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DEEP WATER MOVEMENTS IN THE NORTH ATLANTIC 
AS A LINK BETWEEN CLIMATIC CHANGES 

AROUND ICELAND AND BIOLOGICAL 
PRODUCTIVITY OF THE ENG-

LISH CHANNEL AND 
CELTIC SEA1 

BY 

L. H. N. COOPER 
Marine Biological Laboratory, 

Plymouth, England 

Since World War II, a major investigation has been pursued at 
Plymouth to establish the cause of the great changes which have 
taken place in the waters of the English Channel in the last 30 years. 
About 1930 a productive water, relatively rich in nutrients and 
macroplankton, was replaced by a poorer one. We sought the cause 
in the neighbouring shelf waters and found none. Whatever the 
cause, it was transmitted through the Atlantic Ocean. Today a 
level of nutrients similar to that found in the Channel in the 1920's 
occurs only at 700 m, from which no known mechanism can cause it to 
upwell. 

An hypothesis was erected that 30 years ago the intermediate 
water had been upwardly displaced by at least 400 m and that this 
had come about by intrusion of deep cold water from polar regions 
on a scale much greater than that now taking place. It seems that 
the additional cold deep water came mostly from the north rather 
than from the Antarctic and that the only place in the north where 
it could have been formed was around Iceland and the Faeroe Islands. 

Three water masses mix to create the water over the Faero&-
Iceland Ridge: the Norwegian Sea deep water with a salinity close to 

1 Between delivery of this paper at Wood's Hole and printing I intended to add 
factual evidence and authority for many statements which may appear unsupported 
and controversial. However, to avoid delay in publication, the Editor and I have 
agreed to send forward the script as it stands. Detailed argument and acknowledg-
ments will appear in a series of papers yet to be written. Indebtedness to many 
Scandinavian, American, and British colleagues should be clear; that to the German 
workers may not be so evident. The essential synthesis with their work first re-
quires an assessment of all available deep silicate analyses which has not yet been 
done. 
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34.92%0 and temperatures below zero; the cold East Iceland surface 
water with salinities around 34.8-35.0%0 ; and the warm Atlantic water 
with salinity over 35.2%0 • There is no difficulty in finding mixtures 
of these waters which give a water with the properties that we find in 
the Faeroe-Iceland water. 

Fig. 1 shows the northern North Atlantic. There are two main 
deep channels leading to the Denmark Strait and the Faeroe-Iceland 
Ridge. Between lies the Reykjanes Ridge with a long extension 
at depths between 1000 and 1500 m south to Lat. 52° N. The sud-
den deepening here will be called the snout of the Reykjanes Ridge. 
The Faeroes lie on a ridge extending from Iceland to Shetland. Cutting 
through this between the Faeroe Islands and Faeroe Bank is a narrow 
pass about 850 m deep. For today I am calling this the Sydero 
Channel.2 

A homogeneous section was worked by the DANA at the beginning 
of July 1938, along 62° N from the Faeroes to the Reykjanes Ridge 
(see Fig. 2). You will see that small streams of cold heavy water 
with a salinity greater than 35.0%0 apparently cross the section at 
Sts. 5954 and 5957. These cold heavy currents may seem trifling 
but they are not. You will notice that, farther on at Sts. 5959-5962, 
this heavy cold water reappears, banked against the channel's western 
boundary on the Reykjanes Ridge. You will note also that there is an 
increase in salinity at the bottom and that the bottom water is similar 
to that 1000 m higher at St. 5954. St. 5961 is the nodal point of 
many of the sections to be discussed. 

The heavy waters at Sts. 5954 and 5957 can be traced back onto 
the Faeroe-Iceland Ridge (Figs. 1, 3, 5). You will see that isotherms, 
isohalines and isopycnals slope steeply over the Ridge from north 
to south. This does not mean, however, that heavy water need 
flow straight down them from Norwegian Sea to Atlantic Ocean. 
They represent conditions which must exist if a powerful steady 
current is flowing along the length of a ridge with smooth contours. 
Under such conditions the current acts as a dynamic dam that parts 
the waters of the Norwegian Sea from those of the Atlantic. We 
know from the work of Nansen and Helland-Hansen that the current 
may be strong, but we also know from charts that the bottom is 

1 This name did not receive the approval of the British National Committee on 
Nomenclature of Ocean Bottom Features. That Committee, meeting on 30 June 
1954, considered the proposed name "Syderii Channel." It was of the opinion that 
Syderii is a common name of many Scandinavian islands, and it suggested a more 
appropriate name, "South-western Faeroe Channel" (Royal Society memoranda 
NOB/9(54] and NOB/11(54]). In any quotation from this paper, the name "Sydero 
Channel" should be replaced by "South-western Faeroe Channel." 
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Figure 3. Composite figure to illustrate (1) the dynamic dam parting the waters of the Atlantic Ocean from the Norwegian Sea over 
the Faeroe-Iceland Ridge and (2) the tendency of water having potential temperatures between 1 ° and 4°, salini ties exceeding 35.00°/, o, 
and potential densities exceeding "t 27.9 to cascade over the Atlantic flank of the Ridge. 

Positions and dates: 
TH4 11 May 1903 63° 56' N 6° 20' w 
TH 5 12 May 1903 63° IO' N 7° 31' w 
TH6 12 May 1903 62° 40' N 8° 44' W 
DA 6892 24 June 1948 62° 00' N 10° 20' W 
DA 5954 3 July 1938 61° 59' N 10° 54' W 
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Figure 4. Variations in temperature on five occasions at a single place (THOR St. 13 at 
63° 12' N, 11 ° 45' W) just on the Atlantic flank of the Faeroe-Iceland Ridge. The figure 
suggests that the Iceland-Faeroe Current may meander as the Gulf Stream seems to do. 
The nature of the water below 300 m on 4 May 1904 (temperature 1.5-1.8° C, "t >27.94) 
represent conditions that are believed to attend the birth of a bolus of cold heavy water. 
The note "Starke Abdrift" ( = strong leeway or deep current?) was entered against the re-
cord for the 400 m sample on this occasion and against the record of depth (435 m). 
(Legend amended 6.xii .54). 

neither smooth nor the contours regular. It is also unlikely that 
the current flows steadily year in, year out. If the current were to 
weaken, the isopycnals would flatten so that warm saline surf ace 
Atlantic water would flood farther into the Norwegian Sea whilst 
the deeper heavier water above sill level would cascade over the Ridge 
into the Atlantic to the south. 

Again, to judge from the increasing knowledge of the Gulf Stream, 
powerful currents do not follow unchanging courses. They form 
eddies and swing about all over the place. If the Iceland-Faeroe 
Current does this-and I can see no reason why it should not-then 
heavy water masses will at times swing to the south over the Ridge 
towards deeper water, where they will become unsupported and will 
sink rapidly into the Atlantic. 

Yet again, it would seem that canyons cut back into the Ridge. 
If the main east-west current passes over a canyon at right angles, 
heavy water will drop into it and be unable to continue forward with 
the current. It can follow only the course of the canyon down into 
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Figure 5. Composite pictures from the same area, the left-hand one showing conditions 
adverse for the formation of eastern Atlantic deep water, the right-hand one showing favour-
able conditions. 

the Atlantic. The last process should yield a steady stream of water. 
Thus there may be three distinct mechanisms by which heavy cold 
water from the Faeroe-Iceland Ridge may slip into the Atlantic. 

In Fig. 4 are shown temperatures at THOR St. 13, just on the Atlan-
tic side of the crest of the Faeroe-Iceland Ridge. It was worked 
five times, three times in May and twice in August. The great 
variation in conditions suggests that hereabouts there is either a 
great variation in the strength and direction of the Iceland-Faeroe 
Current or that there are large temporary meanders. 

Again in Fig. 5, THOR St. 13 is included in both drawings. The 
small drawing on the left represents conditions when no water is 
flowing over the Ridge and when the east-west current is weak. 
The right-hand drawing, very composite, illustrates conditions when 
cold ridge-water is pouring down into the Atlantic. The density 
diagram is much like this. There is no question that cold heavy 
water is entering the Atlantic over the Ridge, but on this evidence 
alone one could not say that it is happening on a scale that matters. 
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As water sinks in the sea it is warmed adiabatically by compression 
and in any study of vertical movements in the sea, this adiabatic 
effect needs to be eliminated. So observed temperatures have been 
converted to potential temperatures throughout. 

No straight line section can illustrate my thesis. Fig. 6 shows a 
section along the axis of a river of heavy water that contours the sides 
of the Faeroe-Iceland and Reykjanes Ridges. From EXPLORER 
St. C6, well inside the Norwegian Sea, I have drawn the section so 
that it follows the approaches to the Sydero Channel, passes through 
the Channel into the Atlantic, then traverses the ridges to DANA 

St. 5962 (1938) and finally extends up onto the Ridge at DANA 

Sts. 6897 and 6898 (1948). 
All observations were made around midsummer in different years. 

DANA St. 4402 would have fitted better if it had been 10 miles farther 
north; if it had been, the isopycnals might well have run smoothly 
from THOR St. 39 to DANA St. 5961, where Figs. 6 and 8 may be con-
sidered to make an end-on junction. 

It is clear that the cold heavy water does not take a direct course 
to the bottom of the main channel but traverses or contours the sides 
of the deep inlet. The picture is like the Missouri-Mississippi Rivers 
system. The longest arm, EXPLORER St. C8 to DANA St. 5953, does 
not contribute the most water. That comes in from the Ridge near 
DANA St. 5957 at 62° N, 13° W. This tributary always seems to have 
a salinity exceeding 35.0%0 , however cold it may be, and it is this 
tributary which causes the salinity inversion and subsequent increase 
in salinity downwards, as you will see in subsequent figures. 

In June 1938 a most valuable section was worked by the Scottish 
vessel EXPLORER along the 18th meridian west (see Figs. 1 and 7). 
I have included in this section our "nodal" point, DANA St. 5961, 
which was worked a fortnight later, and DANA St. 6895, which was 
occupied in 1948. You will see how strongly the heavy cold water 
is banked, like a blanket, against the north side of the Channel. 
There is no doubt whatever where this water has come from; it is 
moving westwards with the heavier water on the right. 

The intermittent bursting of the dynamic dam, due to either process, 
would result not in a continuous stream of water flowing off the Ridge 
but in a series of self-contained, cold heavy balls or boluses of water. 
The calving of a large bolus of water from the Ridge is likely to be 
completed in a matter of days or weeks at most. Its descent from 
400 or 500 to 1500 or 2000 m through much lighter water is also likely 
to need only a short time. It is not surprising, therefore, that no 
research ship has ever recognised the birth process for what it may be. 

We have now finished with the area around Iceland and will turn 
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water as it sinks whilst traversing the Atlantic flank of the Faeroe-Iceland Ridge, 
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our attention to the Reykjanes Ridge (see Figs. 1 and 8). Unfor-
tunately there is a dearth of stations along the eastern edge of the 
Reykjanes Ridge, the only positions being those worked by the DANA 
in June 1947. 

In Fig.8 the depth to the bottom for each station is shown separately. 
The bottom contour represents the estimated depth of the deepest 
part of the main channel which lies abreast and to the east of the 
section as far south as DANA St. 6674. There is something odd about 
DANA St. 6668. Otherwise, as the main channel deepens, all isolines 
drop with it . In Fig. 7 we followed the Iceland-Faeroe Ridge water 
as far as St. 5961. In Fig. 8 we picked it up again at depths greater 
than 1500 m; potential temperatures between about 2.6° and 3.3° C: 
salinity greater than 34.97%0 ; and potential densities greater than 
111 27.88. You will see clearly the increase in salinity towards the 
bottom as a result of water from around position 62° N, 13° W. You 
must picture the Reykjanes Ridge as shoaling to less than 1500 m 
to the northwest of the DANA section 5961-6674 and as impounding 
the Iceland-Faeroe water in the Eastern Basin. 

Between DANA Sts. 6674 and 6682 the section turns westward and 
crosses the mid-Atlantic Ridge at the snout of the Reykjanes Ridge 
in 2700 m of water. Thence the section is in the Western Basin of 
the Atlantic. 

All the curves show symmetry around St. 6682, which can only 
mean that the Coriolis force has caused some of the deep Iceland-
Faeroe Ridge water to turn the snout of the Reykjanes Ridge and 
then to spread out toward the west and north. This is the water 
which Floyd Soule found in the Western Basin in 1935 and which he 
recognized as coming from the east because of its relatively high 
temperature. 

I will now present some of these data in another form together 
with METEOR observations taken in August 1935 (see Figs. 1, 9). 

METEOR St. 33 and DANA St. 6668 were two miles apart-at almost 
the same place. The dotted lines across the vertical bar, representing 
lapse of time at the same place, show that vertical oscillations of 
isopycnals and isotherms were as much as 300 m. To my mind these 
suggest either variations in the strength of the current in different 
years or the passing of boluses of water separately calved from the 
Faeroe-Iceland Ridge. 

You will see that there is little difference in density between the 
bottom waters on the western flanks of the two basins, the higher 
temperature in the Eastern Basin being compensated by higher salinity. 
In the Greenland Sea there is evidently a cyclonic circulation of the 
1500-2500 m layer, which contains Faeroe-Iceland water fl.owing 
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north on the eastern side and which, after augmentation by more 
very cold water, flows back along the western or Greenland side. 
Fig. 9 shows the salinity inversion on both sides of the Ridge. 

To my mind there is no doubt that this considerable body of water 
with such characteristic properties, particularly the salinity inversion, 
can have only one origin. The evidence from the EXPLORER section 
along 18° Wand from the DANA stations along the Reykjanes Ridge, 
supported by observations by the METEOR and the GENERAL GREENE 
(which I have not time to discuss) in the Greenland and Labrador 
seas, leave little doubt that we have here an event of much importance 
to an understanding of the circulation of the North Atlantic. 

Note that the same distribution of properties at DANA Sts. 6668 to 
6674, lying at an angle with the Ridge, has been used to buttress two 
different arguments; only one of them need be true. However, 
justification may be found in the Western Basin where enough obser-
vations exist to develop and resolve the two arguments independently. 

There is evidence to suggest that intermittent calving, similar to 
that over the Faeroe-Iceland Ridge, occurs over the bottom in the 
Denmark Strait west of Iceland where the boundary between warm 
and cold water masses is sharp. One position is around Lat. 66° 20' N, 
Long. 26-27° W, where calving is thought to be due to bursting of 
the dynamic dam between 200 m depth and the sill at 400 to 500 m. 
The evidence at the second position, around Lat. 66° 30' N, Long. 
30° 30' W, rather suggests the subsidence of water travelling along 
the Ridge into the transverse submarine valley which runs north-
south in Lat. 66° N, Long. 31 ° W toward Kangerdlugssuak. 

The descending heavy water seems to be held to the right against 
Greenland just as that from the Faeroe-Iceland Ridge appears held 
against the Reykjanes Ridge. Sections which have been worked 
at right angles to the coast sometimes by chance cut through a cold 
bolus (cf. potential temperature and density in Fig. 9). Other 
sections seem to have cut between boluses so that no very cold water 
has been observed. By the time the boluses have reached Lat. 60° 
N and have fallen to 3000 m or more, they have coalesced and become 
the North Atlantic Deep Water. This water lies below and to the 
west of the large mass of Faeroe-Iceland Ridge water which has 
turned the snout of the Reykjanes Ridge in Lat. 52° Nat about 2700-
3000 m sill depth and then spread out. 

It is suggested that (1) variations from year to year in the number 
and size of boluses calved from the Denmark Strait, (2) consequent 
variations in the extent of upward displacement of water elsewhere, 
and (3) consequent variations in other processes not yet described, 
should be followed by variable enrichment of all the fishing grounds 



1955] Cooper: Deep Water Movements 361 

of the northwestern North Atlantic. It is not suggested that the 
effect of one year's exceptional calving need be very great. If, 
however, a sequence of cold Arctic winters occurs, the accumulated 
effect may become considerable. This should be true not only for 
inorganic nutrients but also for organic regeneration products needed 
as accessory growth factors by certain plants and animals. 

In areas of calving, a balance has to be struck between loss of 
nutrients by calving and cascading and the gain in compensation 
water. This is evidently a complex matter, so that no prediction 
is feasible for these areas. 

From the Coriolis theorem I have always found it difficult to 
assess what the distribution of mass in a deep water or midwater 
current should be. Here we have two cases in the northern hemi-
sphere where the heavier water is thrown to the right (where move-
ment is strongest) and the lighter water to the left. This empirical 
rule applies throughout the course of the Iceland-Faeroe water and 
of the deep water around East Greenland. The slope of the 27.85 
and 27.9 ui surfaces east of the Reykjanes Ridge was about 1 in 200. 
It is likely, however, that these west-seeking deep-water movements 
may be better studied in terms of the integrated vorticity equations 
of Stommel and Munk. These were developed for a wind-driven 
system of upper water currents, but perhaps they apply to deep 
thermohaline circulations also. Though ocean surface currents seem 
not to be frictionally bound to the bed of the ocean, may they not 
be so bound to these deep thermohaline currents? 

If these views are true, even in part, answers to the problems 
posed by the fisheries biologists cannot be found only by study of 
shallow waters in which the fish live; knowledge of the deep circulation 
of the ocean is also needed. 

To sum up, I have in part sketched a possible way in which climatic 
changes around Iceland may affect the landings of herring on the 
Plymouth fish market. The story is a consistent one but we still 
have to show that nature really works that way. We can never 
attain more data about the earlier years than we have now, so, for 
full confirmation we must wait until the climatic cycle comes full 
circle. 

Summary. A cold heavy water appears to be created over the 
Faeroe-Iceland Ridge by mixing of Norwegian Sea water, East Ice-
landic water and North Atlantic Central water. A descending course 
for this new water mass is mapped along the southern flank of the 
Faeroe-Iceland Ridge and the eastern flank of the Reykjanes Ridge. 
In Lat 52° Nit appears to turn into the Western Basin of the Atlantic. 
It is likely that the formation of this water mass is intermittent. 
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Available observations are not sufficient to establish this thesis with 
certainty. These concepts are developed further in a more recent 
paper.3 The two papers together provide the basis for an explanation 
of the large fluctuations in biological productivity of the English 
Channel and adjacent waters. 
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