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U p p e r  layer  envi ronmenta l  pa rame te r s  
f rom CTD data - GIN '86 cru ise  

T.S. Hopkins, P. Povero and S. Piacsek 

Execut ive  Summary :  This memorandum presents results of analyses 
made on data from the first cruise of the Atlantic Inflow Experiment in June 
of 1986 which was designed to provide information on the entrance of At- 
lantic waters to the Arctic Ocean through the Faeroe-Shetland Channel. The 
sampling design was unique and the instrumentation was more advanced tech- 
nologically than that used in previous oceanographic samplings of the area. 

Detailed sampling of the oceanographic environment provides information to 
researchers on three levels: exploration of the environment in both space and 
time frames not yet observed; confirmation of our understanding of the phys- 
ical laws governing the ocean environment; and utilisation of these data and 
laws in quantitative assessments (models) that allow environmental prediction. 
Such descriptions and assessments of the ocean environment are a primary goal 
of ASW research. 

The analyses presented provide a description and synthesis of the factors af- 
fecting the propagation of sound by examining the environmental parameters 
that define the structure of the upper layers: the mixed layer depth, its hori- 
zontal variability, the characteristics of the propagation of sound, and certain 
oceanographic indicators of the distribution of energy in the upper layers of 
the ocean. The results are presented in both a descriptive and statistical man- 
ner. The properties of the surface mixed layer are given in a more complete 
manner than in any previous treatment for the southern Norwegian Sea area. 
Some scientific assessments are given concerning the reasons for variability in 
the mixed layer. 

Future analyses will be conducted on the remaining data, from the 1987 
Cruises, of the Atlantic Inflow Experiment. These in turn will be used in con- 
junction with remotely-sensed data and as input to fine-scaled oceanographic 
models for the evaluation of surface layer variability in the region. 
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U p p e r  layer  envi ronmenta l  p a r a m e t e r s  
from CTD data - GIN '86 cru ise  

T.S. Hopkins, P. Povero and S. Piacsek 

Abst rac t :  The data from the SACLANTCEN June 1986 Cruise is analysed 
to characterise sound-propagation environment. The cruise was conducted in 
the Faeroese Channel and the southern Norwegian Sea as the initial cruise of 
the Atlantic Inflow Experiment. The sound propagation environment of the 
upper portion of the water column is described. The mixed layer is defined in 
terms of the density, Brunt-ViiisPI frequency, temperature, and in terms of 
the sound velocity minimum. The sound-velocity profile and the characteris- 
tics of its horizontal distribution are described. The importance of wind and 
vertical heat flux to the mixed layer is discussed relative to its distribution. 

Keywords: Atlantic Inflow Experiment o Denmark Strait o Faeroese 
Channel o GIN Sea o Greenland-Iceland-Norwegian Sea o horizontal 
variability o Icelandic Current o Iceland-Faeroe Ridge o mixed-layer depth 
o Norwegian Current o propagation o surface layer o upper layer 
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Introduction 

During June 1986, the Applied Oceanographic Group (AOG) and the Ocean Engi- 
neering Department (OED) of SACLANTCEN conducted the GIN '86 Cruise in the 
southern Norwegian Sea, according to the AOG GIN Sea Project description1. The 
GIN '86 cruise was the f i s t  of three cruises comprising the Atlantic M o w  Experi- 
ment, the objectives of which were to describe the water mass input to the GIN Sea 
via the Faeroese Channel, its subsequent transitions within the Norwegian Current 
system, and the causes for the water mass variability throughout the region. 

This memorandum contains a set of analyses consisting of an examination of the 
environmental parameters that define the structure of the upper layers: the mixed 
layer depth, its horizontal variability, the characteristics of the propagation of sound, 
and certain oceanographic indicators of the distribution of energy in the upper layers 
of the ocean. 

We briefly describe the oceanographic setting and the means by which these data 
were taken. Next, the estimates of the surface mixed layer are given based on several 
different criteria, including estimates of the bulk Richardson number for the surface 
layer. Finally, the vertical structure of the sound velocity and its variability are 
described relative to the governing oceanographic parameters. 

SACLANTCEN Applied Oceanography Group, The GIN Sea oceanographic programme, 
April 1985. 
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Oceanographic setting 

A major reason for choosing the region and phenomenon of the Atlantic Inflow was 
to provide greater physical understanding on a strategically important area. The 
southern Norwegian Sea was known from many previous surveys to be a region of 
strong frontal zones and extensive meso-scale variability. The primary reason for 
this is that the region is the site of a large-scale convergence of Arctic and Atlantic 
water masses. As a consequence, convergence of much of the meso- and-small scale 
structure, even though generated locally, has its origin in large-scale processes. An 
understanding of the variability requires then a knowledge both of local energy- 
exchange processes and of the variability in the large-scale forcing. 

In order to understand the sources of T-S variability in the region it is profitable to 
characterise the local water masses and the circulations that control their distribu- 
tion (for a thorough discussion, see Hopkins, 1988a). The Arctic Ocean experiences 
a greater atmospheric net heat loss than does the North Atlantic, causing the for- 
mation of Arctic waters having much colder temperatures than the Atlantic Waters. - 

Consequently, the Arctic waters are more dense and are contained within the Arc- 
tic Ocean by the continental ridge that blocks deep circulation between Greenland 
and Scotland. As more Arctic dense water is produced every year, the accumu- 
lation pours out over the deeper part of this blocking ridge, particularly through 
the 800-m deep Faeroe Bank Chamel. In response to this outflow, surface ~ t l a n t i c  
water floods in, mostly in the Faeroe-Shetland Channel. The accumulation of the 
less dense waters on the eastern boundary (Norway) plus the mean southwesterly 
winds force the Norwegian Atlantic Current with a northward transport of Atlantic 
waters away from the region of inflow. The fact that the forces driving the inflow 
and those driving the Norwegian Atlantic Current are not the same causes a zone 
of uncoupling between them, Bnd consequently a zone of great variability. 

We define the Arctic Front as the confluence of Arctic and Atlantic waters. If there 
were no exchange between the two oceans, the front would create a more-or-less ver- 
tical separation and would extend parallel to the Greenland-Scotland Ridge. But 
there is an exchange, and where it exists the vertical separation breaks down. Be- 
cause of the pressure differences caused by the differing densities of the Atlantic and 
Arctic water masses on either side of the front, there is a corresponding flow along 
the front, the Icelandic Current. This situation prevails along the middle portion 
of the front, along the Iceland-Faeroe Ridge, with the front being mostly vertical 
and the Icelandic Current flowing southeastward along it. At the western (Denmark 
Strait) and eastern (Faeroese Chamel) ends this situation does not prevail. Through 
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the Faeroese Channel the Atlantic inflow overrides the front causing it to be nearly 
horizontal, and the Icelandic Current, confluent from the west, submerges and flows 
underneath the incoming Atlantic Water. The effect is that the Arctic Front lies 
underneath the incoming Atlantic Water, or the Norwegian Atlantic Water as it is 
called, after entry into the Norwegian Sea. Towards the western boundary of the 
Norwegian Atlantic Water, it becomes more vertical and finally intersects the surface 
becoming again a surface front between waters of Arctic and Atlantic origin. 

North of the Faeroes the Icelandic Current becomes more complicated in the sense 
that it merges with an entering segment of the Atlantic Water. While the original 
cold branch submerges, this warm branch crosses over it and becomes part of the 
Norwegian Atlantic Current. Because the cold branch of the Icelandic current is 
transporting mostly Arctic Water of colder temperature and lower salinity than the 
Atlantic Water, its presence causes a pronounced thermocline and salinity minimum 
directly underneath the Atlantic Water. The core of this submerged Arctic Water 
is best identified by a salinity minimum which coincides with a sound-velocity mini- 
mum, the depth of which can vary on the order of a hundred meters as the interface 
between them is correspondingly distorted by the local dynamics. 

The simple picture that we have described involves a zone of convergence of three 
principal water masses in the southeastern Norwegian Sea: a deep Arctic water 
outflowing through the Faeroe-Shetland Channel, an Atlantic surface water flooding 
in on the Norwegian side, and an Arctic surface water that flows southeastwards 
along the Iceland-Faeroe Front. The latter two are surface waters and are the 
primary components of the surface mixed layer in the frontal regions where the two 
water masses coexist. A fourth component of lower salinity is contained over the 
Norwegian Shelf by the Norwegian Shelf Front and is composed of a mixture of 
Norwegian coastal run-off, Baltic Sea effluent, and Norwegian Atlantic Water. 
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The data 

The water-property sampling during GIN '86 was was made by means of a Neil 
Brown Instruments Systems Mk I11 CTD which recorded data at 32 Hz from attached 
temperature, conductivity, pressure, dissolved oxygen, and transmittance sensors. 
This package was lowered at 1 m/s to obtain vertical profiles of these parameters and 
then was raised to discrete depths at which water samples were taken for laboratory 
analyses. These data were first edited, ordered in pressure, and calibrated before 
calculating the various dependent variables and averaged to 1-m intervals. Data 
acquisition is normally begun with the CTD sensors 1-3 m below the sea surface; 
a polynomial extrapolation routine was used to extend the data to the zero depth. 
A description of the cruise and the data processing, included in the cruise report 
(Hopkins, 1988b). 

A total of 144 stations were taken during the second leg of GIN '86 as shown in 
Fig. 1, although some were taken as repetitions or time series. To illustrate the 
oceanographic setting in the context of this sampling, we present a few of the data 
results (further detail is given in Hopkins 1988b). The surface flow as determined 
by the density field is shown in Fig. 2. The main branch of the Atlantic Inflow 
proceeds through the Faeroe-Shetland Channel and along the Norwegian Slope. Its 
presence is manifested by warmer and more saline waters (8-10 OC, > 35.2 ppt ) and 
normally the core of the inflow is concentrated over the Shetland Slope as shown in 
Figs. 3a, 3b and 3c. Such a distribution causes strong horizontal gradients in the 
sound velocity, e.g. up to 1 m/s/km at 400 m depth. The deep sound channel is 
much better developed on the Faeroes side of the channel (Fig. 3d). 

The other main input to the region comes from the Atlantic Water portion of the 
Icelandic Current which turns northeastward to form a westward branch of the 
Norwegian Atlantic Current. A northward cross-section across the Faeroes Slope 
(Figs. 4a and 4b) demonstrates some of the complication caused by entrance of the 
Icelandic Current, which from Figs. 2 and 4c, can be seen to be more complicated 
than the Faeroe-Shetland inflow (Fig. 3). In the upper layer the salinity distribution 
has two maxima which indicates some spatial division in the Atlantic Water entering 
north of the Faeroes. In fact, the velocity section (Fig. 4c) shows the two cores 
to be separated by a return flow (to northwest). This division can be seen to 
effect a downbowing of the isotherms and to substantially weaken the sound-velocity 
minimum (i.e. in Fig. 4d between Stations 112 and 113). 
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Mixed-layer depth 

From the point of view of internal wave motion, the 'mixed layer' is an upper bound- 
ary region through which internal waves cannot propagate for lack of a gravitational 
restoring force, i.e. a vertical layer without stratification. From the point of view of 
sound propagation, the 'mixed layer' is a surface layer in which the sound velocity 
increases to a sub-surface maximum. This can occur when either the gradients of 
temperature and salinity are sufficiently small such that the pressure dependence 
causes the sound velocity to increase; or it can occur in the rather unusual case 
when the temperature and salinity have positive gradients. The lack of vertical gra- 
dients within a surface layer is normally attributed either to mechanical mixing, due 
to the turbulence breaking of surface waves and/or to shear turbulence at the top 
of the pycnocline, or to convective mixing due to the production of dense surface 
waters as a result of buoyancy loss to the atmosphere. For surface waves, the depth 
of mixing is roughly limited to half of the surface wavelength; and for convection, 
the depth is limited by the intensity of the atmospheric losses and by the strength 
of the sub-surface pycnocline. 

Thus the mixed-layer depth ( M L D )  can be defined in several ways. If the propagation 
of internal waves is of interest, some criteria on the stratification might be used; or if 
acoustic sound propagation is of interest, the depth of the sound-velocity maximum 
would be the most straightforward means. However, because the temperature is nu- 
merically dominant in the sound-velocity dependency and because the temperature 
is more easily and more often measured, i.e. with XBTs, a criterion on the surface 
temperature gradient is most often used to determine the mixed-layer depth. On 
the other hand, from the point of view of the gravitational stability of the surface 
waters, a criterion on the density gradient is more accurate. Below, we compare 
some of the different methods (following the approach of Molinelli, Donelson, and 
Lilly, 1981) to provide a more complete description of this surface phenomena. The 
statistics for the various parameters referenced are given in Table 1. 

M L D ~  from ot The M L D ~  was taken as the depth at which the density at exceeded 
the surface value by 0.02 units. The distribution (Fig. 5) shows strong variability, 
particularly in the i d o w  area. The Fig. 5 insert shows bimodal split in the percent- 
age distribution (also Table 1) of 9 and 29 m, an average of 24 m, and is skewed 
towards a maximum at 76 m. 

M L D N  from Brunt-Vaisald frequency The M L D N  was defined as the uppermost 
depth at which the Brunt-Vaisiila frequency N exceeded 2 cycleslh. A similar 
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Table 1 The statistics for the observed and calculated mazed-layer depth 
parameters given in the tezt 

-- 

Parameter Mode Mean St. Dev. Max. Min. 

A. A1 stations 

MLDd 
MLDN 
MLDt 
MLD, 
s v , n a x  
S v m i n  
depth S V m i n  
SVnaax - S v m i n  
Ri number 

B. Region 1 

MLDd 
MLDN 
MLDt 
MLDc 
SV,.. 
S V m i n  
depth S V m i n  
Svnaax - S v m i n  
Ri number 

C. Region 2 

MLDd 
MLDN 
MLDt 
MLD, 
s v m a x  
S V m i n  
depth S V m i n  
SV,., - s v m i ,  
Ri number 

distribution is shown in Fig. 6 with a slight shift towards shallower values, with an 
average of 20 m (Table 1). 

M LDI from temperature According to convention in defining the mixed layer with 
XBT data, the M L D ~  was taken as the first depth at which the temperature incre- 
mented by 0.2 K (Warn-Varnas, Dawson, Martin, 1981). Although the areal distri- 
bution (Fig. 7) demonstrates the same features, it can be seen from the histogram 
that the M L D ~  is generally deeper with an average of 27 m. 

M LD, from SV,,, In this case the MLD, was defined as the depth of the uppermost 
maximum in the sound-velocity profile. The areal distribution is shown in Fig. 8. 
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The frequency histogram (Fig. 8 insert) shows a bimodal distribution with a paucity 
of stations having MLDs of N 15 m, with an average of 18 m, and skewed towards 
the deeper values up to 65 m. 

Correlations Figure 9 provides the correlations between the MLDN, MLD, and 
M LDt and the M L D ~  . Effectively the criteria for M L D N  is more stringent than that 
for MLDd, hence occasionally MLDd will exceed that of MLDN, as in Fig. 9a. On 
the other hand, the temperature criteria is less stringent, causing the M L D t  to be 
sonletimes deeper than the M L D ~  (Fig. 9b). The scatter in that of MLDd vs MLD, 
(Fig. 9c) is due to the fact that the sv is numerically more noisy such that f i s t  
maxima do not always correspond to the depth of the mixed layer as defined by the 
density variable. 

Low-frequency cut-off The trapping of acoustic energy in the mixed layer is fre- 
quency dependent in the sense that for any M L D  there is a frequency below which - - 
the wavelength is too long to be refracted-upward and trapped This is called the 
low-frequency cut-off (cf. Urick, 1983; Porter, Piacsek, Henderson and Jensen, 1989) 
and is given by 

f = 1500/(0.008 x H ~ ' ~ ) .  

Figure 10 shows the distribution of this cut-off frequency contoured at only three 
levels. Surface trapping for frequencies < 5000 Hz was possible only over the center 
portions of the sampled domain, being blocked by the higher cut-off frequencies 
(shallower M L D )  of the frontal and/or shelf regions. 

Bulk Richardson number Ri The Richardson number is often used as a criterion 
to determine if the eddy kinetic energy for a mass (or volume) is Likely to increase 
or not. This is done by comparing the gravitational stability of a layer, which acts 
to inhibit turbulence, with the mean velocity shear through the layer, which tends 
to generate turbulence. This can be expressed in a non-dimensional form: 

We have approximated this for the mixed layer by assuming that the MLD = Az 
and that the velocity shear was only that due to the wind such that it decreased 
from 1% of the wind speed at the surface to zero at the bottom of the MLD. The 
spatial and frequency distributions of Ri are shown in Fig. 11. The distribution is not 
recognisably similar to that of, say, the M L D ~  (Fig. 5) because of the additionally 
uncorrelated dependence on the wind speed. However, with a few exceptions, most 
of the area had values of < 10. This information is repeated in the histogram of Ri 
which had a strong mode at the value of 9 and was skewed toward higher values that 
were associated with the regions where either the wind was low or the M L D  deep. 
In contrast, the area of the Norwegian Shelf (Stations 90-96 in Fig. 1) had Ri < 1 
due to high winds and low MLDs. Generally any Ri numerically greater than one 
is indicative of insufficient kinetic energy to support turbulence. We note that the 
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value of bulk Richardson number thus calculated is usually larger and less variable 
than that of a locally calculated value, e.g. where over a much smaller vertical scale 
(< 1 m) the shear may be large or the stability small. 

Wind The mean wind speeds, as determined from the corrected ship's winds (Fig. 
12a), were fairly evenly distributed about the mean of 8.7 m/s (17 kn). However, 
these winds were not evenly distributed in time, but blew strongly at intermittent 
intervals throughout the cruise, as shown in Fig. 12b. With strong winds occurring 
so frequently, one might expect to find MLDs more evenly distributed than those 
determined by the above observational criteria; i.e. that the winds would maintain 
a fairly deep mixed layer. 

M L D  calculated To illustrate further the effect of wind on the MLD, we have calcu- 
lated the M L D using the Mellor-Yamada wind-dominated mixed-layer approxima- 
tion of 

MLDMY = C [ T / ~ ~ N ] " ~ ,  

where f is the Coriolis parameter, T the wind stress, and C is a non-dimensional 
constant equal to 0.019 for a critical Ri = 0.23 (Martin, 1976). In this case the 
Brunt-Viiisiila frequency N was determined from the 10-m density gradient imrne- 
diately below the M L D ~ .  The results for all stations are shown in Fig. 13a. A 
better agreement is obtained for the winds greater than the mean (Fig. 13b), even 
though the MLDMY values are considerably deeper. A smaller value of C (e.g. 
C N 0.01) eliminates the N 25-m offset in Fig. 13b. For the winds lesser than the 
mean (Fig. 13c), the agreement is worse. The most obvious implication of this dis- 
crepancy is that the formula is more valid for stronger winds and that the value of 
C should be empirically chosen to match the characteristic Ri field. 

Vertical buoyancy flux To understand the discrepancies noted in the above two 
paragraphs, one must consider the vertical flux of buoyancy into the mixed layer 
from below, i.e. through vertical motions not taken into account in conventional 
formulations of mixed-layer models. A detailed explanation is beyond the scope of 
this memorandum, but we offer as supporting evidence the following points: 

With the much larger atmospheric scales (for spatial variations in the wind 
speed) it is unlikely that the wind momentum alone could be responsible for 
2- to 5-fold increases in the MLD over horizontal distances of 10 km. Nor is 
it likely that these variations are due to the temporal variations in the wind 
speed. That is, with a surface wind stress fluctuating at the same or shorter 
timescale (hours) than the time required to generate the MLD, it is unlikely 
that the MLD comes in equilibrium with the wind forcing, in which case the 
MLD reflects some weighted time history of the wind stress. Hence, the MLD 
variability is not well explained by surface forcing alone. 

2. The shallower MLDS were correlated with the greater sub-MLD stabilities, as 
shown in Fig. 14, where the MLDs are plotted against the density gradient in 
the 10 m immediately below the MLD.  Nearly all the stations fell within the 
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standard error of the linear regression. The exceptions were those cases which 
had both a very strong density gradient and a very shallow MLD, these cases 
appear to have different dependency. 

3. If vertical motions play a significant role then one would expect some corre- 
lation between the M L D  and the depth of the SV,in. For the fundamental 
internal mode they would be in phase and for higher modes they would be out 
of phase or uncorrelated. That is, for a quasi-geostrophic feature, which is in 
relative steady state compared to the ship's sampling, the fundamental mode 
of vertical motion would raise (or lower) both interfaces simultaneously and for 
the second mode the displacement of the interfaces would be out of phase. In 
Fig. 15 the depths of the two interfaces are compared for Region 1 (where the 
deep svmin existed). For some sequences of stations they are will correlated, 
either negatively or positively. Examples are given in the two inserts, which 
provide expanded views of sampling zones in which the two depths were well 
correlated either out of phase (Fig. 15a) or in phase (Fig. 15b) corresponding 
to the first and the fundamental internal modes, respectively. Also, included 
in the inserts are the wind speeds for comparison. 
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5 
Sound-speed characteristics 

Surface SV,,, The surface sv,,, was fairly evenly distributed (Fig. 16) with the 
mean and mode being nearly equal at a value of 1487 m/s (Table l(B)). 

svmin Below the SV,,, the sound velocity decreases to a minimum. The first and 
major part of this decrease is due to the effect of a decreasing temperature, and the 
second part is due to a decrease in salinity to a minimum due to the presence of 
the Arctic water. This generalisation holds for the deeper portions of the sampled 
domain, that is excluding the water columns that are entirely Atlantic water to the 
south and along the Shetland continental shelf where the SV,~, was not well defined 
or was at the bottom depth (Fig. 17). 

As a consequence the total distribution of the depth of the sv,i, was distinctly 
bimodal (Fig. 17), where the normal distribution about 1458 m/s belongs to the 
cold Arctic Intermediate Water and the skewed distribution about the mode at 
1487 m/s belongs to the warmer Atlantic Water. We define these as Regions 1 and 
2, respectively; Table l b  gives the statistics separately for each. 

The bimodal structure is not reflected in the frequency distribution of the svmin 
(insert to Fig. 16). This is because the large variability of the depth of the salinity 
minimum in Region 2, together with the depth variability associated with the SV,~, 
in Region 1, caused the combined distribution to be fairly evenly skewed towards 
shallower depths with the exception of a peak at 150 m that corresponded to the 
bottom depth of the &ations taken over the continental shelf. 

Finally, if we consider the difference between the sv,,, and the SV,~,, as an indi- 
cation of the the strength of the downward refraction occurring in the deep sound 
channel, we find the strongest gradient where the Icelandic Current enters the do- 
main (Fig. 19). The bimodal distribution (insert to Fig. 19) is not surprising given 
the two distributions involved (Figs. 16 and 18), but it does suggest that the mech- 
anisms determining the SV,,, are independent of those determining the SV,~,. 
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Conclusions 

We have attempted to illustrate the range of variability in some of the environmental 
acoustic parameters observed during June 1986 in the southern Norwegian Sea. The 
variability is created by the confluence of Atlantic and Arctic water masses, by 
complicated bathymetry, and by strong meteorological forcing. 

The results of various criteria for determining the M L D  were compared. The dif- 
ference between them was slight, such that any one might be used with confidence. 
However, if both temperature and salinity are available, the density criterion would 
be preferable over that of the Brunt-Viiisda frequency or that of the sound-velocity 
maximum, both of which tend to be more susceptible to noisy data. If only temper- 
ature is available, the temperature criterion would return results nearly as reliable 
as that of the density. 

The MLDd had a mean for the sampled region of 24 m but varied from a minimum 
of 1 m to 76 m. The areas of shallow M L D  corresponded to the frontal zones of 
the Iceland-Faeroes Front or the Norwegian Shelf Front or were zones of upwelling; 
whereas the deeper M L D  corresponded to zones of downwelling. As a result of the 
distribution of the MLD, a surface sound channel (< 5 kHz) existed proceeding from 
the Faeroe-Shetland Channel northeastward along the 1000-2000 m isobaths of the 
Norwegian Slope. 

The winds during the cruise averaged 8.7 m/s and varied to peaks of and never fell 
below 2 m/s during the sampling interval. Despite this wind energy, the MLDs were 
shallower and more variable than one would expect from a simple wind-dominated 
mixed-layer formulation for the MLD. Some of this may have been to local heating 
which was at its seasonal maximum during the cruise but the effect was not measured 
nor observed in the near-surface temperature profiles due to the strong surface-wave 
mixing. The bulk Ri number for the M L D  was typically around the value of 10. 
The sound-speed profiles had deep minima except in the areas of the homogeneous 
Atlantic Water or in shallow depths. In the Norwegian Sea this minimum varied in 
depth by 100 m about a mean of 625 m. 

The vertical motions appeared to play a role roughly equivalent to the wind stress 
in determining the MLD. MLDs calculated as a function of the wind stress and (in- 
versely) the stability returned only fair agreement, which did, however, improve with 
wind strength. Nearly the same degree of agreement was obtained with a simple 
correlation between the M L D  and the sub-MLD density gradient. The implication 
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deduced was that the cases of strong density gradients were evidence of upwelling 
motions, i.e. that the gradients were being sustained by an upward advection against 
their destruction through the action of wind mixing. On the contrary, excessively 
deep MLDS were considered to be the result of downwelling motions. Because such 
vertical motions can have large amplitudes at diverse periodicities observational con- 
firmation is difficult. It was demonstrated that on occasion there was a very strong 
positive correlation between the M L D  and the depth of the sound-velocity minimum 
as would be expected if most of the vertical kinetic energy were in the fundamental 
mode and at other times a strong negative correlation as one might expect for higher 
modes. The primary difficulty in verifying this concept with the given data set was 
that the observations could substantiate only low-frequency distortions of the ver- 
tical structure. It is considered that the cause of these distortions is the result of 
Ekman pumping by the local wind-stress curl and/or the vertical motions associ- 
ated with meso-scale quasi-geostrophic features in the circulation of the Norwegian 
Atlantic Current. 
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Figure 3 The Faeroe-Shetland transect (Stations 46-55 of Fig. 1): (a) temperature, 
( b )  salinity, (c) velocity, (d) sound velocity. 
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Figure 4 The Faeroe Slope transect (Stations 111-119 of Fig. 1): (a)  temperature, 
( b )  salinity, (c )  velocity, (d)  sound velocity. 
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Figure 9 The c o ~ ~ e l a t i o n  between MLDd and (a )  MLDN, (b) MLDt , ( c )  MLD,. 
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Histogram of Ship's winds 
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Figure 12 The frequency distribution of the ship's observed winds. 
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Figure 18 (a) A scatter plot showing the correlation between the calculated M L D M ~  
values and the observed values of MLDd. (b )  The same for the stations having winds 
greater than 8.7 m / s .  ( c )  The same for winds less than 8.7 m / s .  
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Correlation delta sig-theta vs mldd 
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Figure 14 A scatter plot of the values of the 10-m density gradient just below MLD and 
MLDd. 
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Figure 15 A comparison of the depths of the SV,i, and MLDd for Region 1. Panels (a) 
and ( b )  present ezpanded sections of the same plot along with the observed wind. 
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Figure 16 A historgam of the SV,,, . 
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Histogram of SV min 
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Figure 18 A histog~.am of the SVmi, 
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