
1

KIELER 
MEERESFORSCHUNGEN 

Institut für Meereskunde an der Universität Kiel 

Edited by G. DIETRICH 

with the assistance of 
R. SCHUSTER and E. SCHULZ (Zoological Institute),  

F. DEFANT, F. GESSNER, G. HEMPEL, W. KRAUSS, J. KREY,  
G. RHEINHEIMER and C. SCHLIEPER (Institut für Meereskunde)  

Volume XXIV                                1968                                       Issue 2  

(Translated from German to English by the author) 

The frequency distribution of water masses in the outflow 
region of marine straits  

by GEROLD SIEDLER  

Kommissionsverlag WaIter G. Mühlau, KieI 



2

From the Institute of Oceanography at Kiel University  
and the Woods Hole Oceanographic Institution  

The frequency distribution of water masses in the outflow region  
of marine straits 1) 

by GEROLD SIEDLER  

The frequency distribution of water types in the outfiow region of straits 
(Summary): Studies have been made of the exchange of water between 
seas of an arid type and the adjacent ocean. At comparable densities, the 
water in the sea is usually warmer and more saline than that in the ocean. In 
the ocean, outside the connecting strait, profiles of temperature and salinity 
show that part of the water originated in the adjacent sea. Continuous 
measurements of temperature and electrical conductivity were made with the 
Bathysonde aboard the F. S. Meteor. The profiles showed two main maxima 
in temperature and salinity, both in the Red Sea outflow into the Indian Ocean 
and in the Mediterranean outflow into the Atlantic. 

The observed double-maximum structure might be explained by double 
peaks in the freuency distribution function of both temperature and salinity in 
the water flowing out of the strait (Bab el Mandeb, Gibraltar). This is 
equivalent to two preferred densities of the water originating from the basin 
and spreading in the ocean. 

A simple model is used to determine the frequency distribution of volumes of 
water off the strait as a function of salinity. A sufficient approximation can be 
obtained by assuming that the outflowing water will be completely vertically 
mixed in the outflow region of the strait within a time period shorter than the 
predominant tidal period. In this case, the normalized frequency distribution p 
as a function of salinity S is given by equs. (4) and (5). 

This function, p(S), is then computed with data approximating the current and 
salinity structure for the Strait of Gibraltar. The current profiles are described 
by a linear superposition of three velocity components: A parabolic velocity 
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profile, a surface tide and an internal tidal boundary wave (equs. (6) and (7) ). 
The current profiles and the corresponding computed frequency distribution 
with no internal boundary wave are shown in figs. 3a and 4a. Figs. 3b and 4b 
include the effect of an internal boundary wave. In each case, p(S) has the 
double maximum expected on the basis of observations. The addition of an 
internal boundary wave shifts the maximum from low salinities to somewhat 
higher salinities. 

1) Contribution No. 2104 from the Woods Hole Oceanographic Institution 

The problem 

Measurements of the fine structure of the temperature and salinity 
stratification in the north-western Indian Ocean in 1965 (cf. G. KRAUSE, 
1968) and in the eastern North Atlantic in 1967 (still unpublished) on F. S. 
Meteor have shown that there are often two main maxima in the vertical 
distribution of temperature and salinity at mid-depth in these oceans as a 
result of the Red Sea and Mediterranean water outflows, respectively. 

Fig. 1 shows a typical temperature and salinity profile each from the Indian 
and Atlantic Ocean. G . KRAUSE ( 1968) proposed two possible explanations 
for the origin of this structure in the Arabian Sea. In each case it was 
assumed that waters of slightly different densities were formed by mixing 
processes in the region of the Strait of Bab el Mandeb which then 
preferentially spread in two depth ranges of the Indian Ocean. First, the 
possibility was indicated that mixing as a result of tidal currents in the strait 
could cause such a water mass distribution, secondly, the splitting of the 
outflowing Red Sea water into two intermittently separated streams as a 
result of the special bottom topography at the exit of the Bab el Mandeb strait 
was suggested as an explanation. After the observation of a similar fine 
structure in the vertical distribution of temperature and salinity west of 
Gibraltar it is obvious that the cause is not to be expected in the influence of 
the special bottom topography but rather the processes that are common to 
all sea straits between oceans and adjacent seas of the arid type. In the 
following we will investigate what kind of frequency distribution of the water 
masses flowing out of a strait can be expected as a result of periodic 
variations in the stratification and current distribution in the strait. To this end, 
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the frequency distributions of the outflowing water volumes as a function of 
salinity and temperature, respectively, will be determined which are a 
consequence of the different depths of the boundaries between density and 
current layers in the strait and the strong vertical mixing in the outflow area. 
Using an example that approximates the conditions in the Strait of Gibraltar, it 
shall be shown that the result is a frequency distribution with two main 
maxima. The salinities or temperatures of these maxima correspond to 
different densities. The associated water volumes must therefore be 
spreading in somewhat different depth horizons in the open ocean and will 
result in corresponding maxima in the vertical distribution of salinity and 
temperature, respectively.  

Strongly simplifying, it will be assumed that the water flowing out during a 
fraction of a tidal period will be completely mixed in the vertical by the time it 
reaches the depth of horizontal spreading. This assumption is reasonable 
because of the low shear stability shown by the calculation of Richardson 
Numbers for ocean straits. For example, the following values are obtained 
from vertical distributions of current and density distributions averaged over 
several days at mid-depths in the Strait of Bab el Mandeb (G. SIEDLER, 
1968). 
 

Figure legend for following figures (Table 1) 

Fig. 1: Vertical distributions of temperature from Bathysonde measurements: 
(a) Indian Ocean (ϕ = 5°16'N, λ = 50°15'E, cf. G. KRAUSE 1968), (b) Atlantic 
Ocean (ϕ = 36°53'N, λ. = 9°50'W).  

Fig. 2: Typical mean vertical distributions of temperature T, salinity S, density 
p and current u in a strait between an adjacent sea of the arid type and the 
adjoining ocean.  
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Table 1 (for G. Siedler) 
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Figure legend for following figures (Table 2) 

Fig. 3a: Vertical distribution of hourly currents when the mean current is 
superimposed by the surface tide component (dashed: salinity interface). 

Fig. 3b: Vertical distribution of hourly currents when the mean current profile 
is superimposed by the surface tide components and the internal boundary 
wave (dashed: salinity interface). 
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Table 
2 (for G. Siedler) 
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This gives a Richardson Number Ri:  

Where:  u = horizontal current in outflow direction  
  z = distance from the ground  
  g = gravitational acceleration  
  ⍴ = density  
A Cartesian coordinate system with the origin at the bottom of the strait is 
used, with the z-axis pointing upwards and the x-axis horizontal in the 
direction to the ocean. The Richardson Numbers from data averaged over a 
few hours give even smaller values, so strong vertical mixing certainly occurs.  

The frequency distribution of the outflowing water volumes depending 
on salinity  

Typical mean vertical profiles of density, temperature, salinity, and of the 
current above the sill of a strait between an arid adjacent sea and the ocean 
are given in Fig. 2. On average, one finds an outflow from the adjacent sea 
near the bottom and an inflow near the surface, with almost homogeneous 
light water in the surface layer and nearly homogeneous heavy water in the 
near-bottom layer. When neglecting variations of the stratification across the 
strait and assuming a constant width of the channel, the stratification can be 
described by the current profile u*(z, t) and the profiles of salinity S*(z, t) and 
temperature T*(z, t). In the following it shall be assumed that temperature and 
density can be represented in a sufficient approximation as linear functions of 
the salinity. In the following, only the salinity will be considered of these three 
quantities. Anlog considerations apply for temperature and density. 

If an internal current interface exists, the upper limit h (t) of the outflow layer 
adjacent to the bottom is given by: 
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u*(z, t) = 0  for  z = h  and  z ≠ 0, H       (1) 

If u *(z, t) is always positive at time t, then h = H, and if u*(z,t) is always 
negative, then h = 0. H is the distance of the surface from the bottom.  

To calculate the momentary transport in the outflow, the vertically averaged 
velocity u (t) is determined: 

The mean salinity S (t) is given by: 
 

The volume of the outflowing water with a salinity in a given interval is 
proportional to the mean velocity, the height of the outflow layer and the time 
during which the outflow with water of this salinity takes place. Thus, the 
volume of the outflowing water with an average salinity between S - 1/2 𝛿S 

and S + 1/2 𝛿S can be given as the product of the frequency distribution p*(S) 

with the interval 𝛿S, except for a proportionality factor. Here p*(S) is given by: 
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Time as a function of salinity is an ambiguous function. N is the  
total number of phases of the function S(t) between two extreme values, ti(S)  
denotes the time in the i-th phase as a function of salinity.  

The normalized frequency distribution p(S) is obtained by using the maximum 
and minimum mean salinity Smin and Smax, respectively:   

Since the amount of the outflowing water is finite, Q is also finite despite the 
poles of the function p*(S). 

A typical frequency distribution p(S) for the Strait  of Gibraltar 

The following example is based on functions u* (z, t) and S* (z, t) which can 
be derived with a strong simplification from measured data over the sill of the 
Strait of Gibraltar (H. L ACOMBE et al., 1964). It is assumed that the 
distributions u* (z, t) and S* (z, t) can be approximated sufficiently by linear 
superposition of the following functions: 

Here are:  

ua (z)  = mean current as a result of the mean pressure field in the ocean 
     and the adjacent sea 
ub (t)   = current component of the surface tides  
uc (z, t) = current component of the internal tides  
S* (z, t) = Sa (z) + Sc (z,t)                (7) 

Where:  

Sa (z)  = mean salinity distribution 
Sc (z, t) = changes in salinity distribution as a result of internal tidal waves 
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The function ua (z) gives a parabolic profile (cf. A. DEFANT, 1930) which is 
determined by the following equations: 

Here G is the mean bottom distance of the current interface, A and B are 
constants. Let the current component of the surface tide be given by:  

The salinity distribution is approximated by two homogeneous layers, one 
above the other, whose interface is vertically displaced by an internal 
boundary wave. If the mean current and salinity interfaces are at the same 
depth, the following applies  

Let the amplitude of the internal boundary wave be Z. With a phase shift of   
-π/4 of the salinity boundary vertical motion relative to the surface tidal 
current, the temporary bottom distance Zg of the salinity boundary surface is:  

Thus follows for Sc (z, t):  
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The amplitude u' of the current component of the internal boundary wave is 
described by the following approximation (cf. A . DEFANT, 1961):  

⍴u and ⍴o denote the density of the lower and upper layers, respectively. The 
phase of this current component jumps by π when crossing the density or 
salinity boundary. 

The current component uc (z, t) can thus be represented by:  

Thus u*(z, t) are given by eqs. (6), (8), (9) and (14) and S*(z, t) by eqs. (7),
(10) and (12). In order to approximate the conditions above the sill of the 
Strait of of Gibraltar, the following constants shall be chosen:  

H = 300 m, G = 150m, A = 2.25 m2 , B = 0.8 m sec-1, C = 0.6 msec-1, 𝝉 = 12 h, 

So = 36.2 0/00, Su = 38.2 0/00, Z = 0 or 40 m , (⍴u - ⍴o)/⍴u = 2.5.10-3. 

To visualize the resulting vertical distributions of u* and S*, the corresponding 
profiles for the full hours are presented in Figs. 3a and 3b. Fig. 3a shows the 
case without an internal boundary wave, Fig. 3b for a boundary wave with 
amplitude Z = 40 m. 

To obtain the frequency distribution p(S), the quantities h, u and S were 
calculated for all 0.1 h at a step size 𝝙z = 2m and p(S) was calculated from 

the mean values of these quantities for an interval width of 𝛿S = 0.050/00 each. 

The result is shown in Fig. 4. In both cases, two distinct main maxima are 
obtained at high and low salinities. The influence of the internal boundary 
wave manifests itself by the shift of the maximum for low salinity towards 
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higher salinity values. This shows that the water masses flowing out of a strait 
actually reach two preferred salinity and density values, respectively, and thus 
can cause two main maxima in the vertical salinity distribution outside the 
strait. 

One can expect that there will be quantitative differences in the real 
frequency distribution because of incomplete vertical mixing within the 
outflowing water masses and because of additional mixing with the 
surrounding sea water after leaving the strait. In particular, it can be assumed 
that mixing is stronger in the range of the large shear forces near the current 
boundary than near the bottom. This will result in an increase of the maximum 
at high salinities at the expense of the maximum at low salinities. 

Figure legend for following figures (Table 3) 

Fig. 4: Frequency distributions p(S) for the water mass streaming out of the 
strait as a function of salinity, (a) without and (b) with an internal boundary 
wave. 
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