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ABSTRACT

Substantial changes occurred in the North Atlantic during the twentieth century. Here the authors
demonstrate, through the analysis of a vast collection of observational data, that multidecadal fluctuations
on time scales of 50–80 yr are prevalent in the upper 3000 m of the North Atlantic Ocean. Spatially averaged
temperature and salinity from the 0–300- and 1000–3000-m layers vary in opposition: prolonged periods of
cooling and freshening (warming and salinification) in one layer are generally associated with opposite
tendencies in the other layer, consistent with the notion of thermohaline overturning circulation. In the
1990s, widespread cooling and freshening was a dominant feature in the 1000–3000-m layer, whereas
warming and salinification generally dominated in the upper 300 m, except for the subpolar North Atlantic
where complex exchanges with the Arctic Ocean occur. The single-signed basin-scale pattern of multidec-
adal variability is evident from decadal 1000–3000-m temperature and salinity fields, whereas upper-ocean
temperature and salinity distributions have a more complicated spatial pattern. Results suggest a general
warming trend of 0.012° � 0.009°C decade�1 in the upper-3000-m North Atlantic over the last 55 yr of the
twentieth century, although during this time there are periods in which short-term trends are strongly
amplified by multidecadal variability. Since warming (cooling) is generally associated with salinification
(freshening) for these large-scale fluctuations, qualitatively tracking the mean temperature–salinity rela-
tionship, vertical displacement of isotherms appears to play an important role in this warming and in other
observed fluctuations. Finally, since the North Atlantic Ocean plays a crucial role in establishing and
regulating global thermohaline circulation, the multidecadal fluctuations of the heat and freshwater balance
discussed here should be considered when assessing long-term climate change and variability, both in the
North Atlantic and at global scales.

1. Introduction

The earth climate system exhibits fluctuations on a
variety of time scales, and there is mounting evidence of
multidecadal variability with a time scale of 50–80 yr.

Schlesinger and Ramankutty (1994) documented this
variability in Northern Hemispheric surface air tem-
peratures and found it to be particularly strong in the
North Atlantic sector. These low-frequency fluctua-
tions are also evident in various instrumental and proxy
records from the Northern Hemisphere (see Delworth
and Mann 2000 and references therein). Hibler and
Johnson (1979) found low-frequency modulation of
oxygen isotope records derived from Greenland ice
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cores. Cyclic variations with periods ranging from 50 to
400 yr were found in various proxy and long-term in-
strument records by Stocker and Mysak (1992), who
emphasized that these variations, though global in ex-
tent, are most pronounced in the Atlantic Ocean. Fol-
land et al. (1986) reached the same conclusion from an
analysis of global sea surface temperatures. Surface ma-
rine observations in the North Atlantic display distinct
basinwide patterns of multidecadal SST variability
closely associated with spatial anomalies of the sea level
pressure (Kushnir 1994). An extended (1856–1999)
North Atlantic SST anomaly (SSTA) time series used
by Enfield et al. (2001) identifies the so-called Atlantic
Multidecadal Oscillation, where an anomalously warm
Atlantic is associated with precipitation deficits in the
midwestern United States.

Understanding the mechanisms behind multidecadal
variability is nontrivial due largely to its poorly defined
character and changing relationship with large-scale cli-
mate parameters like the North Atlantic Oscillation
(NAO), the north–south-oriented dipole in sea level
pressure over the Atlantic. However, spectral analysis
of the NAO index time series from 1886 to 1994 shows
significant power at periods of approximately 50 yr [Yi
et al. (1999, their Fig. 9b); see also Visbeck et al. (2002)
for an in-depth discussion of the role of NAO in long-
term North Atlantic variability]. Model simulations
suggest that atmosphere–ocean interactions play an im-
portant role in the excitation of oceanic variability at
multidecadal scales. Strikingly similar low-frequency
variability in the ocean–atmosphere system may result
from solar variability (Cubasch et al. 1997; Waple et al.
2002) and greenhouse gas forcing (Delworth and Knut-
son 2000). Shindell et al. (2001) identified multidecadal
variability in the North Atlantic in a study that forced
an atmospheric GCM coupled to a mixed layer ocean
with observed solar and ozone fluctuations. In nature, it
is likely that a variety of forcings can excite these modes
of low-frequency variability. In addition, it is expected
that the climate response to increasing greenhouse
gases also projects onto the fundamental modes of mul-
tidecadal variability (Stott et al. 2000; Crowley 2000).
While the physical mechanisms for generation of mul-
tidecadal variability may differ from model to model
(Latif 1998), there is a consensus that long-term
changes of the thermohaline overturning circulation
play a crucial role in establishing spatial and temporal
SST patterns (e.g., Delworth et al. 1993, 1997; Timmer-
mann et al. 1998; Delworth and Greatbatch 2000; Eden
and Jung 2001; Häkkinen 1999).

Interplay between the shallow and deep layers in the
North Atlantic is an essential part of the overturning
circulation. While a significant body of research has

been devoted to the impact that multidecadal variabil-
ity has on ocean surface processes, there is still uncer-
tainty about the role of low-frequency variability in the
deeper ocean. A number of regional studies have dis-
cussed multidecadal NAO-driven variations in the deep
North Atlantic but, as we will show later, regional
analyses do not always reflect basin-scale tendencies. In
addition, they cannot elucidate the spatial structure of
low-frequency variability. A few studies have analyzed
large-scale temperature and salinity fields in the North
Atlantic; however, they focused on long-term trends or
were limited to selected time intervals not suitable for
documenting multidecadal variations. The goal of this
observationally based study is to document long-term,
large-scale variations in temperature and salinity in the
upper-3000-m layer of the North Atlantic. Here we
demonstrate, through the analysis of a vast collection of
observational data, that the Atlantic Ocean exhibits
multidecadal variability with prolonged large-scale
temperature and salinity anomalies of opposite sign in
upper and lower layers.

2. Data and methods

The analysis area of this study comprises the North-
ern Hemisphere (�80°N) between 80°W and 50°E.
This longitudinal band includes the entire North Atlan-
tic Ocean, except the Gulf of Mexico. The observa-
tional database used in this study combines three
datasets. The first is the National Oceanographic Data
Center (NODC) archive of oceanographic measure-
ments, including a detailed description of data quality
and spatial and temporal coverage (see information
available online at http://www.nodc.noaa.gov/OC5/
indprod.html; see also Conkright et al. 2002; Stephens
et al. 2002; Locarnini et al. 2002). Second, the World
Ocean Circulation Experiment (WOCE: 1990–97) has
provided one-time and repeat hydrographic measure-
ments (WOCE Global Data Resource DVD, version
3.0). This dataset is available from the WOCE Web site
hosted at NODC (online at http://woce.nodc.noaa.gov).
Third, the Arctic and Antarctic Research Institute
(AARI) has compiled a twentieth-century archive of
oceanographic ship-based observations in the Green-
land, Norwegian, and Barents Seas, totaling approxi-
mately 6000 oceanographic stations. This last dataset is
not enough to make any noticeable changes in the com-
posite time series for the entire North Atlantic; how-
ever, it is a valuable addition, complementing the first
two datasets with high-latitude measurements that al-
low mapping of water temperature anomalies at high
latitudes.

Most historical (prior to the 1980s) observations used
Nansen bottles to obtain water samples and measure
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temperatures at standard levels. While having rather
coarse vertical resolution, the data provide reasonable
horizontal coverage for the purpose of this research,
and the multiyear coverage makes the data an invalu-
able resource for understanding interannual variations
of the water mass structure within the Atlantic Ocean.
Typical measurement errors are 0.01°C for temperature
and 0.02 psu for titrated salinity (Fuglister 1960). In
recent years, the observations are based on CTD mea-
surements, which have accuracies at least an order of
magnitude greater than the bottle measurements.

For each oceanographic profile, potential tempera-
ture and salinity were integrated over 0–300-, 300–
1000-, and 1000–3000-m depth intervals (since constant-
depth layers were used for these estimates, vertically
integrated potential temperatures are essentially
equivalent to the heat content of the corresponding lay-
ers). If data were missing from the water column for
sublayers greater than 200, 500, and 750 m for the
above layers, respectively, these stations were omitted
from further analysis. No vertical interpolation was
used in this procedure. The total number of vertically
averaged values available for the upper layer was
395 302, which is approximately five times the number
of vertically averaged temperature and salinity values
for the lowest layer. The decadal data coverage for the
lowest (1000–3000 m) selected layer where the density
of data coverage is the poorest is shown in Fig. 1.
Clearly, the density of observations is low at the begin-
ning of the twentieth century.

The vertically averaged water temperatures were
then reduced to their anomalies (T�) by subtracting lo-
cal monthly means for the upper layer and local annual
means for the two lower layers. Removing the annual
cycle in the upper layer minimizes aliasing of seasonal
variability into computed means and standard errors.
Seasonal variability is small in layers below 300 m, so
the use of an annual mean is appropriate for defining
temperature and salinity anomalies. The local means
were calculated by linear interpolation. Details of this
procedure are discussed in the appendix. Anomalies
exceeding five standard deviations (�) from means for
2° squares centered around the location of the oceano-
graphic station were omitted. This filtering has a neg-
ligible effect on the composite time series for the entire
North Atlantic but was useful for mapping water tem-
perature anomalies and removing bull’s-eye-shaped
structures on the maps (a similar filtering procedure
was used by Levitus et al. 2000). Details of possible
impacts that outliers may have on the computed time
series can be viewed online (see Fig. W2 available at
http://www.iarc.uaf.edu/images/publications/ipolyakov.
php).

The temperature anomalies (T�) were then used to
compute composite time series of the water tempera-
ture anomalies (Fig. 2). Often, EOF-based or objective
analyses are employed to compute time series based on
gridded data (e.g., Kaplan et al. 1998; Levitus et al.
2000). Levitus (1990) emphasized that “the objective
analysis procedure substantially smoothes out features
with wavelengths less than several hundred kilome-
ters.” The same seems to be true when an EOF-based
procedure is employed, judging by smoothness of the
spatial SSTA distributions based on Kaplan et al.’s
(1998) data (not shown). We employed a technique
similar to that of the climate anomaly method (CAM),
which is widely used in atmospheric sciences and is de-
scribed by Jones et al. (1999). The same method was
successfully used for the analysis of the long-term vari-
ability of the intermediate Atlantic layer of the Arctic
Ocean (Polyakov et al. 2004). In this method, the North
Atlantic is divided into a grid of N boxes and individual
(snapshot) vertically averaged anomalies T� in these N
boxes were averaged within a given year and box to
produce N regional time series (T̃�). The resulting av-
erage regional time series of T̃� for each grid box are
averaged again, taking into account the areas of each
box, to obtain a single “global” time series. The same
method was also used to generate composite time series
of salinity anomalies. This technique provides a more
accurate spatial representation of area-averaged indices
since the results are less skewed by the density of the
observations.

Since the density of data coverage is generally
greater at high latitudes (Fig. 1), we employed a special
grid dividing the area of the North Atlantic Ocean into
boxes that allow relatively uniform data coverage in
different regions of the North Atlantic. The grid has a
5.5° � 5.5° resolution near the equator and the latitu-
dinal increment decreases northward by a factor of
cos� (� is the latitude). In addition, the grid size also
decreases owing to the northward convergence of me-
ridians (Fig. 1). Sensitivity analysis shows that the re-
sults are robust to the choice of the grid (see the ap-
pendix). For convenience, the above method will be
referred to as the grid-averaging method. Despite the
relatively high level of noise in earlier parts of the com-
posite temperature and salinity records, spatially and
temporally averaged estimates provide a meaningful
(temporally coherent) and valuable measure of trends
in North Atlantic water temperature and salinity, as
well as long-term variability. The salinity records are
generally much noisier compared to temperature
records. For ease of viewing, 2� statistical confidence
levels are shown for the salinity, and 3� confidence
limits for the temperature in section 3.
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