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Abstract

The surface circulation of the northern North Atlantic is seen to be
generally cyclonic and consists of a progressionof pycnostads, the Sub
polar Mode Water. The temperature and salinity of the Subpolar Mode Water
decrease from 14.7°C, 36.08 %0 to 3.4°C, 34.88 %0 due to exeess preeipi
tation and winter eooling and overturn. The eoldest pyenostad is the
Labrador Sea Water whieh spreads at mid-depth from the Labrador Sea. Mixing
with other, higher salinity, water masses inereases its salinity and poten
tial vorticity. We estimate a produetion rate of 8 x l06m3/see of Labrador
Sea Water from the warmest Subpolar Mode Water, allowing 9 x 106m3/see of
the Subpolar Mode Water to flow into the Labrador Sea.

Resume

La circulation de surfaee du nord de l'Ocean Atlantique Nord est en
majeure partie eyclonique, et eonsiste d'une progression de pycnostades,
"the Subpolar Mode Water". Sous l'influenee d'un surplus de precipitation
et d'un refroidissement et renversement hivernal, la temperature et la
salinite vont de 14,7°C et 36,08 %0 a 3,4°C et 34,88 °100' Le pycnostade
le plus froid est le Labrador Sea Water qui emerge a mi-profondeur de la
mer du Labrador. Des melanges avec d'autres masses d'eau aux salinites plus
elevees augmentent sa salinite et sa vorticite potentielle. Nous estimons
que l'eau la plus ehaude du Subpolar Mode Water contribue 8-106m3/sec du
Labrador Sea Water, ee qui permet a 9-106m3/sec du Subpolar Mode Water de
passer dans la mer de Norvege.
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I. Introduction

In and above the pyenoeline in many of the world's oeeans are found

thiek layers of nearly homogeneous water. These eolumns are formed by

wintertime eonveetive overturn. Beeause of their nearly homogeneous den

sity, they are termed pyenostads, and beeause of their appearanee as iso

lated modes in volumetrie temperature salinity analyses, the water masses

that are made up of these pycnostads are termed Mode Waters.

There are two types of Mode Waters, the Subtropical Mode Water and

the Subpolar Mode Water. This paper will deseribe the Subpolar Mode Water

of the North Atlantie--where it is found, what its eharaeteristics are,

~ow it is formed, and how it circulates. Its end products are the Labra

dor Sea Water, a low salinity intermediate water mass, and a warm input

into the Norwegian Sea. The distribution and circulation of the Labrador

Sea Water will also be discussed and a simple box model for the northern

North Atlantie proposed.

Previously deseribed Mode Waters are the Subtropical Mode Waters of

the North Atlantie and Paeifie and the Subpolar Mode Water of the Southern

Oeean. Subtropieal Mode Water is found in the anticyclonic Gulf Stream

gyre of the North Atlantic, where it is known as Eighteen Degree Water be

cause of its characteristie temperature (Worthington, 1959; 1976) and in

the anticyclonic Kuroshio gyre in the North Pacific where its temperature

is 16°C to 17°C (Masuzawa, 1969). The Subtropical Mode Waters are only

weakly formed in the Southern Hemisphere where the subtropical gyres are

also weak. The southern hemisphere instead is dominated by a Subpolar

Mode Water (McCartney, 1977), the Subantaretic Mode Water. It is found on
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the warm water side of the Antarctic Circumpolar Current and is character-

ized by temperatures and salinities which decrease from about 14°C, 35.75 0/
00

in the western South Atlantic to about 4°C, 34.15 o~o in the eastern.South

Pacific. Recirculation of the Mode Water in the anticyclonic gyres in the

b~sins north of their formation regions is seen in addition to direct

zonal circulation around the Southern Ocean. Freshening, cooling and

thickening are due to excess precipitation and large air-sea heat exchange

resulting in wintertime overturn. An end product of this Subantarctic

Mode Water is the Antarctic Intermediate Water, a low salinity water mass

which influences a large portion of the ocean at mid-depth. Its influence

in the Atlantic reaches as far north as the Mediterranean Water. North

of the Mediterranean tongue, intermediate depths are influenced by the

low salinity Labrador Sea Water, the product of the North Atlantic Subpolar

Mode Water. The North Atlantic Subpolar Mode Water thus has many similar

ities to the Subantarctic Mode Water.

We discuss first the method used for identifying convectively formed

water masses, followed by a discussion of the North Atlantic Subpolar Mode

Water and the Labrador Sea Water.

11. Method

The characteristic feature of a pycnostad, by definition, is a weak

vertical density gradient which is presumed to arise from active mixing at

the surface. The signature of a pycnostad is thus a vertical minimum of

the density gradient ~~. The Brunt-Väisälä period, a measure of the sta

bility of the water column, will therefore exhibit a maximum at the pycno-

stad. For conservative ocean basin scale circulation, a more dynamically
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relevant quantity is the potential vortieity, whieh reduces to ! ~P , if. P oZ

relative vortieity is presumed small, where f is the Coriolis parameter.

This quantity also will have a minimum in the vertical at the pyenostad.

We have used a large hydrographie data set covering the northern North

Atlantic and northward along the Norwegian Coast. The data was interpolated

to standard potential density levels (refereneed to the surfaee) separated

by potential density increments of .02. The Brunt-väisälä period in

minutes was obtained for each of these increments by referencing the

in situ temperature and salinity to the pressure between the density sur

-1
faees. Potential vortieity in (em sec) was obtained in the same manner.

The Subpolar Mode Waters were identified by Brunt-väisälä period

maxima sinee they are subjeet to eontinuous modifieation. The Labrador

Sea Water, whieh eireu1ates at mid-depth where seasona1 influence and

mixing are much reduced compared with adveetion, was identified as a

minimum in potential vorticity.

A vertiea1 profile for 1ate winter stations in the Central North

Atlantie Oeean east of Newfound1and is shown in Fig. 1 to illustrate the

use of this method. The upper 1ayer is extremely we1l mixed (it would

be eapped off by a warmer layer at lower Brunt-Väisälä period in other

seasons) and is the loeal North Atlantic Subpolar Mode Water. At mid-depth

near 1600 to 2000 m is a seeond maximum in Brunt-Väisälä period whieh eor-

responds to the salinity minimum and oxygen maximum, more familiar tracers

of the Labrador Sea Water.
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III. Subpolar Mode Water (McCartney and Talley, 1980)

Figures 2, 3, and 4 show the Brunt-v~isäl~ period, potential density

and temperature of the Subpolar Mode Waterin late winter (January-April).

Identification'of the pycnostads was limited to those with period greater

than 100 minutes so the darkened exterior region is the region where there

are no such pycnostads. The pycnostads are arranged in an annular distri-

bution around the basin. The separation between the Subpolar Mode Water

and the Subtropical Mode Water on the southwest, although relegated to one

station in this data set, appears to be real--there is no connection between

the warmer than l7°C Subtropical Mode Water and the warmest 14° Subpolar

Mode Water. The annular distribution is broken only by the eastward North

Atlantic Current which separates the warm Subpolar Mode Waters to the south

from the cold Labrador Sea Water to the north. Proceeding counterclockwise

around the ring, temperature and salinity decrease from l4.7°C, 36.08 ~oo

although irregular, increase.

3
to greater than 27.7 mg/cm , and the Brunt-Väisälä period shows a general,•
to 3.4°C, 34.88 ~oo'

3potential density increases from less than 26.9 mg/cm .

This distribution is interpreted as a general cyclonic flow. The

Subpolar Mode Waters, being at or near the surface, are subject to the

excess precipitation of the region, which decreases the salinity, and to

excess wintertime heat .flux into the atmosphere which cools and convects

them. The final product of this Subpolar Mode Water at the end of its

cyclonic path is the Labrador Sea Water which is the freshest and coldest

Subpolar Mode Water. This is formed in the Labrador Sea, sinking and

spreading out at mid-depths, as detailed in the next section. Two addiitional
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components of the flow are: 1) flow into the Norwegian Sea through Faeroe

Shetland Channel, estimated at 8 x 106m3jsec (Worthington, 1970), with

hints of additional northward flow between Iceland and The Faeroe Islands,

not mentioned before, and west of Iceland, estimated at 1 x 106m3jsec

(Stefansson, 1962), and 2) weak recirculation of the warm 11°C to 15°C

pycnostads in an anticyclonic gyre south and east of their formation

region.

The transport stream function is not presented to support our conten

tion of cyclonic flow for two reasons. The first is the familiar refer

ence level problem. The second is that the implied change in density of

the pycnostads along the path produces large errors in transport estimates

based on the (conservative) geostrophic method. Estimates of the air-sea

exchanges indicate that the observed change in dynamic height along the

path is of the same order of magnitude as the changes that could be induced

by the air-sea exchange itself.

Estimates of transport and conversion are given in the summary box

model following a discussion of the Labrador Sea Water.

IV. Labrador Sea Water (Talley and McCartney, 1980)

The Labrador Sea Water is the last and densest of the succession of

Subpolar Mode Waters. It is formed in the Labrador Sea as a result of

wintertime convection (C1ark and Gascard, 1980). The rate of formation

and characteristics of the Labrador Sea Water can vary greatly--analysis

of Ocean Weather Station Bravo data in the central Labrador Sea (Lazier,

1980) indicates that formation does not necessarily occur every year.
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For example, Clark and Gascard (1980) found newly formed Labrador Sea

Water at the low temperature of 2.9°C in 1976, andno evidence of new

Labrador Sea Water in 1978. Our conclusion that Labrador Sea Water is the

end product of the Subpolar Mode Waters clearly indicates that clima

tological conditions over the whole of the northern North Atlantic are

important in determining the formation rate for Labrador Sea Water.

Figure 5 shows the monthly and annually averaged heat flux at O.W.S. Bravo

from 1948 to 1972. There has been a decrease in heat loss over that per

iod with an increase after 1970. An increase in 1971 suggests that

Labrador Sea Water formation could have been possible although at lower

temperatures than 3.4°C because of a low salinity cap which built up during

the warming years.

Figures 6 and 7 show the distribution of potential vorticity and salin

ity at the core of the Labrador Sea Water, defined as a potential vorticity

minimum. Both salinity and potential vorticity increase away from the

Laborador Sea, indicative of erosion and mixing of the water mass. The

potential density of the core referenced to 1500 meters is nearly uniform

although it increases somewhat along the salinity and potential vorticity.

(Secondary minima at higher densities are found in the northwest region of

the distribution, possibly indicative of recirculation.) The heavy line

denotes the maximum extent of recognizable Labrador Sea Water.

A notable feature of this distribution is the tongue of Labrador Sea

Water which reaches around the Grand Banks and southward along the western

boundary, probably as the upper part of the Deep Western Boundary Current.

This has interesting implications for the arguments concerning the separa-

tion of the Gulf Stream and the North Atlantic Current systems (Worthington,1976)

since there roust then be a coropensating northward flow.



A circulation pattern that would be consistent with this Labrador

Sea Water distribution, assuming that a certain amount of mixing occurs,

could be the following. Labrador Sea Water leaves the Labrador Sea via

the eastward flowing North Atlantic Current and the southward flowing

Labrador Current. The North Atlantic Current carries Labrador Sea Water

across the North Atlantic. There is a hint of a southwestward turning

at the eastern side along the boundary with the Mediterranean water.

Branches of the North Atlantic Current carry the Labrador Sea Water

northward into the Irminger Sea, Iceland-Scotland Channel and Rockall

Channel where it joins the general circulation there, eventually recircu

lating back into the Labrador Sea. The Labrador Current transports Labrador

Sea Water southward to the Grand Banks where it intermittently flows around

the Tail of the Grand Banks into the western North Atlantic. In the Gulf

Stream region, it is probably circulated and recirculated, with some of it

possibly escaping eastward with an eastward extension of the Gulf Stream.

Mixing with adjoining waters horizontally or vertically, in all regions

and particularly in intense currents inertially raises its salinity,

density, and potential vorticity.

Although it is difficult to examine this distribution for time de

pendence because of the sparsity of data, indications from repeatedly

occupied sections eastward from the Grand Banks and in the Gulf Stream

region are that recent formation is identifiable as an increase in number

of potential vorticity minima in the vertical and a higher incidence of

very low salinity modes compared with the average Labrador Sea Water for

these areas.
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Where does the Labrador Sea Water go? Much of it recirculates in

the northern North Atlantic. Mixing with Mediterranean Water along the

southeastern side to form an input into North Atlantic Deep Water is one

sink. Some of it flows south along the western boundary and is identi

fiable in sections far to the south as a potential vorticity minimum

alongside the salty Mediterranean influenced core. There must also be

upwelling to complete the balance.

v. Summary and Box Model

The surface circulation of the northern North Atlantic is cyclonic.

The water mass involved in the surface circulation is the Subpolar Mode

Water, aseries of pycnostads ranging in temperature and salinity from

about l4.7°C, 36.08 ~oo to 3.4°C, 34.88 o~o. The coldest of these pycno

stads is identified by a second name, the Labrador Sea Water which spreads

out from the Labrador Sea at mid-depths, primarily along the Labrador and

North Atlantic Currents. Subsequent mixing with the higher salinity water,

particularly the Mediterranean Water, raises its salinity and erodes its

,signal as a water massa

An estimate of the net annual production rate for Labrador Sea Water

can be made based on the assumption that the net annual heat flux into

the atmosphere in the North Atlantic north of 50 0 N is all involved in

conversion of the Subpolar Mode Waters into Labrador Sea Water. Between

50 0 N and the Scotland-Greenland-Canada sills, the ocean loses 8.7 x 10 3

cal/sec (Bunker, 1979, personal communication). If 8 x 106m3/sec of 3.5°C

and 1 x l06m3/sec of 6.5°C water enters the Norwegian Sea, the production

rate of LSW at 3.5°C from 11.5°C water is 7.5 x l06m3/sec •
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Figure 8 is a comparison of Worthington's (1976) box model with a

'box model which represents the smallest modification based on our estimates

of conversion of Subpolar Mode Waters from one temperature class to another.

The biggest difference is that we estimate a total of 17 x 106m3;sec under

going pycnostadal conversion. Of this, 9 x 106m3;sec flows into the

Norwegian Sea and 8 x l06m3;sec are converted into Labrador Sea Water.

This implies an increase in upwelling in the system if all other estimates

are retained.

Salinity is not included in Figure 7. Our system requires an input

of .20 x 106m3;sec of fresh water in order to decrease the salinity from

35.55 0100 at 11.5°C to 34.88 0100 at 3.5°C. Baumgartner and Reichel (1975)

estimate the fresh water input from 50 0 N to 65°N as .13 x 106m3;sec. North

of 65°N, there is an additional input of .13 x 106m3;sec, some of which

could come south in the East Greenland Current. The box model thus appears

to work for salinity also.

•
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Figure Captions

Figure 1. Profiles of potential density and bulk Brunt-väisälä period for a
Central Water Station in the central North Atlantic Ocean east of
Newfoundland, offshore of the North Atlantic Current: R/V ATLANT1S 11
Station 354, March 24, 1964, 49°25.0'N, 40 0 34.0'W.

Figure 2. Brunt-Väisälä period of the late winter Subpolar Mode Water.

Figure 3. Potential density of the 1ate winter Subpolar Mode Water.

Figure 4. Potential temperature of the late winter Subpolar Mode Water.

Figure 5. Monthly and annually averaged heat flux at Ocean Weather Station Bravo.4It

Figure 6. Potential vorticity at the Labrador Sea Water potential vorticity minimum.

Figure 7. Salinity at the Labrador Sea Water vorticity minimum.

Figure 8. A simplified representation of Worthington's (1976) vertical box model,
and a modification consistent with our estimate of warm water to cold
water conversion.



BRUNT
0 20 40 60
I I I I

0

200

400

600 ,
I
,

I
"\,

800 " :'
"'."

I I

1000

1200

E 1400

:r:
I- 1600
a..• w
Cl 1800

2000

2200

2400

2600

2800

3000

CENTRAL WATER

VÄI SÄLÄ PERIOD minutes
80 100 120 140 160 180 200

I i I i I I I

POTENTIAL DENSITY GM/ L
26.0 27.0 28.0

02 maximum •

-+- Salinity minimum
O2 maximum



100E
~~r--'--L..I...J..J'-L..L...L-.L..J...L-L-.J...J,.....L.J-..L-l.....L..l-L..I.....L..J'-L..L...j....L..J...l...L...L.J-..L.L....L..l-L..I.....L..J...J..J'-L..L...L-LJ....L..l..L-.I....L.J-"""""'....L...l-l.-1- 70° N

100 -150

,
o

30° +"rT...,...,.,rrr-r"."""TIr-r-T"T""."""TIr-r-rrT"T.,.-,--r-r-r,...,.......--r-rrT"T.......,--r-r-rT"T.......,r-r-r-rnL".,..,r-r.,-,-~...,.,r-r-T'"T"-r-T--.-I'""T""+-30°
65°W 60° 50° 40° 30° 20° 10° 0° IOoE

• •



•
100E

~-L..I~L...L..&.....I.-I-L..L..L.L....L...L..L..L..1....L..1~L...L..&.....I.-y.,.L..J...L....L...L..L...L.L..1...J~L..J...L.L.~:H-..L.L...L.-L..L..1-L..J.-L..I.....L-L.....L4- 70° N

..
30° -nrr-rr\T'"T"T"T"TT"T"T""T"T'T-r-r..."-r-rr-rrrrT"T"T""T"'T""T......,...,,--r-1rr-rr-....,....,,.."T""T"T"T.,..,...,,-,l,rr-.........,....T"TT"'T","T"T"'T""T-r-r--r-1"""'+' 30°

65°W 60° 50° 40° 30° 20° 10° 0° 100E



--------- ---- -----------------------------------------------1

,
o

30° -f-,rnr-r-r-rT""T"T"TT"T....-rT'T"T"T........,.....,r-r-r-r-.,.,....T"TT"T-r-r.,..-,.........,.....,;-r"",.....,.,.,....T"TT"T-r-r--r-r.,........,l,,..........r-T""",,.-T""T",....,.-,-,-..,...,........-r-1~ 30°
65°W 60°50° 40° 30° 20° 10° 0° 100E

•



200
200

C\I
0

0
~

Q)-Q)

E

"l/)-- -200
-200

0
~

X
:J
...I
I.J... -400

-400
I-
<!
W
J:

-600
-600

------.-----"'-------;.0---.-----.--.-----_-y. .. . . . .o L.
-200 [

• •
• •

•

•
•

•

o

-200

1950 1955 1960 1965 1970



e·

· I) <4 x1012 cm"'sec·'

0 4-ax1012 30°,
". I

0 >ax1012

Limit of
potential vortic;ty
minimum

200 N

10° 0° 10°



60'"

.,

• 34.86-34.90%.
o 34.90':34.94%.

o > 34.94%.

Limit of
potential vorticity
minimum

SALINITY on potential
vorticity minimum

I •

..



WORTHINGTON McCARTNEY TALLEY

WW
15

2
t

E ~ UT
13 ... 117
I

;- • f3 113 8-+ MT ..
E

,
,2 .. 9
I

t
. . ,it'9 1

LT ~

E
,

15 • 8
1

7 t 112 ~~- +
..J 8

DW
DEEP

WATER

LOWER
HERMOCLlN

MIDDLE
HERMOCLlN

UPPER
HERMOClIN

- ~ .. WW
5

0

ü·_.
~. UT T

13 4
0 1

't ü·
8- -+- MT

12
,.

0 I..
1

LT ~ .

:5 -+ 2
I

0

--~~ t ;6
.J 8 DW
~

5

4
7

17

2

12

3

7

I

t

t
...
I

Entrainment at overflows - Mediterranean 8 Norwegian Sea

Pycnostad converslOns

Upwelling

-+ Flows into the Norwegian Sea

-+- Flows into the layer from adjacent seas and oceans: South
Atlantic and Polar Seas

~ Outflow tö South Atlantic

•

j

•


