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Abstract

Several repetlttons of transoceame seetlons AI/AR7 and A2/AR19 from 1991 through
1996 reveal SIgmfleant and rapid changes of intermediate . watermass property
characteristics. A cascade of new modes of Labrador Sea Water (LSW) is traced
throughout the northern North Atlantic after a series of increased deep mntertlme
convection events started in 1986, that renewed the intermediate water mass in the
Labrador Sea The arrival of new LSW vintages in other parts of the North Atlantic i 1s
marked by a sngmficant coolmg of the local LSW core as well as its deepenmg and its
densnﬁeatxon Thé travel tlme from the source reglon to the European contmental slope
is estimated to be 7 - 8 years, )leldmg a surprlsmgly hlgh mean speed of some 1 cm/s.
This outstandmg event, as _a conclusive evidence for ocean climate  variability
comparable to the ’Great Sahmty Anomaly of the mid 70s (DleSOﬂ et al 1988); is
currently in progress. Changes reported at 36°N and 24°N show a consnstent pattern
with our obserwatlons We conclude that coolmg and also warmmg epnsodes produce
" T/S anomalies that seem to follow to dlstmctly different pathways: one cyclonic around
the subpolar gyre and a second confined to the North Atlantic and mainly the
subtroplcal gyre. The two pathways have a dtstmctly dlfferent impact on its meridional
overturning circulation.

Convectlvely vertical mxxmg of the merldlonal overtummg cell of the northem North
Atlantic Ocean transforms warm; salty and hght surface water to cold; fresh and dense
1ntermed1ate and deep waters. In the Labrador Sea, convective overturning in late wmter
creates the relatively homogeneous Labrador Sea Water (LSW) with its unique
characteristics of low sahmty, high oxygen content, low potentlal vortxcxty and high
amhropogemc tracer concentrattons which can be traced at depths between 1000 m and
2000 m as it spreads to other parts of the ocean ‘(Fig. 1). Three primary patiways away
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from the formation region are dlstmgulshable (Talley and McCartney, 1982; Schmitz and
McCartney,‘ 1993) (Fig. 2): (1) southward flow as part of the deep western boundary
current (DWBC), (ii) eastward flow near 50° N latitude (beneath or parallel to the
North Atlantic Current) with several bifurcations east of the Mid-Atlantic Ridge (MAR),
and (m) north-eastward flow into the Irmmger Basm As the dommatmg fraction of the
Upper North Atlantic Deep Water, LSW is one of the main water masses of the North
Atlantic, and dependmg on the intensity of its formation process it is one of the
controlling sources affecting the North Atlantlc meridional overtummg system (Schm1tz
and McCartney, 1993; Weisse et al., 1994; Rahmstorf and Willebrand; 1995).

The formation of LSW is not a process of constant mtensrty nor of constant

characteristics every winter. Hydrographlc time series collected in the central Labrador

Sea reveal that deep convection occurs dlscontmuously on a decadal timescale (Lazrer .
1996). Only two periods of intensified LSW productlon were identified during the last
30 years, from 1972 to 1976 with 6/S characteristics in the range of 2.9 °C- 3.2 °Cand
34.83 - 34.85 and approxxmately from 1986 onward. It appears that the discontinuous

LSW formation record is controlled by the combmed remote response to the coupled

cells of the North Atlantic Oscillation (NAO) with the effect, that the evolutron of
.convective activity in the Labrador and Greenland Seas during this century was in
opposite phase (chkson et al.; 1996).

The first mdlcatton for the begmnmg of the recent convectron perlod came from
chlorofluorocarbon (CFC) measurements in the south central Labrador Sea in July 1986
(Wallace and Lazier, 1988), although at one station only The followmg years conﬁrmed
this observation when LSW was "found to be srgmﬁcantly cooler and denser (&/S in the
range of 2.6 °C- 3.0 °Cand 34.82 - 34.84) in the entire central Labrador Sea (Lazier,
. 1996). Finally, the 1990s vmtages are the coldest, densest and freshest ever observed in
the 'Labrador Sea (P. Rhines, pers comm). The ftrst appearance of recently renewed
LSW outside its source region was. observed 1991 in the subpolar North Atlantic by
comparrson wrth htstoncal data (Read and Gould 1992) Age esttmates of LSW vmtages
encountered in the Northeast Atlantic, however, varied in ages over 15 years, i.e.
spanning the vintages from 1972 to 1986 in 1991 (Top et al., 1987; Read and Gould,
1992; Cunningham and Haine; 1995).

As a-contribution_ to the World Oceant Circulation Experlment (WOCE) we worked
section A1/AR7 in 1991, 1992 1994 and 1995 and section A2/AR19 in 1993, 1994 and
1996 (F1g 2). To trace the temporal change of LSW properties we calculated its

differences. at the, umquely defmed salinity mlmmum of the LSW core (F1g 3) which. .,

represents the purest LSW in our data. This water-mass- followmg method is insensitive
to depth or densrty variations of the LSW vintages and thus has not the disadvantage of
dtfferences calculated from gridded section data (Fig. 4).

The comparrson of LSW core temperatures. along sectton Al/East reveals a cascade llke ,
cooling in the Irmmger Sea ("1986-LSW cascade") of the order of -0. 28 °Cin 4 years

(Fig. 5a, Tab. 1), with the annual arrival of a new LSW mode. Coolmg in the Iceland
Basin of -0. 19 °C and in the Rockall Trough area of -0.11 °Calso indicates renewed
LSW Although we find a cascade-like signal in the Iceland Basin, in the Rockall Trough
area, however;.the.only signal of renewed LSW appears in the 1994 data, indicative of
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the arrival of the 1986 LSW cascade at the European contmental slope. Substantral
coolmg results in an increase of densrty (Fig. 5d) and in deepemng of the core laycr
. (th 5c), which are greatest in the Irminger Sea (0. 018 kg/m and 240 dbar). Smce there

_is no srgmﬁcant srgnal in LSW core salinity (Fig. 5b) a compensatton of densrty cannot

core layer by the Reykjanes Rldge (at 31° W) into two different hydrographrc regimes,
the Irmmger Sea and the Iceland Basin, reﬂectmg the mrxrng along the longer pathway
into the eastern basms and enhanced m1x1ng over topography Also note that the area
between 25 W and 27°W is marked by the lowest LSW core temperatures and salinities
observed in the eastem basins of the North Atlantic: after crossmg the MAR, a branch

- of LSW flows at this latitude mto the Iceland Basin (Fig. 2) as part of the Subpolar

Gyré circulation.

The characteristic property changes of the 1986- LSW cascade are coohng, densification,
deepening and only minute or no freshemng (Tab 1). These results correspond well wrth'
observatrons in the central Labrador Sea (Fig. 6). From 1988 to 1993 the LSW forma-
tion is characterized by a temperature decrease of the order of -0.4 °C \vrthout
srgmt“rcant saltmty changes and accompamed by a densrty increase of about O. 05 kg/m3
(Lazrer 1996). This is in contrast to the properttes generated durmg the precedmg
convection perrod (1972 1976), where strong cooling was accompamed by a substantial
freshening of the order of 0.08 psu and consequently only very small densification.

Comparmg ®/S values for LSW from the central Labrador Sea with those from the
adjoining Irmmger Sea (Fig. 6), the Labrador Sea observations are grouped in tight
clusters representing the homogeneous e/S signature of each LSW vintage, whereas the
Irmmger Sea values are more scattered and generally htgher This demonstrates the
mﬂuence of mixing along the spreadmg path However, all data are in the same densrty
range and in both basins they show the same discreet mcrease in density. As we found
no mdrcatrons of deep convection in the Irminger Sea we believe this layer is a direct
intrusion of LSW which spread from the source region along its characteristic isopycnals.
The alignment of core values along 1sopycnals suggests that the annual mtrusron of LSW
in the Irminger Sea orrgmated in the Labrador Sea durmg the convection season in
March of the same or the previous year. Only the 1993 vmtage in the Labrador Sea data
has no counterpart in the Irmmger Sea, because there no observations are available.
Also, due to a lack of approprrate Labrador Sea data in 1991 it is not clear whether the
1990 or the missing 1991 vintage would have a counterpart in the 1991 Irminger Sea
data. Ftnally, for the 1995 Irmmger Sea cluster a counterpart in the Labrador Sea
cannot be assigned at this time.

We conclude that the intrusive events observed in the Irmmger Sea are a result of
convection in the Labrador Sea of the same year resultmg in a maximum travel time of
6 months. The altematrve of a maximum travel time of 18 months, “however, is not
supported by CEC observations (M. Rhein, pers. comm.). Convectton in the Labrador
Sea takes place based on direct observations and large scale surveys in the western
central regron (Lazier, 1996). This is about 700 km from where the water was observed
in the Irmmger Sea some 6 months after convectron, yteldmg a mean speed of 4.5cm/s.

Our ﬁndmg that mtermedrate waters move raprdly from the Labrador to the Irminger
Sea suggests these regions to be considered as a smgle entrty in discussions of the role

of LSW as source of intermediate water to other-regions of the North Atlantic. '
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New LSW arrives in the gastern basins only years later because of the longer pathways.
Adopting the cxrculatton scheme proposed by Talley and McCartney (1982) and by
Schmitz and McCartney (1993), the LSW in the Iceland Basm should be of more recent .
origin than that at the eastern boundary In all our records we find the freshest LSW at
26/27° W and a significant erosion of the core salmrty eastward of that area. (th 5b).
This documents the length of the _path from the source. Thus; we assume that the LSW
observed in the area south of the Rockall Trough in December 1994 manifests the
arrival of the 1986- LSW cascade, because in 1991 and 1992 no srgmﬁcant property
changes were detectable In contrast; we observed srgmfrcant changes in the Iceland
Basin where new LSW had arrived earller For the events observed east of the
Reykjanes erge we conclude that the new LSW took 7 to 8 years to propagate from
its source reglon to the eastern boundary With an assumed length of the pathway of
2500 km this is equrvalent to a mean speed of about 1 cm/s, at least 2 times faster than
“assumed until now (Read and Gould; 1992; Cunnmgham and Haine, 1995) Our result
is consistent with the independent esttmate dertved from CFC measurements only along
section Al in 1991 and 1994 M. Rhem pers. comm.).

These observatrons are supported by results from our southem section (A2 at 48° N),
which we supplemented by the 1982 "Hudson" sectlon as a reference for a period of
’normal’ LSW production. Along the entire seéction we fmd a dramatic coolmg of LSW
between 1982 and 1993 (Fig. 7), with the most promment anomalies west of the MAR
amountmg to -0.45 °C (-0. 15 °C east of the MAR). Associated with coolmg we find a
densification by 0.043 kg/m and a deepcnmg by more than 600 dbar for only the
western basin (Table 1) In contrast, salinity remains almost unchanged west of the
MAR but was found to be sxgmfrcantly fresher (by about -0.03) in the eastern basin.
Similar to the northern section, the cooling continues, indicative for the passage of the
1986-LSW cascade as well. Between 1993 and 1996 the temperature decreased in the
west by another -0.16 °C and in the east by about -0.14 °C:the newly formed LSW has
already mvaded the central West- European Basm and the ventllatton of the LSW layer
is currently in progress. :

The attempt to assign the e/S core values observed 1993 and 1996 in the Newfoundland

Basm to an equivalent counterpart in the Labrador Sea, however, does not lead to a

similar clear correlation as was the case for the Irmmger Sea (Flg 8). That can be due

to the more effective mixing along the much longer pathway In 1993 we observed a

" very patchy core layer which suggest the advection of LSW in terms of smaller scale

billows (Fig. 9). These are more susceptible to transformation by mixing than a large-
scale uniform layer.

Between 1993 and 1996 we observe a temperature drop in the narrow band of the
DWBC some 600 m shallower than the deep LSW cores further east. This cannot be
assrgned to an equlvalent srgnal in the Labrador Sea (Flg 8). Followmg Pickart (1992)
we suggest the 3 fresh and isolated @/S core values from 1993 to be a part of the "non-
classical LSW" produced in the southern Labrador Sea. This 1mpltes that the classical
LSW has arrived at the Tail of the Grand Banks probably within one year, suggesting a-
much hlgher advectron w1th1n the DWBC system.

We ,have.dtscussed so far the impact of surface cooling _in the_Lab'radOr ‘Sea o“n"the
production and the T/S characteristics of LSW since 1991. Individual year classes of
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LSW have been ldentrﬁed in a generally perrod of warm; posmve sea surface tempe-
rature anomalies in the mid- latltude North Atlantic and negatrve SST anomalies in the
Labrador Sea (Hansen and Bezdek 1996) Earlier occupations of partlcularly the 48°N
section allow us to go back in tlme to other perrods where ‘the meridional SST gradrents
were smaller, or of opposite 31gn The 1982 occupatron by CCS "Hudson" falls into a
perrod of moderate, if not warmer positive anomalies in the Labrador Sea. For the only
other occupatron by RRS "Discovery" in 1957 Hansen and Bezdek 1dent1fy a long and
warm interval. We have described so far the progressron of LSW s part of the subpolar
gyre With adequate data from reoccupred transoceanic sections further south, it seems
opportune to investigate the overall influence of the changes of the LSW on the long-
term and large-sale meridional circulation of the North Atlantic.

We now have five occupatlons of the 48° N section since 1957 making 1t the most
sampled transoceanic section. Vaguely, statistics of these occupatrons can be built up.
Ignoring the seasonally_ influenced top 1000 dbar, the temperature differences are ca. 0.5
°Cbetween 1000 and 2000 dbar, and ca. 0.2 in the Western and < 0.1 °Cin the Eastern
Basm (Flg 10) mdrcatmg the measure of varlabrlrty across the section. The Western
Basm appears much more variable than the eastern one. We have traced the fate of the
LSW by following the changes of its core propertles These have been rdentlfred in -
temperature salrmty, den51ty and subsequently the depths of the core Comparmg these
changes section by section, the changes in the depths of the core can lead to differences
that not necessarily agree with those obtamed by the water-mass- followmg method. This
isa methodologrcal artifact. These section by section differences on the other hand can
give a ,very useful indication of the large -scale changes in the full section and the
underlying physrcs A

The Eastern Basin was the warmest overall in the 1957 (Drscovery) and 1982 (Hudson)

occupatlons part1cularly for the intermediate layers and the centres of the two basins
(Fig. 11 a-d). The Western Basin has warmed since and was found to be warmest in the
1993/1994 occupatlons by Gauss (1993) and Meteor (1994) The 150 nm wrde band of
the DWBC system has partly warmest durmg 1957 (Dlscovery) and 1993 (Gauss) The -
1994 and 1996 occupations show, that part of the DWBC cores have cooled and
freshened since 1993. The lowest temperatures have been observed since 1993 for most
of the Eastern Basm Ieavmg only the boundary currents west of the MAR and the far-
field of the DWBC system colder in 1957. The sallnrtres in the top 1000 dbar have
‘ mcreased west of the MAR to the present maximum. Below and east of the MAR the
hlghest salinities were observed in the 1957 and 1982 occupatrons On both sides of the
MAR at depths greater than 2000 dbar we find the highest salinities in 1982, 1nd1catmg

a predommantly northem 1nf1uence at both the mtermedlate and deep layers 1994 and
DWBC between 2500 and 3500 dbar berng fresher in 1957 and 1982. Again, the top
1500 dbar west of the MAR havé been fresher before and durmg 1982. This clear
prcture of large—scale and long-time changes invites to look at the impact of the h1ghly
variable intermediate Waters on the integrated heat and freshwater transports

The drastic changes since 1982 in the LSW propertres pamcularly in temperature have
been noted before (Fig. 7). The year 1982 (Hudson) indicates the warmest and a sllghtly

saltrer LSW on record. In 1957 LSW was slrghtly colder and of almost the same salinity.
For a similar comparison of transoceanic sections spanning the last 40 years at 36°N;
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Dobrolrubov et al. (1996) have shown a srmrlar change from a slow and long warmmg

. perlod for LSW peaking about 1982 to a dramatic and strong cooling period since the
- mid 1980s.

For the deep and bottom layers we find for both sectrons at 36° N and 48° Na clear
coolmg and freshenmg Together with a strong increase 1n silicate concentrations, thts
indicates a northward intrusion of waters of Antarctic orlgm The strongest signals are
found on the west side of the MAR and in the West- -European Basin. -In contrast, depth-
averaged temperatures and salinities (Flg 12) show for the deep basins for the 1957 and
1982 occupatrons the Northamerican Basin to be colder and fresher. The drfferences get
smaller when moving east to the MAR east of the MAR in the West-European Basin
1957 and 1982 are slrghtly warmer and saltrer than.- the later occupatrons of the 19905
Western Basins the coolmg of the intermediate and deep waters must have been over-
compensated by warmer and saltier mixed layer and thermocline waters for thé entire
40 years perrod

Dobroliubov at al. (1996) compared the 1959, 1981 and 1993 occupatrons of the 36°N
section and find for 1981 the largest mass and heat flux estimates for this period and
subsequently the largest overturning rate of the meridional’ circulation. This is confirmed
for the 48°N'section for 1982. For perrods of low productron of intermediate waters the
southward flow at intermediate depths is reduced and the overtummg meridional circu-
lation has only one single cell: the northward flow of surface and thermoclme waters and
the southward flow of NADW and its contrrbutrons from the Overflow area. For perrods
of strong production of intermediate waters such as the LSW, this 1mplres a strong

- southward and eastward transport of newly formed intermediate waters which are repla-

ced by reglonal surface waters. In this case we have a two- cell meridional circulation
where the lower cell is fed by the northward penetration  of AABW which is
subsequently entramed into the southward flowing NADW.

At this time we can only ‘speculate about the impact of thesé circulation changes on the
total merrdronal circulation. It seems feasible that during perrods of high production
rates of intermediate waters in the northem North Atlantic and the two-cell meridional

overtummg, the northward ﬂowmg warm waters of the surface and thermocline layers
are short-circuited south of Iceland into the productron loop At times of low productron

and the single-cell meridional overturning; the warm waters continue to be advected into
the Norwegran and Greenland Seas where they are available for the productron of
ultlmately the overflow waters (Dickson et al., 1996)

From our data we conclude that new modes of LSW arrive in other parts of the North
Atlantlc m the followmg order: 1. Irmmger Sea after 6 months, 2. Newfoundland Basin,
3. Iceland Basin, 4. westem part of the West-European Basin and 5. Rockall Abyssal
Plam after 7 to 8 years. The new and partly surprrsrngly fast spreading rates grve rise to
address new questrons as e.g. about the transport mechanisms. The two proposed
meridional circulation modes, single cell versus two cells, show a strong lmkage of the
intermediate waters of the Subpolar Gyre with the North Atlantic. They are seen to
have a direct rmpact on the meridional transports of heat and freshwater These fmdmgs

highlight the intimate relauonshrp between coolmg in the Labrador Sea and-its impact
on the interior of the ocean - an important piece of the global climate puzzle
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Figure Captions:

, Fig. 1:

Vertical sections of

a) salinity and

b) oxygen content , .
obtained from R.V. "Meteor" along line Al/East in September 1991
revealing the wide spread abundance of Labrador Sea Water in mid
depths - by means of its characteristic intermediate salinity minimum and
oxygen maximum.

Main topography and schematics of primary pathways of the Labrador Sea
Water according to Talley and McCartney (1982) and Schmitz and
McCartney (1993). LS: Labrador Sea; IS: Irminger Sea; IB: Iceland Basin;

RT: Rockall Trough; WEB: West European Basin; NF: Newfoundland

Basin.

The data- along the hydrographic sections were acquired on the following
cruises:

Al/West RV. "Dawson" No. 90012/1 July 1990
" RV- "Hudson" No. 92014/1 June 1992 (incomplete)
" RV "Hudson" No. 93019/1 June 1993
" RV "Hudson" No. 94008/1 May/June 1994
" RV "Meteor" No. 30/3 Nov. 1994 (incomplete)
Mt RV "Hudson" June 1995
Al/East ~ RV "Meteor" No. 18 Sept. 1991
" RV "Valdivia" No. 129 ' Sept. 1992
" RV "Meteor" No. 30/3 Nov./Dec. 1994
" RV "Valdivia" No. 152 June 1995 :
A2 RV "Gauss" No. 226/2 © July 1993
" RV "Meteor" No. 30/2 Oct./Nov. 1994
" RV "Gauss" No. 276/2 May/June 1996

Potential temperature versus salinity along section Al/East compiled from
all data of cruise "Valdivia" 129 (9/1992) for the intermediate and deep
subpolar North Atlantic. The colder and fresher group of minima at about
® =2.9°Cand S = 34.85 characterizes the LSW core in the .Irminger
Sea (a), the warmer and saltier group of minima at about 8 = 3.2 °Cand
S = 34.88 characterizes the LSW core in areas east of the Mid-Atlantic
Ridge (b). »

Temperature differences (©(1992) - ©(1991) of the LSW core along
section A1/AR7 calculated by different methods. The mean temperature
decrease of the LSW core along the entire section was calculated with the
water-mass- followmg method as A® = -0.08 °C (bold line) whereas the

corresponding number calculated with the depth dependmg method
(dxfferences at fixed depths VA z(1991)) was AB® = + 0.0 °C(dotted line).
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Fig. 12:

Change of LSW core properties along trans-ocean sections Al/East (For

© better clarity only values from 1991, 1992 and 1994 are shown)

a) Potential temperature at LSW salinity minimum
b) Same as a) but for salinity (PSU),

. ¢) Same as a) but for pressure (dbar)

d) Same as a) but for potential density anomaly (o)

©/S diagram of LSW cores for adjacent areas. Data collected between
1990 and 1996 in the central parts of the Labrador and Irminger Seas
(except for LabS-11/94 with values only from the northern part of section
A1/W). Potential density anomaly (o, ¢ referenced to 1500 dbar. Each
value is calculated as the mean of a 200 dbar thick layer centred at the
@/S peak of the LSW core. From each cruise the five most central profiles
were used.

Change of Potential temperature at LSW salinity minimum along trans-
ocean section A2 and with data from CCS "Hudson" from 1982 for

. comparison. (For better clarity values from 1994 are not shown).

Same as Fig. 6 but for Labrador Sea and Newfoundland Basin between
40°W and 49°W. The 3 isolated fresh and warm values observed in 1993
in the DWBC band are suggested to be part of the "non classical LSW"
according to Pickart (1992).

Two casts carried out at station # 30 of cruise "Gauss" 226 (1993) in the
centre of the Newfoundland Basin at 43° 07’ N, 41° 10 W indicate a
billow-like structure of the LSW layer. Within 8 hours only the double
layered LSW core (thin line) was found being replaced by a single layered
LSW core (bold line).

Differences of potential temperature for four oécupations of the 48°N
section from 1957, 1982, 1993 and 1994. Differences between the extrema
calculated for each grid point (see Fig. 11).

.Extreme values for the four occupations of the 48°N section. Each
gridpoint is given a symbol indicating the relevant cruxse/year when it was

assxgned the particular extreme value
a) maximum potential temperature
b) minimum potential temperature

¢) maximum salinity

d) minimum salinity

Vertically averaged temperatures- and . ealicities along the 48°N section

from 1957 (Discovery), 1982 (Hudson), 1993 (Gauss); 1994 (Meteor)
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Change of mean values of LSW core properties (intermediate ©/S-Mini-
mum) for Irminger Basin (>33° W), Iceland Basin (28-22° W) and
Rockall Trough entrance (<22° W) along section Al/E, and for
Newfoundland Basin (>32°W) and West-European Basin (<32°W) along
section A2

..

. +Valdivia® 9/1992 - "Meteor” 9/1991

Al/East: A
B = "Meteor" 12/1994 - "Valdivia" 9/1992
C = "Valdivia" 6/1995 - "Meteor" 12/1994
A2: D = "Gauss" 7/1993 - "Hudson" 4/1982
E = "Meteor" 10/1994 - "Gauss" 7/1993
F =

"Gauss" 5/1996 - "Meteor" 10/1994

Units of calculated dlfferences: Pressure p [dbar], potential temperature
0 [°C],salinity s [PSU], potential density anomaly o, [kg/m?3].

Section
Al/E A B C A B () A B C A B C
At [month] | 12 27 6
Longitude Ap Ae As Ao,
>33°W 128 122 -15{-.092 -.140 -.050(|-.002 -,002 -.006].007 .011 .0
<28-22°W| 47 » 61 83|-.068 -.038 -.082 .0 .0 -.002[.007 .004 .006
<22°W 103 112 -56|-.003 -.096 —.010 .002 .002 -.004 ..002 .010 -.002
Section :
A2 D B r D E F D E F D B F
t [month] {135 15 18
>32°W 641 19 58|-.450 -.057 -.103|-.002 -.001 -.009 .043 .005 .003
<32°W 27 125 38(-.15%4 -.096 -.042]|-.026 -.006 .004 —.006 .005 .007
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