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Long-term trends of temperature, salinity, density, 
and transient tracers in the central Greenland Sea 
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Abstract. We present long-term observations of temperature, salinity, 
tritium/SHe, chlorofiuorocarbon-ll (CFC ll), and chlorofluorocarbon-12 (CFC 12) 
for the central Greenland Gyre. The time series span the periods between 1952 
and 1994 (temperature), 1981 and 1994 (salinity), 1972 and 1994 (tritium/SHe), 
and 1982 and 1994 (CFCs). The correlation between hydrographic and transient 
tracer data indicates that low temperatures in the deep water in the early 1950s 
and between 1960 and 1980 reflect periods of higher deep water formation rates 
whereas periods of increasing temperatures in the late 1950s and between 1980 and 
1994 are related to low deep water formation rates. However, the transient tracer 
observations obtained in the 1980s and early 1990s indicate that even during periods 
of low deep water formation, some water from the upper water column contributed 
to deep water formation between 1980 and 1994. In 1994, the deep water reached 
temperatures and salinities of-1.149 øC and 34.899, respectively, and no longer 
fits most of the classical definitions of Greenland Sea Deep Water (-1.29 øC< (9 
< -1.0øC, 34.88 < S < 34.90). The temperature increase in the water column 
between 200 and 2000m depth between 1980 and 1994 corresponds to an average 
heating rate of about 5 W m -• over this period, resulting in a decrease in density. 
The 13-year warming could be balanced by intensive cooling in two winters. The 
surface salinity steadily increased from 34.50 in 1991 to 34.85 in 1994. 

1. Introduction 

Due to its large heat capacity and the exchange of 
heat between the ocean and the atmosphere, the ocean 
has a significant impact on climate. In the Atlantic, 
heat is transported from low latitudes northward, mod- 
erating the climate of Europe and North America. This 
northward heat transport is maintained by a return flow 
of colder deep water formed in the North Atlantic. 

The Greenland Sea has long been recognized as an 
important region of deep water formation [e.g., Nansen, 
1906; Aagaard et al.; 1985, Clarke et al., 1990; Schot! et 
al., 1993]. The surface mixed layer of the central Green- 
land Sea starts to cool in fall, reaching temperatures 
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near the freezing point in November or December [e.g., 
Visbeck et al., 1995]. Subsequent sea ice formation can 
increase the surface salinity due to brine release. Deep- 
ening of the mixed layer by about 1 m per day [Visbeck 
et al., 1995] leads to entrainment of heat and salt from 
underlying waters. Continued cooling from the surface 
eventually can induce deep convection which under fa- 
vorable conditions may reach the bottom of the Green- 
land Sea. The density of the surface waters shows sig- 
nificant interannual variability, and in some years, con- 
vection does not extend below depths of a few hundred 
meters [Quadfasel and Meincke, 1987]. 

Recently, evaluation of time series of hydrographic 
and transient tracer data have provided evidence for 
decadal variability of the characteristics of Greenland 
Sea Deep Water (GSDW), which has been linked to 
changes in intensity of deep water formation [Clarke et 
al., 1990; Schlosser et al., 1991; Rhein, 1991; Meincke 
et al., 1992; Bb'nisch and Schlosser, 1995]. These stud- 
ies focused on the deep water, rather than the tem- 
poral evolution of the properties throughout the entire 
water column, and did not simultaneously examine hy- 
drographic and transient tracer data. They also did 
not attempt to examine the entire data set available for 
this region. The purpose of this study is to fill these 
gaps in the synthesis of Greenland Sea data and, in this 
context, to present new data obtained on four cruises 
between 1991 and 1994, which considerably add to our 
understanding of the decadal variability in the Green- 
land Sea. 
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comparison, long-term trends of potential temperature 
that we identify are of the order of 0.08 øC per decade in 
deep water and 0.2 øC per decade in intermediate water. 
Therefore year to year changes cannot be addressed by 
the data set. On the other hand, long-term trends oc- 
curring on timescales of several years to decades are sig- 
nificantly larger than the uncertainties associated with 
the sometimes limited spatial sampling. 

Figure 1. Map of the Greenland Sea; all stations used 
in this study are located in the hatched area. 

2. Description of the Data Set 

As part of this study, we evaluate previously unpub- 
lished data collected in the center of the Greenland Sea 

during four cruises of the Norwegian research vessel Jo- 
hah Hjort between 1991 and 1994. All Johan Hjort 
cruises were carried out in November. The center of 

the Greenland Gyre is defined as the area between 0 
and 8 øW in the southern sector (74 to 75 øN) and be- 
tween 0 and 5 øW in the northern sector (75 to 76 øN, 
Figure 1 [Koltermann and L•i'thje, 1989]). We have re- 
stricted the selection of the stations to this area to mini- 

mize the influence of boundary effects. For evaluation of 
long-term trends, we combine our data collected during 
the 1990s with historical data from the same area. The 

stations used for this purpose are listed in Table 1. In 
the context of this study, long-term trends are defined 
as changes that occur on timescales of several years to 
decades. The amplitude of the seasonal cycle in the sur- 
face layer of the Greenland Sea is large. The data set 
presented here, collected at various times during the 
annual cycle over a number of years, is too sparse to 
adequately resolve the seasonal cycle or to detect sys- 
tematic long-term trends in the surface layer over the 
study period. 

A concern in identifying trends in oceanographic time- 
series is the separation of temporal from spatial variabil- 
ity. Spatial variability in the temperature field in our 
restricted study area was evaluated by examining data 
from years in which multiple stations were occupied, 
covering a significant portion of the central Greenland 
Sea. Mean values, standard deviations, and 95 % confi- 
dence intervals for all observations taken during a par- 
ticular year in two narrow depth intervals (900- 1100m 
and 2900- 3100 m) were calculated and are listed in Ta- 
ble 2. These depth intervals were chosen, because they 
are near the center of the intermediate and deep lay- 
ers used for a quantitative evaluation in section 4. The 
standard deviations of the mean values of the potential 
temperature are usually < 0.008 øC in the deeper water 
column and < 0.03øC in the intermediate waters. For 

2.1. Hydrographic Data 

Temperature and salinity data from the 1991 cruise 
of the Norwegian research vessel Johan Hjorl were ob- 
tained using a Nell Brown conductivity-temperature- 
depth sensor (CTD) with an underwater pressure sensor 
specified for a maximum pressure of 3000 dbar. Pre- 
cision of the salinity data collected during this cruise 
was about -4-0.002. In 1992, a Nell Brown CTD with 
an underwater pressure sensor specified for 6000 dbar 
was used. Precision of the 1992 salinity data was about 
-4-0.003. In 1993 and 1994, a Seabird CTD with dual 
TC (temperature, conductivity) sensors was used. Pre- 
cision of the 1993 and 1994 salinity measurements was 
about 4-0.001. For calibration purposes, bottle salin- 
ity samples from depths below 1000m were analyzed 
on board Johan Hjort in 1991, 1992, and 1993 using a 
Portasal Model 8410 salinometer and onshore in 1994 

using an Autosal Model 8400 A salinometer. 
Precision of the temperature data was 4-0.001øC for 

all cruises. In 1991 and 1992, electronic SIS reversing 
thermometers were used to control the CTD (no correc- 
tion was applied to the CTD data). 

The first temperature and salinity data from the 
Greenland Sea date back to the beginning of the cen- 
tury. The quality of these measurements, however, is 
unclear. For this reason, we start our temperature time 
series in 1952 and the salinity time series in 1981. We 
have to restrict the salinity time series to the 1980s, 
because the small changes in salinity (less than 0.01) 
are comparable to the noise level of most of the earlier 
data sets. At least one early survey, however, the 1972 
Geochemical Ocean Sections Study (GEOSECS) data, 
has the required data quality. Since the gap between 
1972 (GEOSECS) and 1981 (Transient Tracers in the 
Ocean/North Atlantic Study (TTO/NAS)) is too large 
for an adequate interpolation, the GEOSECS salinities 
are only used as a reference for conditions in the early 
1970s. In general, it is difficult to detect the small year 
to year changes in salinity that occur in the deep wa- 
ter even with modern techniques, and intercalibration 
uncertainties of a few parts per million are difficult to 
exclude. However, the quality of the data is sufficiently 
high to show long-term trends in salinity during the 
1980s and early 1990s. 

In contrast, temperature data since 1952 have the 
precision and accuracy required to resolve the observed 
changes which are of the order of 0.1 øC. The main 
source of the historical temperature and salinity data 
used in this study is the NODC data CD ROM [Na- 
tional Oceanographic Data Center, 1991]. We used only 
the Nansen bottle cast data, because these are of the 
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Table 2. Mean Values, Standard Deviations, and 95% Confidence Intervals of Temperature Observations Between 
900 and 1100 m and Between 2900 and 3100 m Depth From Years in Which Three or More Stations Were Occupied 
and Contained Observations in the Appropriate Depth Intervals 

Number 95% 
Number of Number of 

Year of Institutions Depth Interval Observations Mean Std Dev Confidence 
Stations Interval 

1955 4 1 900 - 1100 m 4 -1.188 0.03 0.029 

2900 - 3100 m 4 - 1.256 0.008 0.008 

1957 4 1 900 - 1100 m 4 -1.012 0.009 0.008 

2900 - 3100 m 4 -1.249 0.005 0.005 

1966 4 1 900 - 1100 m 4 - 1.208 0.019 0.018 

2900 - 3100 m 4 -1.249 0.008 0.008 

1972 5 3 900 - 1100 m 4 -1.101 0.033 0.032 

2900 - 3100 m 4 - 1.315 0.002 0.001 

1975 7 1 900 - 1100 m 3 -1.124 0.029 0.033 

2900 - 3100 m 4 -1.277 0.012 0.012 

1982 15 2 900 - 1100 m 13 -1.141 0.028 0.015 

2900 - 3100 m 9 -1.274 0.005 0.003 

1991 5 1 900 - 1100 m 5 -0.968 0.045 0.039 

2900 - 3100 m 2 -1.196 0.003 0.003 

1992 3 1 900 - 1100 m 3 -0.863 0.02 0.022 

2900 - 3100 m 3 - 1.186 0.001 0.001 

1993 6 1 900 - 1100 m 3 -0.944 0.089 0.100 

2900 - 3100 m 3 -1.181 0.003 0.003 

1994 7 1 900 - 1100 m 6 -0.868 0.046 0.037 

2900 - 3100 m 5 -1.163 0.005 0.005 

highest quality. Stations which did not reach a depth 
of at least 1500m were omitted from this study. Also 
omitted were data points below 1500m which fell off a 
mean profile constructed for each individual cruise by 
more than 2 a (1 a: 0.01 øC and 0.003 for temperature 
and salinity, respectively). 

2.2. Tracer Data 

In addition to temperature and salinity, we exam- 
ined the evolution of the tritium/SHe and CFC distri- 
butions in the central Greenland Sea. Tracer data were 

collected during all Johan Hjor! cruises and on several 
other cruises between 1972 and 1989. During the Jo- 
ban Hjort cruises, water samples for analysis of CFCs 
and tritium/SHe were collected from 5-L Niskin bot- 
tles. The Niskin bottles were designed for low CFC 
background. 

Tritium is the radioactive isotope of hydrogen and de- 
cays with a half-life of 12.43 years to 3He [Unterweger 
et a/.,1980]. Most of the tritium presently observed 
in the environment has been produced during the at- 
mospheric nuclear weapon tests in the 1950s and early 
1960s. Atmospheric concentrations reached maximum 
values during the mid 1960s and have been decreasing 
since. Tritium enters the ocean via precipitation, wa- 
ter vapor exchange, and river runoff as tritiated water 

(HTO) [e.g., Weiss and Roether, 1980]. Tritium con- 
centrations are reported in TU, where 1TU means a 
tritium to hydrogen ratio of 10 -ls. In the TU81 nota- 
tion, the tritium concentrations are decay corrected to 
the date of January 1, 1981. 

Helium 3 and helium 4 in the ocean originate from 
the atmosphere, the mantle, the crust, and tritium de- 
cay (for separation of the different components, see, e.g., 
$chlosser [1992]). Usually, SHe data are reported in the 
5 notation, i.e., the percent deviation of the aHe/4He 
ratio of a sample from that of air (1.384 x 10 -6 [Clarke 
e! al., 1976]). 

Simultaneous tritium and aHe measurements allow us 

to calculate the tritium/aHe age 

T1/2 In 1 + (1) r-- ln2 [all] 

where Tl/2 is the half life of tritium and [:tHe]trit 
and [aH] are the tritiogenic aHe and tritium concen- 
trations, respectively (in TU). Samples for He isotope 
and tritium analysis were collected in 40-mL copper 
tubes sealed by stainless steel pinch-off clamps. Addi- 
tional tritium samples were stored in 1-L glass bottles. 
Tritium samples were degasseal onshore using a high 
vacuum extraction system and stored in special glass 
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bulbs with low He permeability for ingrowth of tritio- 
genic SHe. Helium-3 grown in from tritium decay over 
a period of.typically 6 months was measured on a com- 
mercial VG 5400 mass spectrometer with a specially 
designed inlet system [Ludin e! al., 1997]. Helium iso- 
tope samples were extracted using the same extraction 
system and measured on the same mass spectrometric 
system. Precision of the 53He data was :t:0.2 %; preci- 
sion of the tritium data was 4-2 % or q-0.02 TU. Tri- 

tium and He isotope measurement procedures used in 
the Lamont-Doherty Earth Observatory (LDEO) no- 
ble gas laboratory are described in detail by L udin et 
al. [1997]. 

Pre-industrial atmospheric concentrations of CFC 11 
and CFC 12 were zero. Since the start of industrial CFC 

production in the 1930s, their atmospheric concentra- 
tions have steadily increased. Relative growth rates of 
CFC 11 and CFC 12 in the atmosphere were different 
until the mid 1970s but have been practically identi- 
cal since then. CFCs enter the ocean via gas exchange 
with the atmosphere. CFCs were measured on board 
using purge-and-trap gas chromatography with elec- 
tron capture detection. A Varian 3300 gas chromato- 
graph was used, together with a custom-built purge- 
and-trap apparatus similar to that described by Wal- 
lace et al. [1994] and more completely by Happeli et 
al. [1996]. Calibration was achieved by injections of 
known amounts of a working standard with known con- 
centrations of CFC 11 and CFC 12 [Happell and Wal- 
lace, 1997]. All results are reported relative to the 
Scripps Institute of Oceanography (SIO) 1986 calibra- 
tion scale [Cunnold et al., 1994]. After subsampling the 
5-L Niskin bottles, CFC samples were stored in 100 or 
50-mL glass syringes under surface seawater prior to 
analysis. Accuracy of the analyses relative to the SIO 
calibration scale was about +2 %. 

3. Time Series 

Plate 1 presents the temporal evolution of potential 
temperature, salinity, density (a2), tritium, 53He, the 
tritium/aHeage, CFC 11, and CFC 12 as time-depth 
sections throughout the entire water column. The fre- 
quency of cruises to the Greenland Sea varied over time, 
as did the number of stations occupied during the in- 
dividual years. The data used to produce Plate I were 
gridded with a time step of 3 months and a depth in- 
terval of 25m. The depth intervals and time periods 
without observations were linearly interpolated. Fi- 
nally, the interpolated fields were smoothed by aver- 
aging each point with its eight closest data points. 

3.1. Temperature 

The temperature time series extends from 1952 to 
the end of 1994. Below 2000m, we find clear evidence 
for decadal variability as noted earlier by Clarke e! ai. 
[1990]. We observe two relatively warm periods, the 
first between 1955 and 1965 and the second lasting from 
1982 until the end of the time series. In contrast to these 

warm periods, the temperature of the deep water in the 

Greenland Sea was low during the early 1950s (-1.25 øC 
> O > -1.3 øC) and in the 1970s (O < -1.3 øC). During 
the 1980s and early 1990s, the temperatures increased 
steadily, exceeding -1.2 oc at the end of 1994. The 
indication of a similar warming trend during the early 
1960s is strongly dependent on a single data point (Atka 
cruise 1962, 3027 m) and is discussed in detail below. 

In the depth range between 200 and 2000 m, the vari- 
ations are more complex. Between 1985 and 1994, this 
layer warmed monotonically, as indicated by the deep- 
ening of the -1.0øC isotherm from 200m in 1985 to 
1700m in 1994. Similar warming trends occurred be- 
tween 1954 and 1959 and between 1973 and 1976. The 

latter warming events, however,•were neither as pro- 
nounced nor as long-lived as the one presently observed. 
The presence of cold upper Arctic Intermediate Water 
(2øC> O > -1.8 øC; 34.7 < S < 34.9 [Swift and Aa- 
gaard, 1981]) is visible several times as a temperature 
minimum at about 200 m in Plate I a. As noted earlier, 
surface temperature trends cannot be addressed in this 
study due to data limitations. 

3.2. Salinity 

During the early 1980s, the water observed in the 
Greenland Sea below 1700m depth had salinities of 
about 34.890 (Plate 1 b). Between 1981 and 1994, the 
salinity increased monotonically. The deep water rea- 
ched sa]inities of 34.895 in 1989 and 34.900 in ]ate 1994. 

In the depth range between 1200 and 1700m, salin- 
ity changes were small with values between 34.890 and 
34.895 without showing a clear trend. The boundary 
of the low salinity water (S < 34.880) found in the up- 
per part of the water column deepened between 1989 
and 1994 from 150 depth to 950m depth, respectively. 
Again, there are not enough observations to address the 
seasonally variable surface water. However, since 1988, 
all the observations available to us were collected dur- 

ing the month of November and can therefore be com- 
pared. This comparison indicates an increase of surface 
(between 0 and 25 m depth) salinity between 1991 and 
1994 from 34.50 to 34.85, respectively. 

3.3. Density 

Because our study is focused on changes in the inter- 
mediate and deep Greenland Sea, we use 2000dbar as 
the reference level for the density time series (Plate i c). 
The a2 = 37.45 isopycnal deepened steadily from 550 m 
depth in 1981 to 2000m depth in 1994. A density dif- 
ference of 0.1 (37.33 to 37.43) occurred within a depth 
interval of only 100 m (between 100 and 200m) in 1981. 
In 1994, this difference is spread over a water column 
of 850m (between 400 and 1250m depth), indicating 
a density decrease in this part of the water column. 
Below 2000m, the density remained almost unchanged 
between 1981 and 1994. 

3.4. Tritium/aHe 

The first tritium/He data from the center of the 
Greenland Gyre were collected during GEOSECS in 
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1972 [•stlund et al., 1987]. These data, together with 
subsequent surveys in 1979 (Me 52 [Heinze et al., 1990]), 
1981 (TTO/NAS [Woods Hole Oceanographic Institu- 
tion, 1989; Smethie et al., 1986]), 1982 (Me 61 [Heinze 
et al., 1990]; Hudson 82 [•stlund and Grall, 1993]), 1985 
(Me 71 [Schlosser et al., 1995]), and 1988 (M 8 [B•nisch 
and Schlosser, 1995]), and the Johan Hjort cruises form 
the longest transient tracer time series for the central 
Greenland Sea. Tritium concentrations in surface wa- 

ters decrease from nearly 5 TU in 1972 to 1.9TU in 1994 
(Plate i d). In the depth range between 750 and 1500 m, 
tritium concentrations changed little over this time pe- 
riod. Tritium concentrations below 1500m remained 

nearly constant during the 1970s. The GEOSECS tri- 
tium measurements show a relatively large scatter com- 
pared to the more recent data. Tritium values in the 
deep water (> 2000 m) ranged from 1.1 to 1.7TU, with- 
out a significant depth gradient. The Me 52 data in 
1979 and the surveys in the early 1980s (TTO/NAS 
1981; Me 61 and Hudson 82, 1982) also show relatively 
high tritium concentrations (> 1.0TU) in the deep wa- 
ter, but with less scatter. The data obtained in the mid 
1980s (Me 71, 1985) and in the late 1980s (M 8, 1988) 
show lower tritium concentrations. This trend contin- 

ued during the Johan Hjort cruises in the early 1990s; in 
1994, tritium concentrations of the deep water reached 
values below 0.6TU. 

With the exception of the Hudson82 cruise, He iso- 
tope data were obtained simultaneously with the tri- 
tium data (Plate le). The tritium/aHe age time se- 
ries (Plate lf) is established by combining the tritium 
and tritiogenic 3He data according to (1). Because 
of gas exchange with the atmosphere, surface 53He 
values are close to solubility equilibrium with the at- 
mosphere (-1.8%, [Benson and Krause, 1980])and 
the tritium/aHe age is close to zero. An intermediate 
'•3He maximum found in most regions of the oceans 
in the northern hemisphere indicating the penetration 
depth of tritium [e.g., Schlosser et al., 1995] is com- 
pletely missing in the central Greenland Sea. Instead, 
we observe monotonically increasing 5SHe values be- 
tween the surface and the deep water. Both 53He val- 
ues and tritium/SHe ages show the lowest values below 
3000m depth during the 1970s. During the 1980s and 
early 1990s, 53He values increase from about 3% (1981) 
to 6% (1994), and the tritium/aHe ages increase from 
about 12years in 1981 to about 25years in 1994. Over 
13 calendar years, the tritium/aHe age of this part of 
the deep water increased by 13 years, suggesting that 
this water body was completely isolated from exchange 
with young waters between 1981 and 1994. However, a 
more detailed examination in section 4 shows that this 
was not the case. 

3.5. CFCs 

The first CFCll and CFC 12 measurements origi- 
nate from 1982 (Hudson 82 cruise [Bullister and Weiss, 
1983; D.W.R. Wallace, unpublished data, 1985]). The 
only other CFC data set collected during the 1980s 
was reported by Rhein [1991] (Valdivia 1989 data). 

CFC 11 and CFC 12 were measured during all Johan 
Hjort cruises between 1991 and 1994. Due to analytical 
problems, CFC 12 data are not available from the 1991 
cruise. The time series of both CFCs show roughly the 
same features (Plates I g and i h). At the surface, the 
concentrations increase from 4.2pmolkg -x (CFC11) 
and 1.9pmolkg -x (CFC12) in 1982 to 6.6pmolkg -x 
(CFCll) and 3.1pmolkg -1 (CFC 12)in 1994, due to 
the increasing atmospheric CFC concentrations. CFC 
concentrations of intermediate waters show a similar 

trend. Below 2250m depth, CFC 12 remained practi- 
cally constant (0.39pmolkg -x in 1982; 0.42pmolkg -1 
in 1994). The 0.8pmolkg -x isoline (CFC 11) deepened 
from 2600 m in 1989 to about 3300 m in the early 1990s, 
suggesting a very slight increase of the CFC 11 con- 
centration. Below about 3300 m, no significant CFC 11 
concentration difference between 1982 and 1994 was ob- 
served. 

4. Discussion 

In discussing the observed temporal changes, we ar- 
bitrarily separate the water column into deep (below 
2000m), intermediate (200 - 2000 m), and near-surface 
(above 200m) waters. The choice of 2000m as the up- 
per boundary of the deep layer is primarily based on 
tracer profiles, in particular on the location of the base 
depth of the exponentially decreasing tracer concentra- 
tions (Platesld, g, and h). Furthermore, 2000m is 
the approximate sill depth of the ridge separating the 
Greenland from the Norwegian Sea [Bourke et al., 1993]. 
The upper 200m are strongly affected by exchange with 
the atmosphere and show seasonal effects. 

In the following, we have chosen not to discuss specific 
water masses, such as Greenland Sea Deep Water, be- 
cause these are defined in terms of specific temperature 
and salinity characteristics. One purpose of this contri- 
bution is to point out that these characteristics are vari- 
able in time. For example, GSDW has been defined as 
water with temperatures between - 1.26 and - 1.29 oc 
and salinities between 34.889 and 34.892 by Swift et 
al. [1983], temperatures below -1.0 øC, and salinities 
between 34.88 and 34.90 by Aagaard et al. [1985], tem- 
peratures of - 1.28 o C and salinities of 34.891 by Sme- 
thie et al. [1986], and temperatures of-1.242 øC and 
salinities of 34.895 by Swift and Koltermann [1988]. By 
the end of 1994, the water found in the center of the 
Greenland gyre below 2000m depth had a temperature 
of-1.149 øC and a salinity of 34.899, that is, it can no 
longer be identified as GSDW according to most of the 
above definitions. 

4.1. Deep Water (2000m- Bottom) 

4.1.1. Temporal changes. To summarize trends 
in the deep water, we calculated the mean values of 
the gridded hydrographic and transient tracer data in 
the depth range between 2000m and the bottom (Fig- 
ure 2. The 1 a standard deviations of these mean val- 

ues are also indicated in Figure 2. These deviations do 
not include intercalibration m•certainties which are un- 
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likely to be significant compared to the observed stan- 
dard deviations (see Table 2 for years in which data 
were collected on multiple cruises by different insti- 
tutions). Where available, updated box-model-based 
simulations of the evolution of the transient tracer con- 

centrations [Bb'nisch and Schlosser, 1995] are plotted 
together with the observed data in Figure2. In all 
plots, two different model simulations are presented. 
One scenario assumes a constant deep water formation 
rate of 0.5 Sv; the second scenario assumes a reduced 
deep water formation rate (0.1 Sv) after 1980. We use 
these two scenarios; because, based on tracer simula- 
tions, Schlosser et al. [1991] and BSnisch and Schlosser 
[1995] describe that compared to the 1970s, deep water 
formations rates in the 1980s were reduced by about 
80%. Here we use the model results to extend the es- 

timates of the deep water formation rates to the early 
1990s. 

A cold period at the beginning of the 1950s was fol- 
lowed by warmer conditions in the late 1950s and early 
1960s (Figure 2 a). This warming period is discussed in 
greater detail below. During the 1970s, the deep water 
was cold and the temperature showed only small vari- 
ations, with minimum values of about -1.3 øC. In the 
1980s and 1990s, the temperature increased constantly, 
reaching -1.149øC by late 1994. 

If we include the GEOSECS data with their relatively 
large uncertainty in salinity (see Figures 2 a and 2 b) as a 
reference point into the evaluation of the salinity time 
series, the salinity of the waters below 2000m depth 
was the same in 1972 and 1981 with values of about 

34.890. In the 1980s and 1990s, the salinity increased in 
parallel with the temperature increase. The year to year 
changes are very small (< 0.001) and hard to detect. 
However, the general trend is very clear. In 1994, the 
mean salinity of the waters below 2000m depth reached 
a value of 34.899, representing an increase of 0.009 over 
a period of 14 years. 

Significant levels of CFCs were already present in the 
deep water in 1982 at the time of the first survey (Fig- 
ures. 2c and 2d). In the deep water, CFC 11 concentra- 
tions were 0.76 pmol kg -•, and CFC 12 concentrations 
were 0.39pmol kg -•. Since then, the mean concentra- 
tions showed only a slight increase, to 0.91pmol kg -• 
(CFC 11) and to 0.45pmol kg -• (CFC 12)in 1994. For 
comparison, the surface concentrations increased from 
4.2 pmol kg -• in 1982 to 6.6 pmol kg -• in 1994 (CFC 11) 
and from 1.9pmol kg -• in 1982 to 3.1 pmol kg -• in 1994 
(CFC 12). While the surface concentrations increased 
by about 60%, the concentrations in the deep water 
increased by less than 20 % over the same period. 

The mean tritium concentrations in 1972 were about 

1.39 TU (Figure 2 e). By 1980, this value had decreased 
to 1.17TU. This tritium decrease in the deep water ac- 
celerated during the 1980s and 1990s. In 1988, the tri- 
tium concentration reached 0.86 TU, and by the end of 
1994 it was 0.63TU. For evaluating long-term trends, 
the concentrations of the radioactive tritium isotope 
have to be corrected for radioactive decay. In this 
study, the tritium concentrations are corrected to Jan- 
uary 1, 1981. These decay-corrected tritium values in- 
creased from 0.84TU in 1972 to 1.15TU in 1980 (Fig- 
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Figure 2. Depth-weighted mean values and 1 a standard deviations of (a) theta, (b) salinity, (c) 
CFC 11, (d) CFC 12, (e) tritium, (f) TU 81, (g) 5SHe, and (h) tritium/SHe age between 2000m 
and the bottom in the central Greenland Sea versus time calculated from the time series in Plate 1. 

Results of model simulations by BSnisch and Schlosser [1995] for 0.5 Sv deep water formation 
before 1980 and 0.1 Sv and 0.5 Sv in the 1980s and 1990s are indicated where available. 
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ure 3f). Between 1980 and 1985, the values increased 
only slightly to 1.20TU. By 1991, the decay-corrected 
tritium had increased to 1.39 TU. Between 1991 and the 

end of the time series in late 1994, no further tritium 
increase in the deep water of the Greenland Sea was 
observed. 

The decay of tritium is reflected in a 6SHe increase 
from 2.2 % in 1972 to 5.9% in 1994 (Figure 2g) and a re- 
suiting tritium/SHe age increase from 9.3 years in 1972 
to 14.3 years in 1980 and 24.4 years in 1994 (Figure 2h). 

All transient tracer concentrations observed in the 

deep water of the central Greenland Sea were high dur- 
ing the 1970s and early 1980s, at the time of the initial 
measurements. These high transient tracer concentra- 
tions indicate recent renewal by waters which were in 
contact with the atmosphere (the source of the trac- 
ers). During the 1980s and early 1990s, the CFC and 
the decay-corrected tritium concentrations increased 
slowly. We do not have CFC data from the 1970s; how- 
ever, the decay-corrected tritium increase in the 1980s 
and early 1990s was much slower than in the 1970s. 
This indicates that the influence of water which was 

in contact with the atmosphere decreased during the 
1980s and early 1990s compared to the 1970s. For a 
quantitative interpretation, the measurements have to 
be compared to model results. For this purpose, we use 
the box model of Bb'nisch and Schlosser [1995]. Fig- 
ure2 demonstrates that our new observations remain 

consistent with deep water formation rates of 0.5 Sv in 
the 1970s, followed by a reduced deep water formation 
rate of 0.1Sv beginning in 1980 and continuing through 
1994. Note that the model was tuned to a time series 

of tracer data ending in 1989 [BSnisch and Schlosser, 
1995]. However, the transient tracer data from the early 
1990s, published here for the first time, continue to fall 
on the evolution predicted by the model for a 0.1-Sv 
deep water formation rate. This means that the gen- 
eral conditions for renewing the water column between 
2000 rn and the bottom did not change significantly over 
the period of 14 years between 1980 and 1994. Only at 
the end of the 1980s, an increase in the decay-corrected 
tritium concentration suggests a short period of 1 or 2 
years with increased deep water formation rates (if we 
assume constant supply of Eurasian Basin Deep Water 
and Norwegian Sea Deep Water, see below). The CFCs 
show a slight concentration increa.se at about the same 
time, but, within the uncertainties of the measurements, 
this increase is not significant. Neither the model nor 
the data are sensitive enough to quantify this short in- 
crease in deep water formation in the central Greenland 
Sea. 

4.1.2. Temporal evolution of the properties. 
For an adequate interpretation of the temperature and 
salinity trends, we have to perform a water mass analy- 
sis. This analysis is also used to examine the processes 
behind the observed temporal changes. Figure 3 shows 
the temporal evolution of the decay-corrected tritium/O 
correlation, as well as the O/salinity and the CFC 11/O 
correlations. Also shown are the properties of possible 
sources of the deep water (2000 m depth to the bottom) 

in the 1980s. The deep water in the central Green- 
land Sea is formed by a mixture of water convected 
from the upper water column, presented as Greenland 
Sea Surface Water (GSSW), and water advected from 
the deep Norwegian Sea (Norwegian Sea Deep Water 
(NSDW)) and the Arctic Ocean (Eurasian Basin Deep 
Water (EBDW) [Heinze et al., 1990]; Aagaard et al., 
1091]; [Rhein, 1001]; [Schott et al., 1003]; [BO'nisch and 
Schlosser, 1995]). As mentioned earlier, deep convec- 
tion occurs only during winter [Visbeck et al., 1995]. 
Because the time series does not include the seasonal 

cycle due to lack of data, we use the O/S characteristics 
observed by $chott et al. [1993] during deep convection 
in the Greenland Sea to characterize winter conditions 

of the surface water. Figures 3 a and 3 b indicate that 
the water found in the lower water column of the central 

Greenland Gyre had higher transient tracer concentra- 
tions than all the other deep waters in this region. 

The TU81/O plot is shown in Figure 3 a. In 1950, 
the tritium concentration of all waters was practically 
0 (about 0.2 TU in surface waters [Dreisigacker and 
Roether, 1978]) and 0.03 TU in the deep water [Bb'nisch 
and $chlosser, 1995]). In the surface waters, the tri- 
tium concentrations increased rapidly during the 1950s 
and 1960s due to the atmospheric nuclear weapon tests 
and declined since. Since the deep water of the central 
Greenland Gyre contained a significant component of 
recently ventilated near-surface water, its tritium con- 
centration followed the increase of the surface waters, 
although at a lower rate. This is evident from Figure 3 a 
for the time between 1950 and 1981. For this period, the 
TU81/O ratio of the deep water in the Greenland Sea 
does not fall on a mixing line between surface water and 
the deep waters in the 1980s, because the initial (1950, 
marked in Figure 3 a) tritium concentration of the deep 
water was practically zero and has to be taken into ac- 
count as one end-member of the mixing diagram for the 
following reasons. Since water with high tracer concen- 
trations mixed into the deep water over time, even the 
decay-corrected tritium concentration of the deep wa- 
ter which was tracer-free in 1950 changed continuously. 
The tracer concentrations increased due to the addition 

of near-surface water with high tracer concentrations. 
The initially tracer-free deep water from 1950 has there- 
fore to be taken into account as one end-member of the 

mixing diagram. The tritium concentration in the deep 
water never reached equilibrium with the supplying wa- 
ters. 

Although the tritium concentration of the surface wa- 
ter was still much higher (about 5 TU, see Plate i d) 
than that of the deep water at the beginning of the 
1980s, the decay-corrected tritium increase in the deep 
water nearly stopped at the same time, as its temper- 
ature started to increase. Figure 3 a suggests that this 
is caused by increased relative contributions of NSDW 
and EBDW. During the 1980s and early 1990s, the 
CFC 11/O characteristics (Figure 3 b) showed the same 
behavior as the TU81/O characteristics. The dashed 
lines in Figures 3 a and 3 b indicate the proposed evolu- 
tion of the tracer/O characteristics, if no water with 
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Figure 3. (a) TU81/O, (b) CFC 11/e, and (c) O/S plot of the depth-weighted mean values 
from Figure 2 in the central Greenland Sea between 2000m and the bottom. Also indicated are 
the properties of GSSW, EBDW, and NSDW in the 1980s and a mixing line between the deep 
water value in 1980 and a mean value of EBDW and NSDW in Figures 3 a and 3 b. Additionally 
indicated in Figure 3a is the presumable ratio of the deep water in 1950. In Figure 3c, the 
possible mixing domain between GSSW, EBDW, and NSDW is marked. Also shown is the time 
dependent O/S characteristic of the densest (a2 > 37.45) part of the intermediate water. 

higher transient tracer concentrations contributed to 
the formation of the deep water during the 1980s and 
1990s. Since the properties of the deep water did not fol- 
low this line, we conclude that water with higher tran- 
sient tracer concentrations continued to contribute to 

the deep water in the central Greenland Sea between 
1980 and 1994. Since the deep water of the central 
Greenland Sea has higher transient tracer concentra- 
tions than the deep waters of the adjacent basins con- 
tributing to its formation (Norwegian Sea and Eurasian 
Basin), this water can only originate from the overlying 
water column of the Greenland Gyre. The contribu- 
tion of such water was predicted by the tracer balances 
published by $chlosser et al. [1991] and BSnisch and 
$chlosser [1995]. However, this water does not nec- 
essarily have to originate directly from the surface as 
implied by their model; it might well be derived from 
intermediate depths (see discussion below). The sim- 
ple box model applied by BSnisch and $chlosser [1995] 
for interpretation of the evolution of the tracer data of 
the deep water cannot distinguish if the deep water was 
renewed by near-surface water or intermediate water. 

The O/S characteristics of the deep water under- 
went little change between 1972 and 1981 (Figure 3 c). 

The O/S characteristics were in a quasi-steady state 
with the source waters. The dashed lines indicate the 

possible mixing domain between GSSW, EBDW, and 
NSDW. In the 1980s, the O/S characteristics moved 
toward those of EBDW and NSDW, that is, the deep 
water became warmer and more saline. The relative 

contribution of GSSW decreased, causing the relative 
contributions of EBDW and NSDW to the deep water of 
the Greenland Sea to increase. Figure 3 c also shows the 
evolution of the O/S characteristics of the most dense 
(•r2 > 37.45) part of the overlying intermediate water of 
the central Greenland Sea. The temporal evolution of 
the O/S characteristics of the deep water in the 1980s 
and 1990s could also be caused by mixing with water 
from the intermediate layer, EBDW, and NSDW. By 
the end of 1994, the O/S characteristics of the deep wa- 
ter were still changing; no new quasi-steady state had 
been reached. 

All data indicate a change in the process of deep water 
formation in the Greenland Sea at around 1980. The 

transient tracers clearly demonstrate that water with 
relatively high transient tracer concentrations still con- 
tributed in the deep water formation in the 1980s and 
1990s, but at a much lower rate than in the period be- 
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Figure 4. All direct temperature observations between 
2900 and 3100m depth between 1952 and 1966, and 
the linear fit of the data between 1952 and 1962 in- 
cluding and excluding the Atka 1962 cruise. The value 
of the Atka 1962 cruise is possibly too high. However, 
even without the A tka value, a temperature increase of 
0.005øC per year is observed. 

fore 1980. This water must originate from the upper or 
intermediate water column of the Greenland Sea. 

4.1.3. Warming in the late 1950s. In this sec- 
tion, we examine the warming of the deep water in 
the 1950s. Figure 4 shows all temperature observations 
from the depth range between 2900 and 3100m be- 
tween 1952 and 1966 and linear fits of the data up to 
1962 including and excluding the Atka 1962 cruise. The 
A tka data point lies above the trend of the earlier and 
later data. Extrapolation excluding the A tka data pre- 
dicts a temperature of-1.225øC for 1962, instead of 
-1.183øC as observed. However, a significant warm- 
ing trend of 0.005 q-0.001øC per year is present even 
excluding the Atka data point. Therefore we conclude 
that a warming of the deep water of the central Green- 
land Sea took place in the late 1950s, but it may not 
have been as pronounced as suggested by the A•ka data. 

Since the temperature increase in the lower layer in 
the 1980s and 1990s coincides with a period of lower 
deep water formation rates as demonstrated by the 
transient tracer time series, the temperature increase 
observed during the late 1950s may also reflect an ear- 
lier period of decreased deep water formation. Since 
we do not have transient tracer observations from the 

1950s, we have to examine the available data for their 
significance for this period. Due to its half-life of 269 
years, 39Ar data indicate the average deep water for- 
mation rate of the last several decades preceding their 
sampling date. The very limited 3SAr data obtained in 
1981 by Sine,hie et al. [1986] (88% modern) for the 
deep Greenland Sea suggest that average deep water 
formation rates were high preceding 1981 (the time of 
observation). However, since the 3SAr data average over 
a long period of time, they do not exclude short peri- 

ods of low deep water formation rates. BSnisch and 
$chlosser [1995] point out that the tritium concentra- 
tions of the deep water observed during the 1970s re- 
quire a high deep water formation rate since at least 
1965. Therefore we speculate on the basis of admittedly 
limited data that deep water formation rates of about 
0.5 Svrefiect the normal conditions for the Greenland 

Sea for the past several decades, but for periods last- 
ing several years deep water formation rates could have 
been lower preceding 1965. The period of low deep wa- 
ter formation rates in the 1980s and early 1990s was 
very likely not the only event of this kind. For exam- 
ple, deep water formation rates were probably low in 
the late 1950s as well. 

4.2. Intermediate Water (200 - 2000 m) 
The most remarkable feature observed in the inter- 

mediate water (200 - 2000m) is the decrease in density 
between 1981 and 1994 (Plate lc). Figure5 shows the 
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Figure 5. Depth-weighted mean values of (a) O and 
(b) salinity from the depth range between 200 and 
2000m in the central Greenland Sea versus time. 
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evolution of the average salinity and temperature val- 
ues in this layer. Before 1980, the temperatures ranged 
between roughly -1.05 and -1.2øC. Since 1981, the 
temperature increased continuously, reaching -0.9øC 
in 1994 (Figure 5 a). 

Although vertical salinity variations in this layer can 
be large, varying from 34.855 at 200m depth to 34.898 
at 2000m depth at the same station (station 1359 of 
the Johan Hjort cruise in 1991), the total salt content 
indicated by the mean value of the gridded data shows 
only small variations in time (Figure 5 b). An increase 
from 34.888 in 1981 to 34.891 in 1989 is followed by a 
decrease, reaching 34.883 in 1994. Formation of a 25- 
cm-thick layer of sea ice (with zero salinity) from water 
with a salinity of 34.87 (winter surface salinity observed 
by Schott et al. [1993]) would reset the average salinity 
from 34.883 to 34.888. Since the spatial salinity varia- 
tions are high (up to 0.043) compared to the observed 
temporal changes (0.005 in 13 years), these temporal 
variations may not be significant. 

The total heat content of the intermediate water (cal- 
culated relative to the pressure and salinity dependent 
freezing point) increased from 6.93 x 104 MJ m -a in 
1981 to 7.17 x 104 MJ m- a in 1994, an increase of 0.24 
x 104 MJ m -a, which represents an average net heat- 
ing rate of 5.3 W m -a (Figure 6). Cooling rates during 
deep convection are about 150 to 200 W m -a [Visbeck et 
al,, 1995] and persist usually for about 2 months each 
year. Therefore the total heat loss per year typically 
would not exceed 0.12 x 104 MJ tn -a. This implies that 
it would take about 2 years of cooling and deep convec- 
tion to remove the heat accumulated over 13 years. 

Deep water formation rates decreased in 1980 (see 
above). NSDW, however, is formed as a mixture of 
water from the deep Greenland Sea and EBDW [Swift 
and Koltermann, 1988]. If the production of new deep 
water is not high enough to balance the implied loss 
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Figure 6. Total heat content calculated relative to 
the salinity and depth dependent freezing point of the 
water column between 200 and 2000m in the central 
Greenland Sea versus time. 

of deep water required for continued NSDW formation, 
the most dense (•ra > 37.45) fraction of the interme- 
diate water may sink below 2000m and enter or mix 
with the deep layer. Since intermediate waters have 
higher transient tracer concentrations than the deep wa- 
ter (e.g., about 1.2 pmol kg- • CFC 11 at 800 m depth 
and about 0.8pmol kg -• at 2700m depth in 1982), the 
roughly constant transient tracer concentrations in the 
deep water observed during the 1980s and 1990s (Fig- 
ures 2 and 3) could also be explained as a mixing prod- 
uct of the most dense intermediate water and the deep 
waters from the Norwegian Sea and the Arctic Ocean 
(see Figure 3). Such a scenario would be consistent with 
the observed density decrease in the intermediate water 
(Plate 1 c). 

Figure7a shows the deepening of the 37.33, 37.43, 
and 37.45 isopycnals over time; Figures7b, 7c, and 
7d show the development of the CFC 11 concentra- 
tions, the decay-corrected tritium concentrations, and 
the tritium/SHe age on these isopycnals, respectively. 
The uncertainties in these quantities are relatively high 
(the transient tracer values had to be interpolated onto 
isopycnals). On the highest density isopycnal (37.45), 
the decay-corrected 3H concentration decreased only 
slightly and the CFC 11 concentration remained more 
or less constant over time, whereas the tritium/3He age 
increased from 7 years in 1981 to 20 years in 1994, i.e., 
at a 1'1 ratio with the calendar year. This indicates that 
on this isopycnal either no mixing with older or younger 
water occurred or the mixing was exactly balanced, a 
behavior very similar to that observed in the deepest 
water. On the 37.43 isopycnal, the transient tracer 
concentrations decreased and the tritium/3He age in- 
creased, suggesting lateral advection of older water or 
vertical mixing with underlying water. Constant decay- 
corrected tritium concentrations and increasing CFC 
concentrations indicate a strong influence of younger 
water on the 37.33 isopycnal. In contrast to the CFCs, 
the tritium concentration on this isopycnal remains con- 
stant as a result of the declining surface concentrations. 

4.3. Upper Waters (0 - 200 m) 
The evolution of the transient tracer distributions in 

the surface layer of the central Greenland Sea is con- 
sistent with the trend in their atmospheric concentra- 
tions (increasing CFCs, decreasing tritium, constant 
5SHe). Due to a lack of seasonally resolved data, pos- 
sible changes in the surface layer that may trigger or 
prevent deep convection during winter time cannot be 
addressed by this study. However, since all available 
observations since 1988 were made in November, the 
salinities can be compared. The average salinity of the 
upper layer increased from 34.72 in 1991 to 34.85 in 
1994. Since the average salinity of the intermediate 
water (200- 2000m) decreased from 34.886 in 1991 
to 34.883 in 1994 (see Figure5b), the salinity differ- 
ence between the surface and the intermediate water 

decreased as well from 0.16 in 1991 to 0.03 in 1994, de- 
stratifying the water column and making convection in 
the future more likely. 
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Figure ?. (a) Depth of the 37.33, 37.43, and 37.45 isopycnals in the central Greenland Sea 
versus time. (b) CFC 11, (c) TU81, and (d) tritium/3He age along the 37.33, 37.43, and 37.45 
isopycnals in the central Greenland Sea versus time. 

5. Conclusions 

Hydrographic conditions were highly variable in the 
Greenland Gyre during the past few decades. High 
tracer concentrations in the deep water observed in the 
1970s and early 1980s were associated with low salini- 
ties and temperatures and indicate high deep water for- 
mation rates. Constant CFC and decay-corrected tri- 
tium concentrations in the 1980s and early 1990s were 
associated with increasing salinities and temperatures 
in the deep water and reflect a decreased surface.con- 
tribution and larger relative contributions of EBDW 
and NSDW to the deep water in the Greenland Sea. 
However, the transient tracer observations in the 1980s 
and early 1990s indicate that water with higher tran- 
sient tracer concentrations continued to contribute to 
the deep water formation during this period, although 
at a lower rate. This water can only originate from the 

overlying water column of the Greenland Sea. It may 
probably have been intermediate water. The decrease 
in deep water formation rates in the 1980s and early 
1990s was very likely not the first event of this kind; 
the warming of the deep water in the late 1950s sug- 
gests a similar event. 

Although the intermediate water is inhomogeneous 
with respect to all parameters, the mean temperature 
showed only small variations between 1952 and 1980. 
Between 1981 and 1994, however, the layer between 200 
and 2000 rn depth warmed continuously, while the aver- 
age salinity showed only small variations. This warming 
is equivalent to a net heating rate of about 5 W m -2. 
The heat accumulated over a period of 13 years could be 
removed by two winters of intensive cooling. The den- 
sity decrease in the intermediate water can be explained 
by sinking of the most dense part of the intermediate 
water into the deep water below 2000m. This scenario 
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is consistent with the evolution of hydrographic para- 
meters, as well as transient tracers, in the deep and 
intermediate water. 

The time series available for this study do not in- 
clude the seasonal cycles and therefore generally do not 
allow statements about the surface waters. However, 
the possible comparison of the surface salinities between 
1991 and 1994 shows a steady increase over this period, 
and the reduced salinity difference between the surface 
and the intermediate water destratifies the water col- 

umn and makes more rigorous convection more likely. 
The combination of hydrographic and transient trac- 

ers is useful to determine long-term trends of deep 
water formation rates and processes. If annual high- 
quality time series data are available, it is possible to 
detect climatically important changes that occur on 
timescales of several years to decades. 
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