity.

T aking into accorurt th e  elongated form  of th e  A land Sea i t  has 
been assum ed th a t  th e  currents are m ain ly  longitudinal, while th e  
hydrographic stations (Fig. 1) have been placed along lines roughly 
following th e  m ost probable direction of n. The selection of th e  direction 
of n  m ay erroneously reduce th e  com puted speeds of currents b u t will 
n o t affect th e  com puted height difference along a hydrographic section 
betw een th e  w est coast of A land and  th e  east coast of Sweden.

F or th e  actual com putations th e  p ractical form ula (4) is used

dp
a. —  =  (2Û sin d>)c 

on (3)

Pa P  0

2Ü  sin <f> AB
1

Pi Pi

where c± and c0 refer to  th e  crurent speeds 

a t  th e  depths 1 and  0 and
A and B are indices for tw o hydrographic stations.
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This form ula obviously gives th e  curren t a t  level 1 in  re la tion  to  th e  
current a t  level 0. I n  order to  ob tain  th e  absolute cu rren t speeds th e  
speed differences are in teg ra ted  from  a layer of no m otion b o th  upw ards 
up  to  th e  surface and, likewise, downwards. Thus th e  selection of th e  
layer of no m otion becomes ano ther critical factor affecting also th e  
results of th e  com putations, as will he shown below.

F inally , the accuracy of th e  com putation  of specific volum e has to  
be tak en  in to  account as ano ther factor affecting th e  fin a l results. 
Following th e  stan d ard  procedure already  proposed h i th is  form  by  
Y . B je r k n e s  [2] th e  specific volum e is presented in  th e  following m anner:

«S.i.p =  «35,0,p +  <5 (5)

where <5 is called th e  anom aly of specific volum e. Since oc3St0 is by  
definition constant a t  every depth , th e  specific volum e can be replaced 
in  form ula (4) b y  its  anom aly, <3. The com putations were arranged as 
follows:

^ «¿Up ^35,0,p

=  ( ^ a o  +  <5s +  +  á s ,  1)  +  (<5p +  d s , p )  +  <5(,p  +  d s , i , p  œ 3 5 ,o ,p  ( 6 )

~ a s,!,0 +  ^S,p +  <5i ,p  — œ35,0,p
1

=  1  _j_ 1 0 —3(7, +  ^ S , p  —  a 3 5 ,0 ,p )  +  <5(,p-

Because of th e  re la tive shallowness of th e  A land  Sea, ôS Up ~  0. 
In  th e  lim its of th e  salin ity  of th e  A land Sea, 5.39 5S S  sS 7.43, and  
up to  th e  dep th  of some 250 m etres, <5Sji is a t  every  dep th  constant, 
while ôp is, ju s t like a 35jo,p as well, by  definition constan t a t  every 
depth , which fact m akes th e  arrangem ent of com putations simple.

4. Selection of the layer of no motion

As indicated  above, th e  appropriate  selection of th e  layer of no 
m otion is significant for th e  accuracy of the  final results. W ittin g  [18] 
in  one of his classical works com puted th e  surface topography  of th e  
whole B altic Sea area h i re la tion  to  th e  level of th e  N o rth  Sea. H e k ep t 
separate th e  »anemo-baric disturbance» and  th e  »dynamic disturbance», 
th e  la t te r  one corresponding in  principle to  th e  varying height of th e  
sea surface in  relation  to  th e  layer of no m otion. W ittin g  assum ed for
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his calculations th a t  th e  dep th  of th e  layer of no m otion was 
th e  in  A land Sea 20 m. This and  o ther analogous assum ptions were 
correct enough for th e  com putation  of longitudinal height differences 
as can be seen indirectly  from  his m ain  results according to  which the  
surface of th e  southernm ost p a r t  of th e  G ulf of B o thn ia  is some 33 
centim etres above th e  level of th e  N o rth  Sea. This order of m agnitude 
has been verified b y  th e  geodetic levellings; am ong o ther L bvallois 
and  Maillakd [9] give as height difference betw een th e  southw estern 
coast of F in land  and  easte rn  N o rth  Sea some 30 centim etres.

W hen try ing  to  fin d  ou t th e  transversal slope of th e  A land Sea w ith  
m axim um  accuracy we have stepwise followed th ree  differing, m ore 
accura te  m ethods in  order to  be able to  be in  a  position  of com paring 
in terna lly  th e  correctness of th e  said m ethods.

F irs t approxim ation

F rom  th e  m ean tS -d iagram  (Fig. o) we took  th e  value a, =  5.57 
as representing th e  layer of no m otion. T hen  th e  vertical d istribu tion  of 
ot (or ra th e r w ater density  w ithou t th e  effect of th e  compressibility) 
was p lo tted  sem i-logarithm ically for every hydrographic sta tio n  and  th e  
depth , where th e  above at appeared, was tak en  as th e  layer of no 
m otion.

H ere i t  is w orthw hile m entioning th a t  only in  tw o cases i t  was found 
desirable to  perform  m inor corrections in  th e  p lo tted  original or,-values. 
T he corresponding corrections were th en  in troduced either to  th e  original 
tem p era tu re  or salin ity  d a ta  and  tak en  in to  account in  th e  following 
calculations. All th e  o ther hydrographic d a ta  were obviously correct as 
required.

Second approxim ation

F o r every hydrographic s ta tio n  separately  a tS -curve was p lo tted  
and  th e  dep th  of th e  C-layer, th a t  is, th e  layer betw een th e  upper and  
lower p a r ts  of th e  halocline, was defined graphically  b y  m eans of the  
crossing points of tw o s tra ig h t lines, BC and  CD corresponding to  th e  
said  tw o parts . The ac tua l dep th  of th e  C-layer, in  m etres, was estim ated 
from  th e  position of th e  crossing p o in t betw een th e  observed d a ta  a t  
s tan d ard  depths. I t  was th e n  assum ed th a t  these depths ind icated  th e  
layer of no motion.
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This approxim ation m ade i t  possible to  calculate also height 
differences between hydrographic stations n o t being on th e  sam e section. 
The sm oothing of such results concerning th e  height differences betw een 
sections was perform ed as follows:
— I t  was assum ed th a t  th e  transversal differences were correct.
— T he height difference betw een tw o sections was defined b y  m eans 

of th e  arithm etical m ean of th e  com puted height differences between 
tw o stations tak en  from  tw o neighbouring sections. The results were 
as follows.

Section 1 — 3
H eight difference - 0 .4 +  0.6 nun

Section 4—8
H eight difference +  3.2 +  0.4 mm

Section 9 — 13
H eight difference +  5.8 +  0.6 mm

Section 14—16
H eight difference +  3.2 +  0.7 mm

Section 17 — 18

— Finally , in  order to  give a  sim ple outlook to  th e  presentation , the
lowerm ost po in t was given th e  height 0.
The surface topography, based upon th e  second approxim ation, as 

explained above, is given in  F ig. 8. W e believe th a t  th e  th ird  approxim a­
tio n  is m ore accurate th a n  th is  one. However, since th e  las t one can be 
applied to  tw o sections only, i t  has been w orthw hile presenting th e  
surface topography  as given in  Fig. 8, especially since i t  seems to  be 
in ternally  ra th e r logical.

In  th e  sam e F ig. 8 th e  surface currents are given b y  m eans of a  few 
arrows. The relative lengths of th e  arrows indicate th e  longitudinal current 
com ponents com puted b y  m eans of th e  second approxim ation. The actual 
direction of th e  currents was m ade to  f i t  in to  th e  slopes of th e  surface 
topography. (Our ac tu a l cu rren t resu lts are presented in  connection w ith  
th e  th ird , final approxim ation.)

T hird  approxim ation

F inally , as th e  m ost reliable approach th e  vertical d istribu tion  of 
th e  anom alies of specific volum e a t  tw o neighbouring stations was p lo tted  
and  th e  crossing poin ts of these tw o anom aly curves tak en  as th e  dep th  
of th e  layer of no motion.
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Fig. 8. The surface topography of th e  A land Sea, given in  millim etres, June 20 — 21, 
1956, based upon th e  second approxim ation above. The length  of the  arrows 
indicates roughly th e  speed of th e  surface currents, in  cm s—:1, th e  directions of

which have been ad justed  to  follow th e  slopes of the  topography used.

This approach gives resu lts only a t  tw o sections, 9 —13 and  14— 16, 
since in  o ther cases th e  anom aly curves do n o t cross each other. One 
weak po in t is observed even in  these tw o sections: th e  anom aly curves 
of th e  stations 12 and  13, an d  likewise, those of F64 and  16, do no t 
ac tua lly  cross each o ther b u t are, a t  a reasonable depth , tan g en t to  
each other as is ind irectly  ind icated  also in  Figs. 10 an d  11, where th e  
depths of th e  layer of no m otion are shown. I t  is believed th a t  th is  lack 
of ac tua l crossing points has n o t affected th e  results.
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The results of th e  th ree  approxim ations, in  m illim etres, give a t  least 
an  idea abou t th e  re la tive accuracy of th e  th ree  m ethods used.

Section 9 — 13 9 10 l í 12 13 9 - 1 3

F irst approximation 14.1 5.5 0 3.6 3.2 10.9 mm
Second approxim ation 15.5 6.8 0 4.1 2.8 12.7
T hird  approxim ation 16.4 7.8 0 5.6 3.3 13.1

Section 14—16 14 15 F64 16 1 4 -1 6

F irs t approxim ation 15.6 10.0 3.8 0 15.6
Second approximation 16.2 9.7 4.2 0 16.2
T hird  approximation 15.1 12.9 5.0 0 15.1

The height difference betioeen Sweden cmd Aland

The results were n o t very  m uch different regardless of th e  approxim a­
tion  used, however, we defin itely  feei th a t  th e  th ird  approxim ation gives 
th e  m ost reliable results, th a t  is, th e  sea surface is a t  s ta tio n  9 in  all 13.1 
mm higher th an  a t  s ta tio n  13 and  sim ilarly a t  s ta tio n  14 in  all 15.1 mm 
higher th a n  a t  s ta tio n  16. W hen these results are finally  ex trapo lated  to  
reach th e  coast lines (or east of s ta tio n  16 th e  ou ter edge of th e  islands), 
in  b o th  cases th e  height difference becomes w ith  some accuracy 16 m m  
(Fig. 9).

As a po in t of com parison i t  is in teresting to  no te th a t  P r o u d m a n  
[16] in  his tex tbook  estim ated  th a t  in  th e  S tra it of D over th e  resulting 
curren t is 3 nautica,! miles per day  or 6.43 cm s-1 and  th e  b read th  of th e

30 KM E10 20W

2 0  -  21
F64

MM

Fig. 9. The slopes of th e  surface of th e  A land Sea, given in  millimetres, a t  two 
cross sections, 14—16 and  9—13, June 20 — 21, 1956,
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S tra it 35.2 km . Thus he arrives a t  th e  conclusion th a t  th e  to ta l rise from 
the English coast to  th e  F rench  coast is 26.2 mm. H e adds, however, 
th a t  »from continuous observations of th e  water-levels on th e  two sides 
of th e  S tra it, and  sim ultaneous observations of currents over th e  S tra it, 
th e  relationship betw een th e  zeros of th e  levelling system s of E ngland 
and  F rance could be determined». P sotjdman’s above m ean slope is 
7.4 X 10 ~7, while ours is 3.7 X IO '7, th e  order of m agnitude being th u s 
re la tive ly  similar. The non-tidal character of the  A land Sea, contrary  
to  th e  S tra it of D over, th e  ideal conditions during our observation 
period and  the  m ethod  used in  th e  th ird  approxim ation seem to  indicate 
th a t  our height difference can be used to  determ ine th e  relationship 
betw een th e  zeros of th e  levelling system s of Sweden and  F in land  across 
th e  A land Sea, th e  F innish  geodetists having already perform ed the  
ac tua l levelling th rough  th e  whole Archipelago Sea from  th e  Finnish 
m ain land  to  th e  m ain island of Aland.

M a lk k i [13] has recently  estim ated  th e  accuracy of such hydrographic 
levellings. W e could rely upon his th ink ing  to  a  certain ex ten t; however, 
during our observation period th e  conditions were ideal enough to  
w arran t p a rtly  a  g reater accuracy th an  MÄ u ík i  estim ates for th e  use of 
tem perature, salinity, curren t, w ind and  sea level m easurem ents over a 
lengthy  period of tim e. However, m ost of th e  following results are based 
upon  experience only or even upon pure estim ates w ithout actual 
com putations. F u rth e r studies should clarify w hether or n o t we have 
estim ated  th e  errors in  a  reliable m anner.

F irstly , i t  was assum ed th a t  th e  currents were s ta tio n a ry  and  u n ­
accelerated. W e believe th a t  because of ra th e r s ta tionary  conditions the  
acceleration error is only ; 2 m m /40 km . Neglecting eventual short-term
peaks in  the  air pressure field, th e  possible error due to  th e  air pressure 
g rad ien t should n o t he larger th a n  _! ■ 1 m m /40 km . F inally , dm ing the  
observation period the  wind com ponent across th e  A land Sea was on an  
average approxim ately  1 m  s-1, which brings abou t a  w ind error of 
d: 1 mm/40 km.

The friction te rm  which in  th is  re la tively  s ta tio n ary  case could be 
called »coastal term» is estim ated  sim ply from  Fig. 9 to  be D  2 m m /40 km.

I t  is assum ed th a t  no error w hatsoever was b rought abou t when 
selecting the  layer of no m otion for th e  sections 9—13 and  14—16. 
F inally , as estim ated  by  Malkki: [13], in  th e  observations and 
com putations of density  gradients an  error of i  1 m m /10 km  or i  2 m m / 
40 km  m ust be tak en  into account.
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This brings us to  believe th a t  th e  east coast of Sweden was 20 to  21 
June, 1956, in  all 16 ±  4 m m  higher th a n  th e  w est coast of Aland. 
One expects th a t  th e  same w ould always repeat itse lf w ith  some accuracy 
during sta tio n ary  conditions, th a t  is, tow ards th e  end of a  calm  or an  
alm ost calm  period. The geodetists m ight wish to  m ake use of th is  
possibility.

W e have n o t m ade an  effort to  com pare our results, as far as th e  
accuracy is concerned, w ith  those which one would get from  a long 
series of m easurem ents, as explained by  Mä lkk i [13]. Obviously, th e  
results w ould n o t be identical even if  th e  observation period w ould 
cover a very  long period. I t  is n o t impossible, however, th a t  our height 
difference resu lt w ould be indicative for a  corresponding resu lt from 
long te rm  m easurem ent.

6. The computed currents

The above approxim ate surface topography of th e  A land Sea (Fig. 8) 
and  th e  slopes of th e  tw o final cross sections (Fig. 9) ind icate  a surface 
curren t p a tte rn  sim ilar to  th a t  based upon th e  d istribu tion  of salinity  
a t th e  surface and  presented b y  H ela  ([7], (Fig. 7)). (The only difference 
is th a t  a weak northw est bound surface curren t along th e  w est coast of 
A land was seen in  th e  salin ity  d istribution, while such a curren t is n o t 
found in  th e  topography.)

Using th e  form ula (4), th e  currents of Figs. 10 and  11 were obtained  
for th e  tw o cross sections 14— 16 and  9—13. In  b o th  figures th e  Swedish 
coast appears on the  left. Positive curren t figures, given h i cm s 1 indicate 
a cu rren t from  th e  paper, th a t  is, tow ards south  or ra th e r south-south- 
east. The m ean dep th  of th e  layer of no m otion is ind icated  for each pair 
of s ta tions by  m eans of a horizontal line a t  th e  dep th  of some 40 to  80 
m etres.

The inherited  weaknesses of these com putations can be listed as 
follows:
— As explained above, the  currents are never pu re ly  geostrophic.
— The com putation gives curren t com ponents perpendicular to  th e  cross 

section which are n o t necessarily identical w ith  th e  tru e  current.
— T he sharp  changes from  sta tio n  to  sta tion  are bound to  bring  abou t 

significant inaccuracies. Am ong others i t  w ould have been useful to  
have tw o auxiliary  stations around sta tion  11 in  order to  get a m ore 
reliable p icture abou t th e  cu rren t peaks. Sim ilarly, i t  w ould have been



36 lim o Heia

W 14 15 F64 15 E

-50
<0

-100

-150
>4

-200
-2

M J  U Ñ<£

-250 20  -  21

Fig. 10. The com puted m ean currents, in  cm s-1, between sta tion  pairs, a t  the
cross section 14—16.

appropriate  to  have a couple of additional stations around sta tio n  
15 in  order to  get a m ore detailed  idea abou t th e  d ep th  of th e  layer 
of no motion.

— Moreover, th e  given curren t figures are m ean currents betw een tw o 
neighbouring stations and  n o t po in t values. W hen drawing the  
curren t curves th is fac t was n o t really  tak en  in to  account, in  sp ite 
of th e  m inor distortions involved.

— In  reality  no th ing  is know n abou t th e  currents betw een th e  coast 
line and th e  sta tio n  closest to  it.
In  spite o f all these inherited  weaknesses th e  tw o curren t p a tte rn s  

should be a t least indicative. In  addition, w hen determ ining th e  dep th  
of th e  layer of no m otion bo th  betw een stations 12 an d  13 and  also 
betw een stations F64 and  16, as explained above, th e  curves representing 
th e  anomalies of specific volum e did n o t really  cross b u t were only
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3?ig. 11. The com puted m ean currents, in  cm s-1, between sta tion  pairs, a t  th e  cross

section 9—13.

tan g en t to  each other. Since th e  layer of no m otion even in  these tw o 
cases appears a t a  ra th e r logical dep th , we cannot b u t believe in  th e  
correctness of th is in terp re ta tion .

The m axim um  speed of th e  southbound curren t is observed a t  cross 
section 14—16 betw een stations 15 and  F64, th e  m ean speed a t  the  
surface being 11.3 cm s_1. The sam e curren t is observed a t  section 9—13 
close to  th e  Swedish coast, betw een stations 9 and  10, th e  m ean speed 
a t  th e  surface being 8.3 cm s_1.

I t  is in teresting  to  no te  th a t  P almen  [14] ob tained  th e  following 
resulting  sfDeeds for th e  surface currents during th e  years 1923—27:

»Grundkallen» 
June: 
October: 

»Svenska Björn» 
June: 
October:

(60°34' N, 18°58' E) 
N  16 W  5.1 cm s - 1
N  25 W  8.2 cm s“ 1
(59°36' N, 19°56' E) 
N  32 E  3.4 cm s“ 1
hT 9 W  6.3 cm s- 1
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The sim ilarity  of these resulting  currents (giving th e  direction from  
w hich th e  curren t is flowing), m easured from  th e  ligh t vessels by  m eans 
o f curren t crosses, w ith  our com puted currents for a single synoptic, 
re la tively  calm period is encoru’aging.

A northbound  curren t is observed in  Fig. 11 betw een stations 11 and  
12, w ith  a m ean speed a t  th e  surface behig 5.1 cm s-1. This curren t does 
n o t reach  th e  section 14—16 b u t tu rn s  w est and  back  southw ards. In  
th e  deeper layers a n o rthbound  cu rren t com ponent is observed especially 
a t  th e  w estern edge of th e  A land Sea. — F u rth e r details on th e  cu rren t 
d istribu tion  20—21 Ju n e , 1956, can be seen in  Figs. 10 and  11.

E h lin  and  Am björn  [5] have recently  published m ost in teresting 
results of then- oceanographic investigations in  th e  A land Sea during 
th e  period J u n e —Septem ber 1973, th e ir sta tion  S2 corresponding to  our 
s ta tio n  17 near U ndersten  and  th e ir sta tion  S4 to  our 18 near M arket. 
T heir curren t and  other m easurem ents were perform ed m ainly in  the  
northernm ost p a r t  of th e  A land Sea and, m oreover, th e ir observation 
period is no t sim ilar to  ours. T hey give a  w ealth  of inform ation especially 
concerning th e  tim e varia tion  of th e  currents and also concerning the  
changes in  the  vertical d istribu tion  of th e  currents and  of th e  therm ocline. 
W hen tak ing  in to  account th a t  our observations refer to  only one b rief 
synoptic period w ith  ra th e r s ta tio n ary  conditions, while th e ir m easure­
m ents cover a long period w ith  drastically  changing conditions, th e  
approaches as such are different, indeed. N evertheless, i t  seems justified  
to  s ta te  th a t  no thing in  these tw o approaches contradicts each other, 
except perhaps tw o details, as follows.

(1) The layer of no m otion (although th is  te rm  is n o t used b y  th e  said 
authors) seems to  appear closer to  th e  surface th a n  we observed 
diu’ing our synoptic period, th e  second approxim ation  giving 38 
m etres for stations 15 and  18.

(2) The said au thors have n o t y e t com puted th e ir resulting  currents. 
Nevertheless, an  estim ate based upon th e ir cu rren t statistics m ay 
indicate som ew hat speedier resulting  currents th a n  obtained b y  us. 
To a  certain  ex ten t th is  m ay be due to  th e  various inherited  w eak­
nesses of th e  curren t com putations as listed  above. On th e  o ther 
hand , th e  currents betw een U ndersten  and  M arket m ust be faster 
th a n  h i th e  open A land Sea.

In  addition i t  is of g reatest significance to  po in t ou t th a t  our results, 
based upon one synoptic period, m ay  be indicative as to  th e  resulting
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volum e tran sp o rt betw een th e  G ulf of B o thn ia and  th e  B altic  proper. 
However, only actual curren t m easurem ents can give an  idea abou t the  
m ateria l (salt, po llu tan ts etc.) exchange betw een th e  said  tw o sea areas.

7. Volume transport through the Â land Sea

D uring our period of s tudy , th e  volum e tran sp o rt tow ards south  
above th e  layer of no m otion was th rough  th e  section 14—16 in  all 
49 000 m 3 s-1 and  th rough  th e  section 9—13 in all 46 000 m 3 s_1, th e  
m ean value being some 47 000 m 3 s-1. Sim ilarly, th e  volum e tran sp o rt 
tow ards n o rth  was some 12 000 m 3 s-1.

Mik u lsk y  [11] has com puted th a t  th e  m ean discharge from  th e  
rivers in to  th e  Gulf of B o thn ia  in  Ju n e  is some 11 000 m 3 s-1. F or our 
purpose we can estim ate th a t  th e  opposite effects of p recip ita tion  and  
evaporation, b o th  a t sea, are of th e  sam e order of m agnitude. Taking 
in to  account th a t  h i 1956 th e  spring was delayed (cf. P alostjo, [15]), 
the  Ju n e  1956 discharge in to  th e  G ulf of B o thn ia could have been 
15 000 m 3 s_1. (The la te  m elting of snow on th e  Swedish m ountains should 
explain such a delay in  th e  discharge.)

This app aren t discrepancy betw een th e  results of Mtktjlsky [11] 
and  ours can be explained either s ta tin g  th a t  our period was n o t repre­
sentative or th rough  th e  following schem atic com putation:

Volume transport Volume transport 
tow ards south: tow ards north:

Through Aland Sea: 47 000 m3 s_1 12 000 m3 s—1
Through the Archipelago Sea: — 20 000 m 3 s—1

Total: 47 000 m3 s“ 1 32 000 m 3 s - 1
Difference: towards south 15 000 m3 s—1

In  spite of th e  various u ncerta in  factors involved, th is resu lt seems 
to  indicate th a t th e  n e t volum e tran sp o rt th rough  th e  Archipelago Sea 
in to  th e  G ulf of B o thn ia  has been greater th an  norm ally expected. This 
s ta tem en t does no t contrad ict th e  expectation  expressed b y  E u  l in  
and  A mbjöbn  [5] th a t  th e  to ta l m aterial exchange betw een th e  said two 
areas proceeds m ainly th rough  th e  open and  deep A land Sea and  n o t 
th rough  th e  shallow Archipelago Sea w ith  its  thousands of islands.
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8. Interfacial entrainment

E l l i s o n  ancl T u rn e e , [6] found th a t  in  a  tw o-layer flow  th e  in te r­
facial en tra inm ent upw ards p robably  was negligible for Iii >  0.8, th e  
R ic h a rd s o n  num ber, It;, being defined by

ygD
Mi =

In  our case

A  =  - p  (V

p2 — Pi 0.00032
Y = ~ ¡ ¿  L Ä ~ 2  ~ 0-00032’

g — 980 cm s~2,
D  =  m ean dep th  of th e  layer in to  which en tra inm ent is tak ing  place 

~  4000 cm, 
c =  m ean velocity ~  5 cm s_1,
which gives for Iii an  approxim ative value Iii ~  50.

M onin  and Yaglom [12] observe th a t  th e  R ichardson  num ber in  
conditions of high stab ility  m ay apparen tly  assum e very  large values; 
th u s  there  is no lim iting »critical» value of Ui.

The result, in  spite of its  approxim ative character, should give a 
defin ite proof th a t  no en tra inm en t th rough  th e  layer of no m otion, in  
th e  m iddle portion  of th e  A land Sea, was going on during th e  observation 
period, as i t  was ind irectly  assum ed when calculating th e  errors of the  
surface topography.

9. Conclusions

The ac tua l resu lts are presen ted  in  th e  A bstract in  th e  beginning of 
th is  article.

In  addition, tw o fu rth e r general observations can be m ade. E irst, 
th e  classical hydrography still can produce useful results, w ith  some 
good luck, if  all th e  m easurem ents and  sam plings are perform ed w ith  
great care. Secondly, only th e  ac tua l curren t m easurem ents, together 
w ith  o ther p ertin en t d a ta , will give really  new  understand ing  into th e  
phenom ena in  th e  sea. W hen preparing sueli projects th e  results from  
trad itiona l studies can be used to  a  certain  ex ten t as guidelines.
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