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Abstract. The statistical relationships between various 
components of the subpolar North Atlantic air-sea-ice 
climate system are reexamined in order to investigate 
potential processes involved in interdecadal climate 
variability. It is found that sea surface temperature 
anomalies concentrated in the Labrador Sea region 
have a strong impact upon atmospheric sea level pres- 
sure anomalies over Greenland, which in turn in- 
fluence the transport of freshwater and ice anomalies 
out of the Arctic Ocean, via Fram Strait. These fresh- 
water and ice anomalies are advected around the sub- 
polar gyre into the Labrador Sea affecting convection 
and the formation of Labrador Sea Water. This has an 
impact upon the transport of North Atlantic Current 
water into the subpolar gyre and thus, also upon sea 
surface temperatures in the region. An interdecadal 
negative feedback loop is therefore proposed as an in- 
ternal source of climate variability within the subpolar 
North Atlantic. Through the lags associated with the 
correlations between different climatic components, 
observed horizontal advection time scales, and the use 
of Boolean delay equation models, the time scale for 
one cycle of this feedback loop is determined to have a 
period of about 21 years. 

1 Introduction 

In recent years much evidence has been presented to 
suggest the existence of a natural mode of interdecadal 
climate variability in the subpolar North Atlantic (see 
Weaver and Hughes 1992 for a review). For example, 
oxygen isotope records taken from Greenland ice 
cores (e.g. Hibler and Johnsen 1979) indicate signifi- 
cant variability over the last several centuries with a 
dominant period of around 20 years. Furthermore, sta- 
tistical analyses of time series of the various subpolar 
North Atlantic climatic components (e.g. Deser and 
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Blackmon 1993; Stocker and Mysak 1992) indicate the 
existence of a mode of variability on the decadal-inter- 
decadal time scale. While it has been known for some 
time that ocean models can exhibit spontaneous varia- 
bility on these time scales (e.g. Weaver and Sarachik 
1991; Weaver et al. 1991, 1994; Weisse et al. 1994), only 
recently has such variability been seen in a fully cou- 
pled atmosphere-ocean model (Delworth et al. 1993). 

Numerous mechanisms have been proposed to ex- 
plain the variability found in the ocean-only models 
(e.g. Weaver et al. 1993, 1994; Weisse et al. 1994; 
Greatbatch and Zhang 1995) as well as simple ice- 
ocean models (Yang and Neelin 1993; Zhang et al. 
1995) and the more complicated atmosphere-ocean-ice 
models (Delworth et al. 1993). It is still not clear 
whether or not the variability found in the models can 
be related to variability found within the true air-sea- 
ice climate system. 

Mysak et al. (1990; see also Mysak and Power 1992) 
in a seminal study, proposed the existence of a compli- 
cated air-sea-ice feedback loop based on a detailed sta- 
tistical study of the various North Atlantic climatic 
components. In particular, they suggested that anoma- 
lous runoff from the Mackenzie River, perhaps asso- 
ciated with anomalous cyclogenesis over the Green- 
land-Iceland-Norwegian Seas (GIN) could have been 
the source for the anomalous freshwater export from 
the Arctic into the North Atlantic known as the great 
salinity anomaly (GSA, Dickson et al. 1988). While 
there is some question as to whether or not enhanced 
cyclogenesis over the GIN Seas would result in en- 
hanced runoff from the Mackenzie River, it is even less 
clear whether or not the magnitude of the Mackenzie 
discharge is large enough to affect the freshwater bud- 
get of the North Atlantic. The Mackenzie river has an 
average annual discharge rate of 7932 m3s -1 (van der 
Leeden et al. 1991) which is a factor of four times 
smaller than the freshwater anomaly associated with 
the GSA (estimated by Aagaard and Carmack 1989 to 
be 31 688 m3s -1 for a period of two years). Thus, ano- 
malies in the seasonal discharge of the Mackenzie Riv- 
er would be of insignificant magnitude compared to 
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the magnitude of the GSA without a substantial gain in 
the system. Furthermore, the Mackenzie River dis- 
charge is small compared to the Arctic freshwater 
transport through the Canadian Archipelago into the 
North Atlantic (29 153 m3s-1, Aagaard and Carmack 
1989), the Arctic freshwater transport through Fram 
Strait (114394m3s -1, Aagaard and Carmack 1989), 
the annual mean St. Lawrence River discharge 
(14 164 m3s -1, van der Leeden et al. 1991), and the 
net runoff into the Atlantic from 45°N to 70°N 
(121 000 m3s-1, Baumgartner and Reicher 1975). 

One of the purposes of this study is to propose an 
alternate interdecadal time scale negative feedback 
loop which is internally self-contained within the sub- 
polar North Atlantic and hence does not rely upon 
either cyclogenesis in the GIN Sea or anomalous ru- 
noff from the Mackenzie River. Our analysis builds 
upon that of Mysak et al. (1990) as well as statistical 
analyses which have been conducted since that time. 

Lazier (1980), Dickson et al. (1988) Aagaard and 
Carmack (1989) and Power and Mysak (1992) each dis- 
cussed the possibility that an anomalous atmospheric 
high pressure cell over Greenland resulted in an en- 
hanced flux of ice and freshwater through Fram Strait 
into the Greenland Sea, and hence in the generation of 
the GSA of 1968-82. Following the reasoning and evi- 
dence of Dickson et al. (1988) and Mysak et al. (1990), 
salinity and ice anomalies are advected out of the 
Greenland Sea, around the subpolar gyre and even- 
tually enter the Labrador Sea. Fresher surface waters 
suppressed deep convection, and a reduction in Lab- 
rador Sea water (LSW) formation ensued. 

In the North Atlantic, the primary source region for 
North Atlantic deep water (NADW) is the GIN Sea. 
Winter convection in the Labrador Sea creates an in- 
termediate LSW water mass which overrides the deep- 
er NADW (see for example Lehman and Keigwin 
1992). Processes affecting deep water formation or 
convection in these regions (e.g. the GSA of 1968-82) 
can have profound effects on both local and global cli- 
mate. Recent modelling studies (Delworth et al. 1993; 
Weaver et al. 1994; Weisse et al. 1994) suggest that the 
source of interdecadal climate variability for the North 
Atlantic may well lie in the Labrador Sea. Reduced 
LSW formation could result in a reduction of influx of 
subtropical waters into the Labrador Sea region (via 
the North Atlantic and Irminger currents), leading to 
colder than normal sea surface temperatures (SSTs). 
Additionally, in the absence of deep convection in the 
Labrador Sea, surface waters experience enhanced 
cooling due to sensible and latent heat loss to the at- 
mosphere since mixing with warm deeper waters is lim- 
ited. 

Greatbatch et al. (1991) used the diagnostic model 
of Mellor et al. (1982) to examine the Gulf Stream 
transport for the pentads of 1955-59 (warm subpolar 
SSTs) and 1970-74 (cold subpolar SSTs). Their results 
suggest the Gulf Stream extension was displaced some- 
what southwards during the 1970s and reduced by 
some 15-30 Sv (1 Sv=106m3s-1) .  In a related study, 
Greatbatch and Xu (1993) used the transport data of 
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Greatbatch et al. (1991) in conjunction with the Levi- 
tus (1989a, b, c, 1990) hydrographic data to infer the 
northward ocean heat transport across 54.5°N and 
23.5°N. They suggested the ocean heat transport was 
some 0.2 PW (1 P W =  1015 Watts) stronger during the 
1950s as compared to the 1970's. 

Bjerknes (1964) and Kushnir (1994) argued that 
while interannual variations in SSTs are governed by 
local surface wind conditions, interdecadal variations 
in SSTs are linked to changes in the ocean circulation, 
and in particular the ocean's thermohaline circulation. 
Ocean general circulation models further reveal long- 
time scale oceanic variability associated with changes 
in the thermohaline circulation and variations in the 
formation of deep water (see for example Weaver and 
Hughes 1992 for a review). It is therefore possible that 
negative salinity anomalies originating in the Green- 
land Sea [due to positive sea level pressure (SLP) ano- 
malies over Greenland], which are advected into the 
Labrador Sea via the subpolar gyre, may ultimately af- 
fect the SSTs in this subpolar region. If one could show 
that these subpolar SSTs in turn affect the observed 
SLPs over Greenland, then a closed negative feedback 
loop could be proposed for the subpolar North Atlan- 
tic. 

The outline of the rest of this study is as follows. In 
the next section we undertake a statistical analysis to 
show that subpolar SSTs are indeed significantly corre- 
lated with the SLPs over Greenland in subsequent 
years, while in section 3 we provide a physical discus- 
sion for the correlation. The relationship between sub- 
polar SSTs and Greenland SLPS, combined with exist- 
ing analyses available in the literature, allows us to 
construct an interdecadal negative feedback loop in 
section 4 analogous to that constructed by Mysak et al. 
(1990). In section 5 we obtain the time scale of the 
feedback loop through the use of the lags associated 
with the correlations between different climatic com- 
ponents, observed horizontal advection time scales, 
and Boolean delay equation models. A summary is 
presented in section 6. 

2 Correlation of subpolar SST and Greenland SLP 

In order to examine the hypothesis that variations in 
subpolar SSTs may lead to significant variations in SLP 
over Greenland, a 50 year time series of subpolar SST 
anomalies (averaged over 40-60°N, 20-50°W) is corre- 
lated with a 50 year time series of SLP anomalies (av- 
eraged over the Greenland ice cap). 

Figure la  shows the time series of the annual SST 
anomalies spatially averaged over 40-60°N, 20-50°W 
extending from 1930 to 1979 (derived from COADS 
data, Slutz et al. 1985), together with the time series of 
SLP anomalies averaged over the Greenland ice cap 
(grid points 65°N, 40°W; 70°N, 35, 40, 45°W; 75°N, 35, 
40, 45 ° W). The SLP anomalies are averaged over the 
winter months of January and February for the period 
1930 to 1979 (data derived from NCAR archived data). 
For comparison purposes, both series have been nor- 
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Fig. 1. a T h e  d e t r e n d e d  9 year  runn ing  means  of the  SST and  SLP 
anomal ies  are  p lo t t ed  toge the r  for  visual compar i son .  No te  tha t  
the  magn i tudes  of the  SST anomal ies  have  b e e n  mul t ip l ied  by 5 
for be t t e r  visual  corre la t ion.  (Solid line, SST; Dashed line, SLP). 
b Th e  cor re la t ion  coefficients  b e t w e e n  the  two t ime  series at  var-  
ious lags ex tend ing  f rom 0 to 20 years,  where  SST leads SLP. T h e  
SST an o ma l y  t ime  series is der ived  f rom C O A D S  data  (Slutz et  
al. 1985) while  the  SLP anomaly  t ime  series is de r ived  f rom ar- 
chived N C A R  data.  Bo th  the  SST and  SLP data  were  ob ta ined  
f rom Dr.  Shi l ing Pang  

malized, detrended, and smoothed with a 9 year 
weighted running mean in order to remove variations 
occurring on less than decadal time scales. 

The maximum correlation between the two time se- 
ries occurs at a lag of 2 years (SST leading SLP), with a 
correlation coefficient of 0.72. A lag of 1 year is to be 
expected as "winter" in the SLP anomaly time series 
has been defined to consist of the months of January 
and February. Some dependence of SLP upon the SST 
anomalies of the previous December (in the previous 
year) is to be expected. To show this, the winter time 
series of SST (not shown) was correlated with the wint- 
er time series of SLP. In this case, the lag disappears, 
and the maximum correlation coefficient is 0.71. 

Figure lb shows the correlation coefficients be- 
tween the two time series plotted versus the lag (in 
years). A general peak occurs over the lags of 1 and 2 
years with the coefficient at 2 years (0.716) being 
slightly higher than that at 1 year (0.715). This smear- 
ing of the peak over adjacent lags is to be expected 
since the SST anomaly time series is averaged over 
such a large area, the different grid points of which ex- 
hibit peaks at slightly different times. Time series of 
annual SST anomalies at Ocean Weather Ship (OWS) 
Bravo, situated in the Labrador Sea (Lazier 1980; Mi- 
chaud and Lin 1991), and at OWS Charlie, situated 
near 35.5°N, 54.5°W (Levitus et al. 1994), show that 
the peaks in SST at OWS Bravo lead the peaks in SST 
at OWS Charlie by approximately two years. Averag- 
ing over the large area 40-60°N, 20-50°W will average 
such lags as well. 
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Fig. 2. H i s tog ram of the  m a x i m u m  1000 coeff icient  magn i tudes  
found  wi th in  the  range  of lags ex tend ing  f rom z =  - 2  to z =  + 2 

In order to test the significance of a correlation 
coefficient r = 0.72 occurring at a !ag of 2 years, extra 
care was taken in order to account for the reduction in 
the number of degrees of freedom due to the inherent 
autocorrelations of the time series involved, and in 
light of the smoothing applie d to each time series in 
order to remove variations occurring on time scales of 
less than 10 years. Two sets of 1000 random time series 
(of length n = 50) were generated using a first order 
Markov process to give each time series an autoregres- 
sire nature, one set having the characteristics of the 
SST time series, and the second set having the charac- 
teristics of the SLP time series (before smoothing and 
detrending). Once the random Markov series were 
generated, they were then smoothed and detrended 
(processed just as the original t imeseries were proc- 
essed) and then correlated. The correlation coefficients 
between these random time series were then calcu- 
lated, and the probability distribution function (pdf) of 
these 1000 random correlation coefficients was plotted. 
Since the significance of a correlation coefficient of 
r = 0.72 at a lag of z= 2 years is being tested, the abso- 
lute value of the maximum correlation coefficient in 
each case which was found to lie within the range of 
lags from - 2  years to + 2 years is plotted in the histo- 
gram of Fig. 2. From this figure, it is evident that the 
probability of a correlation coefficient of magnitude 
0.7 or greater occurring within the lags z<_ 121 is equal 
to ~- - t /o .4°  _ Ao/ Thus a correlation coefficient of r=0.72 
at lag ~-= 2 is 96% significant. This suggests that 52% of 
the hindcast variance can be explained through a sim- 
ple linear regression. 

The correlation between annual SST and winter 
SLP anomalies was repeated with the end-points of the 
time series removed. Due to the fact that a 9-point 
weighted running mean was used to smooth the series, 
the end points are biased to one side. Leaving off the 
first and last 2 points of the time series before correlat- 
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ing them gives a correlation coefficient of r = 0.74 at lag 
7=2 years (SST leading SLP). From the preceding 
method of determining significance, this correlation 
coefficient (for n--46 points) is still found to be 95% 
significant. Leaving off the first and last 4 points of the 
time series before correlating gives a correlation coeffi- 
cient of r = 0.67 at lag T= 2 years. However, in this case 
we are no longer left with a time series of sufficient 
length in order to achieve results significant at the 95% 
confidence level. 

Some dependence of the SLP over Greenland upon 
the SSTs of the subpolar North Atlantic may therefore 
be expected, since the SST anomalies lead the SLP 
anomalies. In order to investigate this possibility fur- 
ther, the lag between the two time series was removed, 
and the SLP anomalies were plotted against the SST 
anomalies in a scatter plot (see Fig. 3). A linear regres- 
sion curve fitted to the scatter points gives 

S L P  (rob) = 6.1470 x (SST(  ° C)) + 0.1355. (1) 

This linear regression gives a larger gain in SLPs for 
a given change in SSTs than was suggested by the mod- 
elling and observational study of Palmer and Sun 
(1985), however it explains the data it was modelled 
from well. For example, SSTs in the subpolar gyre (fo- 
cused in the Labrador Sea) dropped approximately 
1°C from the 1950s to the early 1972s (Peng and My- 
sak 1993). Figure 1 indicates that over the period 1955- 
59 to 1970-74, the SLPs over Greenland fell by approx- 
imately 6 mb. The results of Palmer and Sun (1985) 
suggest only a 0.5 mb response in SLPs over Green- 
land for a given 1°C in SST, with these results being 
less than 95% significant. Notice however that Palmer 
and Sun (1985) used SLP data over a wider region in- 
cluding the ocean and so a detailed comparison with 
our results is not possible. 
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3 Physical discussion of the correlation between 
subpolar SST anomalies and Greenland SLP 
anomalies 

It was concluded in the previous section that subpolar 
SSTs have a statistically significant impact upon SLPs 
over Greenland, although the actual magnitude of this 
impact requires further study. In this section, the ques- 
tion of how subpolar SSTs are able to affect SLPs over 
a remote region such as Greenland is addressed. 

Subpolar SSTs may affect SLPs over Greenland in 
two different ways: The first was suggested by Dickson 
(1994) where he proposed that a strengthening of the 
statistical atmospheric high (or ridge of high pressure) 
which dominates over the Greenland ice cap may 
simply be viewed as a weakening of the statistical Ice- 
land Low, and vice versa. The climatological Iceland 
Low is found to vary significantly with variations in the 
climatological storm tracks (Ueno 1993). A weak 
North Atlantic Oscillation (NAO) pattern with a weak 
Iceland Low and a weak atmospheric jet, is significant- 
ly correlated with storm tracks whose main routes are 
oriented eastward along 45-50°N reaching the west of 
Europe. A strong NAO pattern with a strong Iceland 
Low and a strong atmospheric jet is correlated with cy- 
clones of strong intensity which follow tracks north- 
eastward, passing along the south coast of Greenland 
to reach the Norwegian Sea (Ueno 1993). The atmos- 
pheric jet and associated storm tracks, in turn, are af- 
fected by the north-south temperature gradient across 
the north wall of the Gulf Stream (Dickson and Lee 
1969; Palmer and Sun 1985). A negative (positive) SST 
anomaly in subpolar waters leads to enhanced (weak- 
ened) oceanic and atmospheric baroclinic zones in the 
vicinity of the Gulf Stream, and hence greater (less) 
than normal amounts of available potential energy for 
developing baroclinic systems. Atmospheric lows or 
storms will therefore be more intense (weaker) and 
generate greater (less) than normal amounts of cy- 
clonic vorticity. This excess (lack of) vorticity facili- 
tates (opposes) the northward deviation of storm 
tracks away from the climatological mean tracks. Also, 
as noted by Kushnir (1994), Peng and Mysak (1993), 
Deser and Blackmon (1993), and Palmer and Sun 
(1985), negative SST anomalies in the Labrador Sea 
region are associated with a general anticyclonic circu- 
lation over the subpolar gyre area, while positive SST 
anomalies are associated with a general cyclonic at- 
mospheric circulation over the subpolar gyre region 
(downstream from the main focus of the SST anoma- 
ly). The atmospheric jet and associated storm tracks 
will therefore be affected by these circulation patterns, 
which favour the northward movement of storms dur- 
ing negative SST anomaly years, and oppose the north- 
ward movement of storms during the positive SST ano- 
maly years. Palmer and Sun (1985), in their modelling 
and observational study concerning the atmospheric 
response to subpolar SST anomalies, found some indi- 
cation of enhanced eddy variations over Greenland (to 
the northeast of the area 40-50°N, 40-60°W) although 
these results were less than 95% significant. These au- 
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thors also noted that the magnitude of the atmospheric 
height difference downstream of the SST anomaly ap- 
pears to depend approximately linearly upon the mag- 
nitude of the SST anomaly (similar to the response 
found in the correlation in the previous section). 

The second way in which subpolar SST anomalies 
are able to affect SLPs over Greenland is through ther- 
mal responses. Warmer than normal SSTs surrounding 
Greenland enhance the density difference between the 
air above the cold land mass and the air overlying the 
ocean. This, in turn, enhances the outflow of cold 
dense air from land to ocean, and generates anomalous 
subsidence and negative vorticity over the ice cap, both 
of which serve to strengthen the Greenland High. Con- 
versely, colder than normal SSTs surrounding Green- 
land weaken the density difference in the atmospheric 
between the air overlying the land and the air overly- 
ing the water, resulting in conditions which serve to 
weaken the Greenland High. 

4 Proposed decadal climate loop for the subpolar 
North Atlantic 

As a result of the analysis discussed in the preceding 
sections we now propose the interdecadal negative 
feedback loop for the subpolar North Atlantic shown 
in Fig. 4. This feedback loop is analogous to the one 
proposed by Mysak et al. (1990) except that we do not 
rely upon GIN Sea cyclogenesis and Mackenzie River 
runoff to explain ice export through Fram Strait. No- 
tice that we have included the complete feedback loop 
in Fig. 4 whereas Mysak et al. (1990) and Mysak and 
Power (1992) show only half of their climate cycle. 

To summarize: a positive SST anomaly in the sub- 
polar North Atlantic (associated with deep convection 
in the Labrador Sea and a strong circulation of North 
Atlantic Current waters into the Labrador Sea region 
via the Irminger Current) is positively correlated with 
higher than normal SLPs over Greenland. The reason 
for this is that positive SST anomalies divert storm 
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Fig. 4. Proposed interdecadal climate cycle for the subpolar 
North Atlantic 

tracks south of their normal position, resulting in high- 
er SLPs in the north (stronger climatological high over 
Greenland and weaker climatological Iceland Low). 
This leads to a greater than normal flow of ice and 
fresh water through Fram Strait into the Greenland 
Sea (Dickson et al. 1988; Aagaard and Carmack 1989; 
Power and Mysak 1992). A weak Iceland Low is also 
associated with weak atmospheric circulation over the 
subpolar North Atlantic. Both of these factors, but pri- 
marily that of a developing negative salinity anomaly 
(SA) in the Greenland Sea which advects around the 
subpolar gyre into the Labrador Sea, serve to reduce 
the maximum convective limit in the Labrador Sea in 
winter. The circulation of warm, saline North Atlantic 
Current waters into the Labrador Sea is reduced, and 
cooler than normal SSTs in the subpolar gyre result. 

These cooler than normal SSTs serve to divert 
storms northward of their climatological track, lower- 
ing SLPs in the north and hence weakening the Green- 
land High and enhancing the Iceland Low. The inflow 
of ice and freshwater through Fram Strait is therefore 
reduced, and the bulk of the SA in the Labrador Sea 
now advects out of the region. An enhanced Iceland 
Low also serves to produce enhanced cold winter at- 
mospheric outbreaks over the Labrador Sea. Both the 
advection of the negative SA out of the central Lab- 
rador Sea region and the increase in winter heat loss 
due to the increased atmospheric cold outbreaks over 
the area serve to re-initiate deep convection in the 
Labrador Sea. The branch of the North Atlantic Cur- 
rent into the Labrador Sea is therefore enhanced, and 
warmer than normal SSTs in the subpolar region result 
once again. 

It should be noted that there are two feedbacks or 
subdoops within the main cycle. The first occurs be- 
tween boxes 3 and 4, and the second occurs between 
boxes 7 and 8. Briefly, in the first sub-loop, higher than 
normal pressures over Greenland drive increased 
amounts of ice and fresh water through Fram Strait 
into the Greenland Sea. This ice and fresh water acts 
to reduce temperatures in this northern region, and 
thermally enhance the Greenland High, resulting in an 
even greater transport through Fram Strait of ice and 
fresh water. Thus, the Greenland High builds in 
strength as events cycle through this sub-loop. The 
building negative SA in the region begins to advect 
around the subpolar gyre and approximately four years 
after the beginning of the higher SLPs in the north, 
convection in the Labrador Sea begins to shallow (and 
subpolar SSTs begin to cool). The climate breaks out 
of the sub-loop once the bulk of the Greenland Sea SA 
has been advected into the Labrador Sea and LSW for- 
mation has ceased. This follows since SSTs have cooled 
such that storm tracks begin to divert northward of 
their climatological track and flow through Fram Strait 
begins to decrease. 

The second feedback is described as follows: once 
storm tracks are diverted north of their normal posi- 
tion by cooling SSTs in the subpolar gyre, and the bulk 
of the SA has been advected out of the central Labra- 
dor Sea, deep convection once again resumes in the 
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Labrador Sea. This increases the meridional overturn- 
ing of the thermohaline circulation, and increased heat 
begins to be transported northward once again by the 
Gulf Stream. However, the more northerly storm 
tracks deepen the Iceland Low, and produce stronger 
cold atmospheric winter outbreaks over the Labrador 
Sea, enhancing and continuing the cooling of SSTs in 
the region (even though the recirculation branch of the 
North Atlantic Current into the Labrador Sea is begin- 
ning to increase the heat transport into the region). 
This serves to enhance the temperature contrast across 
the north wall of the Gulf Stream and further strength- 
en the atmospheric baroclinic zone, producing more 
frequent storms of greater depth in central pressure. 
Roebber (1984) found more explosively deepening cy- 
clones off of Cape Hatteras and northeastward in 
1979-1982 than in 1976-1979. Also, Thompson and 
Hazen (1983) show that the Iceland Low of winter 
1972 was weaker than in winter 1974. Both of the 
above references show an increasing trend in storm 
frequency and depth once the GSA passed out of the 
Labrador Sea and deep convection was renewed. This 
is only possible if an increased baroclinic zone existed 
due to an increasing temperature gradient across the 
north wall of the Gulf Stream. These storms, due to 
greater than normal amounts of vorticity generation, 
travel along tracks even further north of the climato- 
logical track, further enhancing the Iceland Low. The 
cold outbreaks over the Labrador Sea are thus in- 
creased and hence so is the cooling of surface waters. 
The system breaks out of this sub-loop once the 
oceanic transport of heat into the Labrador Sea be- 
comes sufficient (and has had sufficient time) to once 
again raise SSTs above their climatological norm, and 
storm tracks have once again been diverted south of 
their normal tracks. 

5 Time scale of proposed subpolar North Atlantic 
climate loop 

The time scale of the negative feedback loop is deter- 
mined here, through the use of a nonlinear Boolean 
delay equation (BDE) model (as in Darby and Mysak 
1993). For simplicity, the following 3 Boolean variables 
are substituted for the separate climate components 
discussed above as part of the negative feedback loop: 
(1) C-=Labrador Sea convection (where C=1  repre- 
sents deep convection; C = 0  represents shallow con- 
vection); (2) T-Subpolar  SST anomaly (where T = I  
represents a positive anomaly and T=0  represents a 
negative anomaly); and (3) P - G r e e n l a n d  SLP anoma- 
ly [where P = 1 represents higher than normal atmos- 
pheric sea level pressures in the north (i.e. strong 
Greenland High, weak Iceland Low) as well as the as- 
sociated states of strong Fram Strait inflow of ice and 
fresh water into the Greenland Sea, and weak cold out- 
breaks over the Labrador Sea; P = 0  represents lower 
than normal pressures in the north (i.e. weak Green- 
land High, strong Iceland Low) as well as the asso- 

ciated states of weak Fram Strait inflow, and strong 
cold outbreaks over the Labrador Sea]. 

Maximum (minimum) subpolar SSTs appear to fol- 
low maximum (minimum) winter convective depths in 
the Labrador Sea by approximately 2 to 3 years. For 
example, in Fig. 1 it is seen that a minimum in SSTs 
occurred in 1974 (in the 9-year running mean). Mini- 
mum convection due to the passage of the GSA 
through the Labrador Sea occurred in 1971 (Lazier 
1980). If this is taken for the norm, then 

T(t) = C ( t - 3 ) .  (2) 

From section 2 the correlation between subpolar 
SSTs (T) and Greenland SLPs (P) suggests that SSTs 
lead the SLPs by 1 year: 

P(t)  = r ( t -  1). (3) 

From Dickson et al. (1988), the advection time for a 
salinity anomaly around the subpolar gyre from the 
Greenland Sea to the Labrador Sea is approximately 4 
years, so that 

C ( ~ = P ( t - 4 ) ,  (4) 

where the overbar signifies the logical operator "not". 
That is, convection in the Labrador Sea depends upon 
the atmospheric state over Greenland 4 years pre- 
viously. If the sea level pressure was anomalously high 
(P= 1) 4 years ago, then a negative salinity anomaly 
will have been generated in the Greenland Sea and 
had time to advect around the subpolar gyre into the 
Labrador Sea, weakening convection (C=0). 

Equation 4 can not be used in isolation since we 
must also add in the fact (through the use of the logical 
operator "and") that convection in the Labrador Sea is 
also dependent upon the atmospheric state at the cur- 
rent time: 

C(t) =P(t) .  (5) 

That is, convection in the Labrador Sea depends upon 
the existence of outbreaks of cold air from the north- 
ern North American continent over the relatively 
warm Labrador Sea. When SLPs over Greenland are 
anomalously low, the Iceland Low is anomalously deep 
(as was discussed in section 3). This means that storms 
or lows developing along the main atmospheric baro- 
clinic zone at mid-latitudes over the North Atlantic are 
more intense and frequent, following storm tracks 
north of the climatological mean. Thus, when P---0, 
cold outbreaks over the Labrador Sea in the wake of 
these storms are also more intense and frequent than 
normal. These cold outbreaks enhance the sensible 
and latent heat loss from the ocean surface to the at- 
mosphere, and therefore enhance convection. Con- 
versely, when P = 1, cold outbreaks over the Labrador 
Sea are reduced below normal in intensity and fre- 
quency, resulting in an atmospheric pattern which is 
less favourable to the cooling of the ocean surface and 
convection. 

Deep convection in the Labrador Sea is then the re- 
sult of no current negative salinity anomalies affecting 
the region at the surface ( P ( t - 4 ) =  0), and strong cold 
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Fig. 5. Results from the first nonlinear BDE model, for two ran- 
domly selected initial conditions, showing a 12-year cycle in con- 
vection (C(t)) in the Labrador Sea 

atmospheric outbreaks (P(t)= 0). Shallow convection 
is the result of a negative salinity anomaly passing 
through the region (P (t - 4) =1), or weak cold atmos- 
pheric outbreaks (P(t)=1). The model equations are 
thus: 

C(t) = i f ( t - 4 )  A P(t) (6) 

C(t) = P ( t - 4 )  v P(t) (7) 

(where A denotes the logical "and", and where v de- 
notes the logical "or"). The these equations are identi- 
cal, and either may be used as the basis for our BDE 
model. 

From Eqs. 2 and 3, Eqs. 6 and 7 become 

C (t) = C ( t -  8) A C ( t -  4) (S) 

C(t) = C ( t - 8 )  v C ( t - 4 )  (9) 

As noted before, these equations are identical and 
either may be used as the BDE model. Two examples 
(using different random initial conditions) of the re- 
sults are shown in Fig. 5. While using different random 
initial conditions gives different structure to the cycles, 
all resulting cycles have 12-year periods. This must be 
so, since C ( t - 8 )  A C ( t - 4 )  was prescribed which leads 
to the summation of the time lags r=  8 and r=  4 to give 
a 12-year time lag. 

It has been noted that in the shallowing of convec- 
tion in the Labrador Sea, negative SAs are far more 
effective than are weak cold outbreaks. Equation 9 
could therefore be shortened to 

C(t) = C ( t -  8). (10) 

Since this equation is no longer identical to Eq. 8, the 
following method is adopted in order to apply the 
equations as one model: 

If C ( t - 1 ) = 1 ,  then C(t)=1, unless C ( t - 8 ) = 1 .  
If C ( t - 1 ) = 0 ,  then C(t )=0,  unless C ( t - 8 ) = 0  and 
C ( t - 4 )  =0. 

From this, 12 year cycles are still obtained (not 
shown), however with different structures from those 
displayed in the previous figure. 

These 12 year cycle periods obtained in the BDE 
model fall short of the expected 20-22 year climate 
variations observed in the North Atlantic (e.g. Hibler 
and Johnsen 1979). Thus, a revised version of the BDE 
model, as an extension of the above model, is formu- 
lated using the observation that a trend of increasing 

pressures in the north is required in order to generate 
a negative salinity anomaly of significant magnitude to 
shallow convection in the Labrador Sea (see Dickson 
et al. 1975; Hfikkinen 1993). The time series of SLP 
anomalies over Greenland during the 1960s indicates 
that over the 8-year period extending from 1962 to 
1969, the SLPs were normal or above normal in magni- 
tude for 5 of those 8 years. This period exhibits three 
individual peaks (which have been smoothed out in 
Fig. 1), with each peak greater in magnitude than the 
last such that in the 9-year weighted mean, a rising 
trend in SLPs over Greenland is noted. Thus, the fol- 
lowing may be prescribed as a necessary condition in 
order to turn convection "off". If C(t) is "on", then it 
will stay on (C= 1), unless 5 of the preceding 8 years 
(with an additional 4 years added on to each to account 
for the time necessary for a generated SA to reach the 
Labrador Sea) experienced strong ( P = I )  pressures 
over Greenland. That is, if C ( t - 1 ) = 1 ,  then C(t)= 1, 
unless at least 5 of 

" P ( t - 4 }  ] 

P ( ~ - 5 )  [ = 1 

or, using the fact that T ( 0 = C ( t - 3 ) ,  and 
P (t) = T ( t -  1), 
if C ( t - 1 ) = l ,  then C(t)=1, unless at least 5 of 

"c(t-8) ] 
C ( t - 9 )  ~ = 1. 

/ 
,c( -lS)j 

The second condition needed for the model con- 
cerns the renewal of deep convection in the wake of an 
SA, or C =  0. Here, it is possible to use the same equa- 
tion used in the first model. That is, 

If C ( t - 1 ) = 0 ,  then C(t )=0,  unless C ( t - 8 ) = 0  and 
C ( t - 4 )  = 0 .  

One should note that since different conditions ap- 
ply depending upon the state of convection in the Lab- 
rador Sea, it is necessary to separate these equations or 
conditions as in the second version of the first BDE 
model. First, the current state (at time t -  1) is tested to 
see whether convection is on or off. If it is on, then as 
in the first condition above, it will not turn off unless 5 
years of higher than normal pressures are experienced 
in the 8 years extending from t - 4  to t - l l .  If convec- 
tion is off, then the conditions required to turn it back 
on are: (1) no SAs during the current year, and (2) 
strong cold outbreaks or lower than normal pressures 
in the north. 

Figure 6 shows the results from two integrations of 
this model using two randomly selected different initial 
conditions. Notice that although two different sets of 
random initial conditions were used, the same resultant 
structures in the cycles are realized, both with a period 
of 21 years. The structures of these cycles appear much 
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Fig. 6. Results from the first extended nonlinear BDE model, for 
two randomly selected initial conditions, showing a 21-year cycle 
in convection (C(t)) 

more reasonable than do those of the first BDE model, 
and hence we conclude that this model is more appro- 
priate. (Note: if it is required that all 8 of the 8 years 
experience P =  1, then 23-year cycles are obtained - 
not shown here). 

One of the main conclusions drawn from this inves- 
tigation is that the build-up period of the Greenland 
High is of key importance in determining the time 
scale for the entire feedback loop, and in lengthening 
subpolar north Atlantic climate variations from decad- 
al to interdecadal timescales. 

6 Summary and conclusions 

The main contribution of this research is the finding 
that subpolar North Atlantic SST anomalies do have 
an impact upon atmospheric SLP anomalies over 
Greenland (as was independently suggested by Dick- 
son 1994). Extra care was given to account for inherent 
autocorrelations within time series of the different cli- 
mate components and the significance tests of the cor- 
relation coefficients were adjusted for reduced num- 
bers of degrees of  freedom. 

As a result of this correlation and other statistical 
relationships discussed in the literature, the following 
interdecadal climate cycle was proposed. Positive SST 
anomalies concentrated in the vicinity of the Labrador 
Sea reduce the north-south temperature gradient 
across the north wall of the Gulf Stream, and hence the 
north-south temperature gradient in the air overlying 
this ocean current. This weakens the atmospheric baro- 
clinic zone and hence the accompanying jet stream, 
such tha t  a smaller than normal amount of available 
potential energy (APE) is available for developing ba- 
roclinic eddies or storms. These storms or lows have 
greater than normal central pressures and generate less 
than normal local vorticity. This lack of vorticity con- 
strains the storms to follow paths south of their clima- 
tological tracks, and hence causes SLPs in the north to 
rise to magnitudes above normal, enhancing the clima- 
tological Greenland High and weakening the climato- 
logical Iceland Low. The anomalous anticyclonic wind 
fieldgenerated by the stronger than normal Greenland 
High enhances the transport of freshwater and ice 
through Fram Strait from the Arctic Ocean into the 
Greenland Sea. This creates a negative salinity anoma- 
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ly at the sea surface of the Greenland Sea, which is 
then advected around the subpolar gyre into the Lab- 
rador Sea. The lower than normal sea surface salinities 
(SSSs) serve to reduce LSW formation and hence re- 
duce the amount of North Atlantic Current water en- 
tering the subpolar gyre and Labrador Sea via the Ir- 
minger Current. This further reduces the SSTs and 
SSSs, in the region. 

Negative SST anomalies concentrated in the Lab- 
rador Sea region of the subpolar North Atlantic ocean 
gyre serve to enhance the north-south temperature 
gradient across the north wall of the Gulf Stream, and 
thus also enhance the accompanying atmospheric baro- 
clinic zone and jet. Developing atmospheric baroclinic 
eddies or storms therefore have access to greater than 
normal amounts of APE, and attain central pressures 
which are deeper than normal. These storms generate 
larger than normal amounts of local vorticity which al- 
lows the lows to travel northeastward along tracks 
north of the normal position, enhancing the climato- 
logical Iceland Low and reducing the Greenland High. 
This results in an anomalous wind stress pattern unfa- 
vourable for the export of ice and freshwater from the 
Arctic Ocean through Fram Strait into the Greenland 
Sea, allowing sea surface salinities in the Greenland 
Sea to return to normal or above (due to the import of 
salt into the region by the North Atlantic Current). 
This anomalous atmospheric circulation pattern also 
favours an increase in strong outbreaks of cold conti- 
nental air from the Canadian Arctic Archipelago over 
the relatively warm Labrador Sea, further supporting 
the renewal of deep water formation or convection. 
This increases the amount of North Atlantic Current 
water entering the subpolar gyre via the Irminger Cur- 
rent, and once again serves to raise SSTs above normal 
in the vicinity of the Labrador sea. 

Through the time lags associated with the correla- 
tions between the various climate components, known 
horizontal advection time scales in the subpolar gyre, 
and the use of a Boolean delay equation model, the 
time scale for the proposed interdecadal climate cycle 
was determined to have a period of approximately 21 
years. The time during which the Greenland High re- 
mains above normal in strength (or the time during 
which it builds up in magnitude) was found to play a 
key role in determining the time scale of the feedback 
loop. This time scale agrees well with the 20 year cli- 
mate variability found in ice cores (Hibler and Johnsen 
1979), and in EOF analyses of different fields of the 
various North Atlantic climatic components (e.g. Des- 
er and Blackmon 1993). 

Acknowledgements. We Wish to thank Dr. Shiling Peng for gene- 
rously providing us with her SST and SLP data and Dr. Chris 
Garrett for his most informative discussions/suggestions concern- 
ing the statistical sign.ificance tests. We are indebted to AES for 
providing us with funding for this research through the MSc Edu- 
cational Leave program (awarded to TMHW) and a Subvention 
Grant (awarded to AJW). Research funding from NSERC, 
NSERC/WOCE and the NOAA Scripps-Lamont Consortium on 
the ocean's role in climate awarded to AJW is also gratefully ac- 
knowledged. 



Wohlleben and Weaver: Climate variability in N. Atlantic 467 

References 

Aagaard K, Carmack EC (1989) The role of sea ice and other 
freshwater in the Arctic circulation. J Geophys Res 
94:14 485-14 498 

Baumgartner A, Reichel E (1975) The world water balance. Else- 
vier, New York, 179 pp 

Bjerknes J (1964) Atlantic air-sea interaction. Adv Ge0phys 
10:1-82 

Darby MS, Mysak LA (1993) A Boolean delay equation model 
of an interdecadal Arctic climate cycle. Clim Dyn 8:241-246 

Delworth T, Manabe S, Stouffer RJ (1993) Interdecadal varia- 
tions in the thermohaline circulation in a coupled ocean- 
atmosphere model. J Clim 6:1993-2011 

Deser C, Blackmon ML (1993) Surface climate variations over 
the North Atlantic ocean during winter: 1900-1989. J Clim 
6:1743-1753 

Dickson RR (1994) The local, regional, and global significance of 
exchanges through the Denmark Strait and Irminger Sea. In: 
Natural climate Yariability on decade to century time scales. 
National Academy Press, Washington DC (in press) 

Dickson R, Lee A (1969) Atmospheric and marine climate fluc- 
tuations in the North Atlantic region. Prog Oceanogr 5:55- 
65 

Dickson RR, Lamb HH, Malmberg SA, Colebrook JM (1975) 
Climatic reversal in the northern North Atlantic. Nature 
256: 479-483 

Dickson RR, Meincke J, Malmberg S-A, Lee AJ (1988) The 
"great salinity anomaly" in the northern North Atlantic 1968- 
1982. Prog Oceanogr 20:103-151 

Greatbatch RJ, Xu J (1993) On the transport of volume and heat 
through sections across the North Atlantic: climatology and 
the pentads 1955-59, 1970-74. J Geophys Res 98:10125- 
10143 

Greatbatch RJ, Zhang S (1995) An interdecadal oscillation in an 
idealized ocean model forced by constant heat flux. J Clim (in 
press) 

Greatbatch RJ, Fanning AF, Goulding AD, Levitus S (1991) A 
diagnosis of interpentadal circulation changes in the North 
Atlantic. J Geophys Res 96:22009-22023 

H~ikkinen S (1993) A n Arctic source for the great salinity anoma- 
ly: a simulation of the Arctic ice-ocean system for 1955-1975. 
J Geophys Res 98:16397-16410 

Hibler WD III, Johnsen SJ (1979) The 20-year cycle in Green- 
land ice core records. Nature 280:481-483 

Kushnir Y (1994) Interdecadal variations in North Atlantic sea 
surface temperature and associated atmospheric conditions. J 
Clim 7:141-157 

Lazier JRN (1980) Oceanographic conditions at Ocean Weather 
Ship Bravo, 1964-1974. Atmos-Ocean 18:227-238 

Lehman S J, Keigwin LD (1992) Deep circulation revisited. Na- 
ture 358:197-198 

Levitus S (1989a) Interpentadal variability of temperature and 
salinity at intermediate depths of the North Atlantic ocean, 
1970-1974 versus 1955-1959. J Geophys Res 94:6091-6131 

Levitus S (1989b) Interpentadal variability of salinity in the up- 
per 150 m of the North Atlantic ocean, 1970-1974 versus 
1955-1959. J Geophys Res 94:9679-9685 

Levitus S (1989c) Interpentadal variability of temperature and 
salinity in the deep North Atlantic, 1970-1974 versus 1955- 
1959. J Geophys Res 94:16125-16131 

Levitus S (1990) Interpentadal variability of steric sea level and 
geopotential thickness of the North Atlantic ocean, 1970-1974 
versus 1955-1959. J Geophys Res 95:5233-5238 

Levitus S, Antonov J, Zengxi Z, Dooley H, Selemenov K, Teres- 
chenkov B, Michaels T (1994) Observational evidence of de- 
cadal-scale variability of the North Atlantic ocean. In: Natural 

climate variability on decade to century time scales. National 
Academy Press, Washington DC (in press) 

Mellor GL, Mechoso CR, Keto E (1982) A diagnostic model of 
the general circulation of the Atlantic Ocean. Deep-Sea Res 
29:1171-1192 

Michaud R, Lin CA (1991) Seasonal, monthly and annual reports 
of Ocean Weather Stations: anomaly time series of surface 
heat budget parameters. CaGCR Rep No 91-3, McGill Uni- 
versity, Montreal 

Mysak LA, Power SB (t992) Sea-ice anomalies in the western 
Arctic and Greenland-Iceland sea and their relation to an in- 
terdecadal climate cycle. Clim Bul 26:147-176 

Mysak LA, Manak DK, Marsden RF (1990) Sea-ice anomalies 
observed in the Greenland and Labrador seas during 1901- 
1984 and their relation to an interdecadal Arctic climate cycle. 
Clim Dyn 5:111-133 

Palmer TN, Sun Z (1985) A modelling and observational study of 
the relationship between sea surface temperature in the 
north-west Atlantic and the atmospheric general circulation. 
Q J R Meteorol Soc 1Ll1:947-975 

Peng S, Mysak LA (1993) A teleconnection study of interannual 
sea surface temperature fluctuations in the northern North 
Atlantic and precipitation and runoff over western Siberia. J 
Clim 6: 876-885 

Power SB, Mysak LA (1992) On the interannual variability of 
Arctic sea level pressure and sea-ice. Atmos-Ocean 30:551- 
577 

Roebber PJ (1984) Statistical analysis and updated climatology of 
explosive cyclones. Mon Weather Rev 112:1577-1589 

Slutz RJ, Lubker 8J, Hiscox JD, Woodruff SD, Jenne RL, Joseph 
DH, Steurer PM, Elms JD (1985) Comprehensive ocean-at, 
mosphere data set: Release 1 NOAA Environmental Re- 
search Lab, Climate Research Program, Boulder, Colorado 

Stocker TF, Mysak LA (1992) Climatic fluctuations on the cen- 
tury time scale: a review of high resolution proxy data and 
possible mechanisms. Clim Change 20:227-250 

Thompson KR, Hazen MG (1983) Interseasonal changes of wind 
stress and Ekman upwelling: North Atlantic, 1950-1980. Can 
Tech Rep Fish Aqua Sci 1214 Ocean Science and Surveys, At- 
lantic, Department of Fisheries and Oceans, Canada 

Ueno K (1993) Interannual variability of surface cyclone tracks, 
atmospheric circulation patterns, and precipitation patterns, 
in winter. J Meteorol Soc Jap 71:655-671 

Van der Leeden F, Troise FL, Todd DK (1991) The water ency- 
clopedia, Lewis, Chelsea, Michigan, USA 

Weaver AJ, Hughes TMC (1992) Stability and variability of the 
thermohaline circulation and its link to climate. Trends Phys 
Oceanogr 1 : 15-69 

Weaver AJ, Sarachik ES (1991) Evidence for decadal variability 
in an ocean general circulation model. Atmos-Ocean 29:197-231 

Weaver aJ,  Sarachik ES, Marotzke J (1991) Freshwater flux 
forcing of decadal and interdecadal oceanic variability. Na- 
ture 353: 836-838 

Weaver AJ, Marotzke J, ,Cummins PF, Sarachik ES (1993) Stabil- 
ity and variability of the thermohaline circulation. J Phys 
Oceanogr 23 : 39-60 

Weaver AJ, Aura SM, Myers PG (1994) Interdecadal variability 
in an idealized mode][ of the North Atlantic. J Geophys Res 
99:12 423-12 441 

Weisse R, Mikolajewicz U, Maier-Reimer E (1994) Decadal var- 
iability of the North Atlantic in an ocean general circulation 
model. J Geophys Res 99:12411-12421 

Yang J, Neelin JD (1993) Sea-ice interaction with the thermohal- 
ine circulation. Geophys Res Let 20:217-220 

Zhang S, Lin CA, Greatbatch RJ (1995) A decadal oscillation 
due to the coupling between an ocean circulation model and a 
thermodynamic sea-ice model. J Mar Res (in press) 


